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Structural features and hydrogen-bond interactions of dinotefuran (DIN), imidacoloprid (IMI) and ace-
tamiprid (ACE) have been investigated experimentally through analyses of new crystal structures and
observations in structural databases, as well as by Density Functional Theory quantum chemical calcula-
tions. Several conformations are observed experimentally in the solid state, highlighting the large flexi-
bility of these compounds. This feature is confirmed by the theoretical calculations in the gas phase, the
numerous and different energetic minima of the three neonicotinoids being located within a 10 kJ/mol
range. Comparisons of the observed and simulated data sheds light on the hydrogen-bond (HB) strength
of the functional group at the tip of the electronegative fragment of each pharmacophore (NO, for DIN
and IMI and C=N for ACE). This effect originates in the ‘push—pull’ nature of these fragments and the
related extensive electron delocalization. Molecular electrostatic potential calculations provide a ranking
of the two fragments of the three neonicotinoid in terms of HB strength. Thus, the NO, group of DIN is the
strongest HB acceptor of the electronegative fragment, closely followed by the cyano group of ACE. These
two groups are significantly more potent than the NO, group of IMI. With respect to the other fragments
of the three neonicotinoids, the nitrogen atom of the pyridine of IMI and ACE are stronger HB acceptors
than the oxygen atom of the furanyl moiety of DIN. Finally, compared to electrophysiological studies
obtained from cockroach synaptic and extrasynaptic receptors, DIN appears more effective than IMI
and ACE because it strongly increases dose-dependently the ganglionic depolarisation and the currents
amplitudes. These data suggest that DIN, IMI and ACE belong to two subgroups which act differently
as agonists of insect nicotinic receptors.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

by imidacloprid (IMI), acetamiprid (ACE) and dinotefuran (DIN)
(Fig. 1). IMI, the forerunner of neonicotinoids, remains the most

Neonicotinoids are the fastest growing class of insecticides, used
worldwide since the introduction of carbamates and pyrethroids’
acting as full or partial agonists of insect nicotinic acetylcholine
receptors (nAChRs).2 Recently, promising new representatives of
this class of compounds have been designed. Indeed, the fixation
of the nitro group in a cis configuration in several types of neonicot-
inoids have been shown to lead to compounds having distinct
biological activities and behaving as promising tools for the elucida-
tion of the pharmacology and nature of the neonicotinoid binding
sites.3>~> Neonicotinoids include five-membered ring derivatives
(imidacloprid, thiacloprid), six-membered ring compounds (thia-
methoxam) as well as noncyclic structures (nitenpyram, acetami-
prid, clothianidin, dinotefuran) used against a broad spectrum of
pests.® The chemical diversity of neonicotinoids can be illustrated
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important representative of these compounds,” and is constituted
of chloropyridinylmethyl (CPM) and N-nitroimine substituents.
ACE is formed with CPM and N-cyanoimine groups and DIN contains
tetrahydrofurylmethyl (TFM) and N-nitroimine moieties. These
three compounds are part of the seven neonicotinoids currently
market-available and extensively used for crop protection.®® Owing
to the difficulty to express insect nAChRs in heterologous systems,
the first attempts for understanding neonicotinoid-nAChR subtype
interactions involved site-directed mutagenesis or chimeragenesis
that allowed to evaluate the role of specific subunit(s), region(s) or
amino acid(s) on the pharmacological response.'®'> The more
recent structural biology analysis based on high-resolution X-ray
crystallography reveals (i) orientations of functional amino acids
in the ligand-bound state, (ii) conformational rearrangements of
the protein upon ligand occupation and (iii) gives insights regarding
ligand-protein interactions.' Indeed, the determination of various
X-ray crystal structures of the free and ligand bound molluscan
ACh-binding proteins (AChBPs), which are soluble protein
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Figure 1. Chemical structures of IMI, ACE and DIN.

homologues of the extracellular domains (ECDs) of nAChRs, have
provided an atomic picture of the nAChRs structure as well as com-
mon concepts for neonicotinoid-ECD interactions.!>~'” These struc-
tural studies have pointed out the key role of hydrogen-bond (HB)
interactions for binding of neonicotinoids to nAChRs, for both moie-
ties of the ligands.’>~7 In the binding process, the contribution of 7t—
1 stacking interactions between the planar conjugated moiety of the
neonicotinoid ligands and aromatic residues of the nAChRs, in par-
ticular the key Trp residue, has been pointed out, both from X-ray
crystallographic studies'”'® and quantum chemical investigations
on model systems.” HB interactions are important for the selectivity
of binding of neonicotinoids to nAChRs but such m-m interactions, by
nature dispersive, and more difficult to evaluate, play a role in the
thermodynamics of the binding process. Despite this recognised
importance of HB interactions, the structure-activity relationship
(SAR) regarding the hydrogen-bonding abilities of neonicotinoid
substituents is not fully understood and, to the best of our knowl-
edge, remains to be investigated in detail. Only one recent study
from Ohno and co-workers'® focused on the water-mediated li-
gand-protein interactions of 2-nitroiminoimidazolidine analogues.
More precisely, the hydrogen-bonding ability of neonicotinoid
probes with suitably positioned HB acceptor substituents poten-
tially able to interact with the water molecule bridging the ligand
to AChBP binding site residues has been investigated. Such studies
pave the way for the design of new neonicotinoid with novel
substituents.

In the present work, we have selected DIN, IMI and ACE owing
to their distinct chemical features, in order to throw light on their
structural and HB properties through experimental (X-ray crystal-
lography) and theoretical (Density Functional Theory) studies. We
completed these physicochemical investigations by electrophysio-
logical studies using mannitol-gap and patch clamp techniques to
evaluate and compare their agonist actions on both cockroach
postsynaptic and extrasynaptic nAChRs. In a first step, the crystal
structures of DIN, IMI and ACE and the HB interactions observed
in the solid state for the three neonicotinoids are described. We
have identified the minima of DIN and ACE that appear the closest
to the conformation of IMI observed in the binding site of Aplysia
AChBP. The computation of quantum descriptors based on the
molecular electrostatic potential (MEP) allowed to pinpoint signif-
icant differences in terms of HB abilities of the three compounds. In
a second step, electrophysiological studies throw light on the dif-
ference of biological effects of the three neonicotinoids. Thus, we
found that all three of them act as agonists of postsynaptic nAChRs
while at extrasynaptic nAChRs IMI and ACE have lower affinities
compared to DIN.

2. Material and methods
2.1. X-ray diffraction

2.1.1. Dinotefuran

Crystals of DIN were grown by slow evaporation of an ethanol/
water (50:50) solution at room temperature. X-ray data:
C;H14N403, M,, =202.22, colourless block, monoclinic, P21/c, a=
5.5250(4)A, b=17.1231(14)A, c=10.1868(6)A, p=90.858(8)°,
V=963.12(12)A3, Z=4, Dy=139%4gxcm~>, u=0.11mm’,
F(000) =432, 20319 reflections were measured on a Nonius-Kappa
CCD diffractometer (graphite monochromator, /= 0.71073 A) up to
aresolution of (sin 0/4)max = 0.67 A~' at 293 K, Ry, = 0.063. Numbers
of reflections (I > 20(I))=2415, R=0.0684, wR=0.149, R(all)=
0.1018, wR(all) = 0.1710. The structure was solved using the charge
flipping algorithm?® implemented in the Superflip program?' and
refined with the jaNna2006 program?? against F? for all reflections.
Nonhydrogen atoms were refined with anisotropic displacement
parameters. All H atoms were introduced in geometrically opti-
mised positions and refined with a riding model.

2.1.2. Imidacloprid

Crystals of IMI were grown by slow evaporation of an ethanol/
water (50:50) solution at room temperature. X-ray data: CoHqo-
Ns0,Cly, M, =255.7, colourless plate, monoclinic, P2(1)/n, a=
12.3669(14) A, b=9.5359(8) A, c=18.842(3)A, p=102.647(12)°,
V=2168.1(5)A%, Z=8, D,=1566gxcm>, u=0.351mm},
F(000) = 1056,40581 reflections were measured on a Nonius-Kappa
CCD diffractometer (graphite monochromator, 2 = 0.71073 A) up to
a resolution of (sin 0/2)max=0.72 A~! and an Oxford cryostream
cooler for the low temperature achievement (120 K), Ry, = 0.068.
Numbers of reflections (I > 20(I)) = 6653, R=0.0680, wR = 0.120,
R(all) = 0.1295, wR(all) = 0.1436. The structure was solved using
the charge flipping algorithm?® implemented in the Superflip
program?! and refined with jaNna2006 program?? against F? for all
reflections. Nonhydrogen atoms were refined with anisotropic dis-
placement parameters. All H atoms were introduced in geometri-
cally optimised positions and refined with a riding model except
for nitrogen H atoms in imidazolidine ring, which positions were
determined by difference Fourier.

CCDC 827010 and CCDC 835289 contain respectively the sup-
plementary crystallographic data for dinotefuran and imidacloprid
crystal structures described in this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

The analyses of the hydrogen bonding interactions in the crystal
structures of IMI and ACE found in the Cambridge Structural Data-
base (CSD)?? together with the ones of DIN and IMI resolved in the
present work have been conducted with the Mercury program
(version 2.4).24 To reach a better accuracy on the HB parameters,
the X-H distances were normalised to their values measured by
neutron diffraction (C-H, N-H and O-H distances of 1.083, 1.009
and 0.983 A, respectively). The overlays of these structures were
carried out using the Pymol program.?®

2.2. Quantum chemistry calculations

Theoretical calculations were performed using caussian 092° and
JAGUAR?? programs.

2.2.1. Conformational study

Owing to their excellent performance-to-cost ratio, DFT
methods constitute very appealing approaches. In the present
work, we selected the MPWB1K functional?® which had proven
to surpass other functionals for energy-barrier prediction and
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nonbonded interactions?® associated to the 6-31+G(d,p) atomic ba-
sis set to perform our conformational investigations in the gas
phase. The harmonic frequencies were computed analytically in
order to characterise the stationary points. It was recognised that
intramolecular basis set superposition error (BSSE) impacts signif-
icantly the relative energies of conformations with different
degrees of compactness.?® Beside dispersion effects, due to
interactions between aromatic fragments, weak intramolecular
hydrogen-bonding interactions were also involved in these
theory-experiment discrepancies.?>3° The need for accurate theo-
retical estimations of conformational energies led to the design
of methods less BSSE-prone. In that framework, the local MP2
(LMP2) methodology was highly efficient in correcting the errors
related to these interactions.?'? Because DIN and IMI showed sta-
ble conformations including intramolecular interactions, single-
point calculations were carried out at the LMP2/aug-cc-pVTZ(-f)//
MPWB1K/6-31+G(d,p) level of theory. Estimated ZPVE and thermo-
dynamic corrections derived from the MPWB1K/6-31+G(d,p) har-
monic frequencies were used such that our method can be
briefly described as LMP2/aug-cc-pVTZ(-f)/[MPWB1K/6-31+G(d,p)
level. The relative population of each conformer was evaluated
from the Gibbs energies considering a Boltzmann distribution
according to Eq. (1):
—AGy /RT
Pi=oy—— (1)

n
S e-AG/RT
i-1

2.2.2. HB properties characterisation

Since the original works of Murray and Politzer, it has been
consistently demonstrated that HB basicity and the minimum elec-
trostatic potential were rather well correlated, owing to the mainly
electrostatic character of the HB interaction. The absolute mini-
mum values of the electrostatic potential, Vi, located on each
HBA site were calculated using the HS95 program.>”>® Because
DIN, IMI, and ACE can all be found under several conformations,
they may present contrasted HB basicities. Theoretical calculations
must therefore take into account the flexibility of the monomer to
gain more realistic insights. In recent works, we have shown that a
weighting of the electrostatic potentials or interaction energies by
relative Boltzmann populations provided satisfactory descriptions
of the experimental HB basicities.>**! HB acidity can be character-
ised as well by an electrostatic descriptor such as Vg max 0or Vy(r) a
more accurate descriptor recently recommended by Kenny.*? The
Vy(r) descriptor was defined as the molecular electrostatic poten-
tial calculated at a distance r=0.55 A from the donor hydrogen
atom along the axis defined by the vector formed by the hydrogen
and the atom to which it was bonded. The V,(r) values were calcu-
lated on the NH hydrogen atom of DIN and IMI for the characterisa-
tion of their potential HB acidity. These two compounds are also
likely to give intramolecular interactions between their NH and
NO, groups. Those interactions were characterised from electron
densities computed at the critical points of the corresponding
HB, within the framework of Atoms in Molecules (AIM) theory*>44
as implemented in the AIM2000 program.*®

33-36

2.3. Electrophysiological studies

2.3.1. Mannitol-gap recordings

Experiments were performed using adult male cockroaches
Periplaneta americana reared at room temperature 29 °C on 12 h:
12 h light dark cycle. They were dissected and opened along the
longitudinal dorsal-median line. A fine pair of forceps was carefully
used to remove the alimentary canal and overlying muscle and tra-
cheae. The abdominal nerve cord, one cercus and the correspond-

ing cercal nerve XI were isolated and immediately flooded with
saline of the following composition (in mM): NaCl, 208; KCl, 3.1;
CaCl,, 5.4; NaHCOs3, 2; Sucrose, 26; pH 7.4.6 The preparation was
then removed and transferred to the recording chamber and con-
tinuously superfused with saline and mannitol solution (87 g/
L).4” Ganglionic depolarisations induced by DIN, IMI and ACE were
recorded using an Axopatch 200B amplifier (Axon instruments,
Foster City, CA), connected to a computer with the pClamp soft-
ware control (pClamp 10.0, Axon Instruments). DIN, IMI and ACE
and were applied during 3 min“® with a Micropump fast perfusion
(Harvard Apparatus) that produced a constant solution exchange
(500 pL/min). The dose-response curve was derived from the fitted
curve following Eq. (2):

Y = Vdmin + (Vdmax — Vdmin)/(1 + 10(°8EC0=X)H) 2)

where Y is the normalised response, Vd.x and Vd,;, are the
maximum and minimum responses, H is the Hill slope, ECsq is
the concentration giving half the maximum response and X is the
logarithm of the compound concentration.

2.3.2. Patch-clamp recordings

Recordings were performed on adult dorsal unpaired median
(DUM) neuron cell bodies isolated from the sixth abdominal gan-
glion, following enzymatic treatment and mechanical dissociation
as previously described.*®4° DIN, IMI and ACE-induced currents
were recorded using the patch-clamp technique in the whole-cell
recording configuration under voltage-clamp mode with an axo-
patch 200B (Patch-clamp amplifier, Axon Instruments, Foster City,
CA). Signals were digitized and acquired using a MiniDigidata 1440
analogue-digital converter (Axon Instruments) and axoscope 10.2
software (Axon Instruments). The Petridish containing isolated cell
bodies was placed onto the inverted microscope (CK2: Olympus),
and continuously bathed with the standard extracellular solution
(in mM: NacCl 200, KCI 3.1, MgCl, 4, CaCl, 5, sucrose 50, HEPES
10, pH 7.4 adjusted with NaOH) using a gravity perfusion system
positioned within 50 um from the cell body and patch pipettes
(borosilicate glass capillary tubes: GC 150T-10; Clark Electromed-
ical Instruments, Harvard Apparatus). The latter were filled with
internal solution containing (in mM): K-p-gluconic acid, 160; NacCl,
10 mM; MgCl,, 1 mM; CaCl,, 0.5; K-fluoride, 10; ATP Mg, 3; EGTA
10; HEPES, 20 and pH adjusted to 7.4 with KOH. Pipettes had resis-
tances ranging from 0.9 to 1 MQ when filled with internal solu-
tions. Repeated successive applications of 10 uM neonicotinoid
solutions were carried out by pneumatic pressure ejection (15 psig,
Miniframe, Medical System Corporation, USA). The pressure ejec-
tion was made through a glass micropipette, resistance 1.8 MQ,
positioned in solution within 100 pm from the isolated cell body.
The dose-response curve was derived from the fitted curve using
the same equation as described above, in which Y is the normalised
response, Imax and I, are the maximum and minimum responses,
H is the Hill coefficient, ECsq is the concentration giving half the
maximum response and X is the logarithm of the compound con-
centration. All compounds tested were purchased from Sigma
Chemical Company (France).

3. Results and discussion
3.1. X-ray diffraction and crystal structures analyses

In this section, we start by describing the crystal structures re-
solved in the present work and compare them to the data available
in the literature. An assessment of the molecular interaction poten-
tial of the three neonicotinoids is then performed at the light of
these new data and of the knowledge on the interaction of neoni-
cotinoids with nAChRs.
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3.1.1. Molecular structures
3.1.1.1. Dinotefuran. The atom numbering of DIN is indicated on
Figure 1 whereas Figure 2 provides the corresponding ORTEP rep-
resentation. The C5-C4-C3-N3 and C4-C3-N3-C2 torsional
angles, governing the relative orientation between the TFM and
the guanidine moieties, have respective values of —179° and 83°.
The furanyl ring presents an envelop conformation with the C7
methylene carbon out of the plane (C4-C5-C6-03=-8° and
C5-C6-03-C7 = —16°, respectively). The conjugated nitro guani-
dine group and the furanyl ring belong to two parallel planes, the
03 oxygen atom being at the opposite side of the nitro group.
The structural features of the nitroguanidino (DIN, IMI) or
cyanoimino (ACE) pharmacophore moiety of the neonicotinoids
investigated in the present work are key elements for their interac-
tions with nAChRs.%° The C2-N2 double bond of DIN has the clas-
sical E configuration of neonicotinoids. The nitroguanidine moiety
is planar and characterised by distances indicating a strong conju-
gation between the donor N3 and N1 groups and the acceptor nitro
function. The C2-N1 and C2-N3 bonds are significantly shorter
(1.32 and 1.34 A) than the C3-N3 and C1-N1 bonds, (1.46 and
1.44 A) which is consistent with the double bond nature of the for-
mer. In the same vein, the C2-N2 double bond, of 1.36 A, is slightly
longer than a typical imine double bond (1.33 A).>! Lastly, the
N2-N4 bond is shorter (1.34A) than a typical N-N bond
(H,N-NO,: 1.43 A)*! also hinting to a double bond character. These
features indicate the electronic delocalisation of the N1 and N3
lone pairs to the nitro substituent. Indeed, the nitro electronwith-
drawing tip of DIN is coplanar with the guanidine moiety, allowing
the electronic flow characteristic of neonicotinoids (N1-C2-N2-N4
and N3-C2-N2-N4 of 178 and —1°).°%5253 |n the guanidine frag-
ment, the two NH groups are in anti position with respect to each
other and the nitro substituent is oriented to yield an intramolec-
ular N1H- --O1 interaction (d(H:--01) = 1.82 A).

3.1.1.2. Imidacloprid. Table 1 compares selected geometric
parameters of the IMI crystal structures resolved in the present
study to those available in the literature. The numbering
convention of IMI is indicated on Figure 1 and Figure 3 shows
the ORTEP representations of the two independent molecules
(1 and 2 in Table 1) of the asymmetric unit cell. The C9-C5-C4-
N3 and C5-C4-N3-C1 dihedral angles, governing the orientation
between the two rings, have respective values of +18; —92° and
+156; +89° in these two molecules. These conformations
significantly differ from previously identified structures in the
CSD (HANFOS, corresponding dihedral angles of 63; —107°)°* or
in Kagabu and co-worker’s investigation (torsional angles of —63
et +107°).°° The two latter were in fact symmetry related with
respect to the prochiral methylene C4. The C9-C5-C4-N3 torsional
angle of 1 is close to the one observed in the binding site of AChBP

Figure 2. ORTEP representations (DIN).

Table 1
Selected geometric parameters (angles (°)) of IMI in the solid state
Name/ C9-C5- C5-C4- N3-C3- C3-C2-
refcode C4-N3 N3-C1 C2-N1 N1-C1
1° +18 -92 +2 0
22 +156 +89 -14 +13
HANFOS*! +63 -107 +7 -5
3% -63 +107 -6 +4
3C79" +24 +83 +1 0
¢ This work.

(respective dihedral angles of +17 and +24°). This is not the case for
the C5-C4-N3-C1 dihedral angle, the nearly opposite values mea-
sured in 1 and the AChBP-bound structure (—92 and +83°, respec-
tively) leading to opposite orientations of the imadazolidine ring
and the attached nitroimine fragment in the two structures. In
all crystal structures the imidazolidine ring conserves its planarity,
the N3-C3-C2-N1 and C3-C2-N1-C1 ranging from —14° to +7°
and from —5° to +13°, respectively. Figure 4 shows two views of
the superposition, on the CPM fragment, of the five crystal
structures. This Figure clearly illustrates the flexibility around the
methylene inter-ring bridge and the consequences in terms of con-
formational space swept by the five-membered imidazolidine ring.
As well as observed in DIN crystal structure, the nitroguanidine
moiety is strongly conjugated in IMI. Indeed, the d(N3C1) values,
of 1.34 A, are significantly shorter than the d(N3C4) distances (of
1.45A), the d(CIN2) have values from 1.34 to 1.35A and the
d(N2-N4) distances of 1.35 A, are significantly smaller than the
typical N-N bond (H,N-NO,: 1.43 A).>! Another noticeable struc-
tural feature is that both molecules are characterised by intramo-
lecular N1H- --O1 HB that reach 1.99 and 2.05 A. These values are
in the line of those reported by Chopra (2.03 A)** and by Kagabu
(2.02 A),°° but significantly longer than that observed in DIN X-
ray structure. We attribute this decreasing to the geometry of the
cyclic nitroguanidine moiety, characterised in particular by a value
of the N1-C1-N2 valence angle inferior to the ideal value of 120°,
forcing a deviation from the ideal planar intramolecular HB.>®

3.1.2. Molecular packing/Hydrogen-bonding interactions

A crystal structure is an archetypal supermolecule that provides
direct experimental evidence on the intermolecular interactions
controlling molecular aggregation. In the case of small biological li-
gands, this information can be used in rational drug design.>®

3.1.2.1. Dinotefuran. The HB geometric parameters that have
been measured in the crystal structure of DIN are listed in Table
2. In the solid state, the DIN molecules are associated as hydro-
gen-bonded dimers, the furanyl oxygen atoms and the NH groups
respectively behaving as HB acceptors and donors (Fig. 5). The
measured N3H.--0O3 distance is of 2.024 A. These HB are roughly
parallel to the b crystallographic axis. The oxygen atoms of the ni-
tro group are also involved in HB, O1 with an H atom of the C1
methyl group (2.511 A) and with N1H (2.559 A), N1H being im-
plied in a three-centre HB, 02 with the C5 methylene group of
the furanyl ring (2.558 A). On the basis of the HB distances, these
interactions appear weaker than the previous N3H...03 but
remain significantly shorter that the sum of H and O van der Waals
radii (2.62 A), the classical criterion to determine the existence of
HB in the solid sate.>” In view of the established role of the nitro
group in the binding to nAChRs,'>!®57 these interactions are
probably nonnegligible.

3.1.2.2. Imidacloprid. Table 2 presents the HB parameters (dis-
tances, angles) measured in the present work and reported in the
literature for IMI and Figure 6 shows the HB involved in the crystal
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Figure 3. ORTEP representations (IMI).

ok s

Figure 4. Overlay of the five crystal structures of IMI viewed according to different
perspectives showing the various possible orientations of the imidazolidine and
nitroimine fragments.

Table 2
Geometric parameters (distances (A), angles (°)) of HB observed in the crystal
structures of DIN, IMI and ACE

Name/CSD refcode  D-H---A d(H---A) 0(D-H---A) @(H---AY)
DINP N1-H...01? 1.817 129 106
N3-H...03 2.024 163 141
C5-H.-.01 2.563 141 104
N1-H.-.02 2.559 124 105
C1-H.-.02 2.515 126 154
IMI (1, 2)° Nlg-H---O1la® 1.987 115 110
Nlg-H---N5b  2.114 144 121
C2a-H.--02b 2.400 123 139
C3a-H.--02b 2.402 124 162
C6a-H---01b 2.309 130 153
N1b-H.--Ola  2.125 128 118
C7b-H. - -N5a 2.281 164 120
IMI (HANFOS)*! N1-H...01? 2.022 112 111
N1-H...01 2.061 139 127
C3-H---02 2.329 120 157
IMI (3)38 N1-H...01 2.029 112 111
N1-H...01 2.049 143 129
C3-H.--02 2.390 116 157
ACE (HANBAA) C7-H.- N3 2.313 158 136

For imidacloprid, the labels a and b refer to the two independent molecules of the
asymmetric unit.

¢ Intramolecular HB.

b Crystal structures resolved in the present study.

packing of the IMI structure obtained in the present work. Interest-
ingly, the molecular packing and HB interactions observed in the

Figure 5. HB interactions in the crystal structure of DIN.

Figure 6. HB interactions in the crystal structure of IMI obtained in the present
work.

structure crystallised herein are different from the previously re-
ported data for this neonicotinoid. The asymmetric unit of the crys-
tal is formed of two independent molecules with two different
conformations, and involved in different HB networks. Thus, in
contrast to the previous IMI crystal structures, the pyridinic nitro-
gen N5 of the two molecules uses its HB potential, with H.--N5
distances of 2.11 and 2.28 A and XH---N5 valence angles of 144
and 164° for N1aH: - -N5b and C7b-H- - -N5a, respectively. The other
HB are more similar to previously-reported data for IMI crystals
(Table 2):3%54 this is the case, on the one hand, for the N1b-H---O1a
interaction, with a d(H---01) of 2.13 A and N1H. - -O1 angle of 128°
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and, on the other hand, for both C2aH---02b and C3aH- - -02b hav-
ing almost the same features as the one reported by Chopra®* and
Kagabu.”® These latter interactions, involving CH HB donors, are
longer than the previous ones but shorter than the sum of the
van der Waals radii of the atoms involved (2.62 and 2.65A for
H---O and H- - -N interactions). Eventually, an HB involving another
CH donor of the pyridinic ring (C6H) participates in the crystal
arrangement: it corresponds to the C6aH---O1b interaction, with
respective d(H---01) distance and C6H-:--O1 angle of 2.31 A and
130°. This interaction is observed for the first time. The CI---Cl
short contacts discussed in HANFOS>* are not observed in this
structure.

3.1.2.3. Acetamiprid. One crystal structure of ACE (Fig. 1) is found
in the CSD under the HANBAA refcode.”® No conventional HB do-
nors are available in the chemical structure of ACE and only CH do-
nors can possibly be involved in HB. Indeed, in the solid state, the
nitrogen atom N3 of the tip nitrile group is engaged in a HB with a
CH group (C7H) of the pyridine ring (d(C7)H.--N3)= 2.313 A,
C7H---N3=158°). The HB donor capacity of the C7H group is en-
hanced compared to an unsubstituted pyridinic CH due to the elec-
tronwithdrawing character of the chlorine substituent. The chains
formed through these interactions extend along the c crystallo-
graphic axis. Another interesting feature of this crystal structure
is the existence of 1 stacking interactions between the amidine
group and the pyridine ring, the distance between the centroid of
the six-membered ring and the imino nitrogen of the amidine sub-
stituent being of 3.48 A. Such interactions are worth mentioning
owing to the pointing out of co-operative m-n and HB interactions
in the binding of neonicotinoids to nAChRs.>

3.1.3. Comparison with interactions in AChBP environments

Among the three neonicotinoids, only IMI has been
co-crystallized with AChBP,!>~'7 the structural and functional
surrogate of nAChRs. With Lymnea Stagnalis AChBP, the surrogate
of vertebrate nAChRs, the nitrogen atom of the pyridine ring forms
a HB with the amide group of Met114 and the carbonyl group of
Leu102 in loop E via a water molecule,!” as observed in the AChBP
binding sites of nicotine®® and epibatidine.®® The guanidine moiety
of IMI is found to stack with the aromatic ring of Tyr185.!7 Lastly,
the nitro group of IMI appears implied in HB interactions with the
amide group of GIn55.!7 With Aplysia californica AChBP, the surro-
gate of insect nAChR, the interactions are very similar both in the
vicinity of the pyridine ring and the guanidine fragment, which
stacks with the aromatic ring of Tyr188.'® Nevertheless, a notice-
able difference concerns the interactions established with the nitro
group, several HB donor groups of AChBP residues being in close
contact with the nitro oxygen atoms: OH groups of Tyr 55 and
Ser189, NH peptidic group of Cys190 and NH, of the GIn57
amide.'®

In a recent molecular modelling investigation, similar interac-
tions have been predicted for DIN: the oxygen atom of the tetrahy-
drofuran ring is part of a water mediated HB with both Leu102 and
Met114 whereas the nitroguanidine moiety is involved in a stack-
ing interaction with Tyr188 and the nitro tip oxygen undergoes
hydrogen bonding with the Cys-190 backbone NH.!® To our knowl-
edge, such data are not available for ACE. Nevertheless, the struc-
tural information available in AChBP environments is not
sufficient to reach an atomic-scale understanding of the structural
and HB properties of the three neonicotinoids. Subsequently, a
comparison of the trends observed in small crystals may provide
useful data.

It is worth noting that the electronic conjugation and planarity
characteristic of the [-N—C(E)=X—Y] moiety of the neonicotinoid
pharmacophore should have significant consequences on the HB
features of the tip functional group (nitro or nitrile according to

the neonicotinoid). In the case of nitriles and carbonyles, we have
shown that such electronic effects lead to a significant increase of
HB strength.5’~5* While the nitro group is generally viewed as a
poor HB acceptor, let us highlight that the HB lengths involving
NH donors in IMI structures (range of 2.02 to 2.13 A) are indeed
significantly shorter than the overall d(H---O) bond length of
2.30(1) A reported by Allen et al. from a statistical analysis of (N/
O)H- - -O-nitro HB (620 HB) observed in the CSD.®® In the same vein,
the d(H---O) bond length involving CH donors are ranging from
2.31 to 2.40 A and are shorter than the Steiner’s reference CH---O
contacts for nitro groups (from 2.48(4) to 2.63(3) A depending on
the nature of the CH group).®® Lastly, it appears that the HB ob-
served for nitroimine derivatives show a directional preference
for the oxygen nitro lone pairs, the average HON angle being of
136°, quite close to the ideal 120° typical of an oxygen atom in
such environment. When only NH donor groups are taken into ac-
count, the corresponding average value is of 119°. These trends
indicate a stronger interaction than in conventional nonconjugated
nitro groups that lack of clear-cut directional preference.%” In the
case of ACE, the analysis should be performed more carefully since
no systematic investigation devoted to CH. - -N=C interactions that
could be used as a landmark is found in the literature. However,
even if it appears longer than those found in (N/O)H---N=C HB
(from 1.99 to 2.09A)%® this CH...-N=C interaction d(H.--N3)=
2.313 A is significantly shorter than the sum of van der Waals radii
limit of involved atoms (2.65 A).

The results obtained in the present study show that DIN pos-
sesses the structural features of neonicotinoids, and specifically it
presents a planar ‘push-pull’ nitroimine moiety. The crystal struc-
tures reported for IMI bring new light in terms of conformation and
HB interactions, since the structures adopted and some of the HB
observed are different from previously reported data. Lastly, a rela-
tion between the electronic flow characteristic of the pharmaco-
phore of neonicotinoids and the HB accepting power of the tip
nitro group is pointed out in the case of IMI. We have focused in
the present work on the examination of the relative structural
and HB interactions features of the three neonicotinoids. Since
m—-7 interactions have been shown to occur co-operatively in the
binding process, an investigation devoted to the deciphering of
their contribution would be interesting. However, such contribu-
tions, more difficult to evaluate owing to their dispersive and
nonspecific character, must be founded on a study taking into
account the receptor environment, an objective which is beyond
the scope of the present work.

3.2. Quantum chemistry calculations

In this part of the manuscript, the conformational features of
the three neonicotinoids obtained through DFT calculations are
presented and analysed in conjunction to the experimental data
available. A qualitative discussion on their respective HB properties

Table 3

Gibbs energy differences and relative populations of the twelve more stable
dinotefuran conformers calculated at the LMP2/aug-cc-pVTZ(-f)//[MPWBI1K/
6-31+G(d,p) level

DIN-1-N1 DIN-2-N1 DIN-3-N1 DIN-4-N1
AG/K] mol™! 0.0 1.6 6.2 6.7
pi 46.6% 24.1% 3.7% 3.1%
DIN-5-N1 DIN-6-N1 DIN-7-N1 DIN-8-N1
9.0 9.1 9.3 9.5
1.2% 1.2% 1.1% 1.0%
DIN-1-N3 DIN-2-N3 DIN-3-N3 DIN-4-N3
AG/k] mol ™! 3.8 6.5 7.1 8.1
Di 10.2% 3.3% 2.6% 1.8%
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Figure 7. Overlays of the IMI AChBP bound structure (blue) with DIN-1-N1 (pink), DIN-2-N1 (orange) and DIN-1-N3 (yellow).
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Figure 8. Structures of the three main DIN conformers.

from theoretical descriptors based on molecular electrostatic
potential calculations is also presented.

3.2.1. Conformational analysis-pharmacophore orientations
DIN is characterised by several degrees of freedom such as the
relative orientation between the furanyl and guanidine moieties,
the conformation of the furanyl ring and the rotations around the
N3-C2 and N1-C2 bonds. Thirty stable conformational isomers
have been identified, twelve of them having at least a relative pop-
ulation of 1% (see Table 3). These conformations can be divided
into two sets differentiated by a chelation occurring between the
N1H or N3H and the nitro groups. The former set (named DIN-i-
N1 in Table 3 and representing 82% of the whole population)

Table 4

gathers conformers which could roughly match the IMI AChBP
bound structure whereas the latter set (DIN-i-N3) includes signifi-
cantly different conformers (Fig. 7). This discrepancy might be
important in regards of the interaction of DIN with the residues
of the nAChR binding site. Three conformations (Fig. 8) seem signif-
icantly preponderant in comparison to the others. In the absolute
minima, two intramolecular HB, involving both N1H and the N3H
groups occur. The furanyl ring of this strongly chelated form does
not overlay the pyridinic ring of the IMI AChBP bound structure,
but it could favour its lipophilic character, a physicochemical prop-
erty important for an optimum activity of neonicotinoids, for
example during root uptake in seed treatment applications. Indeed,
these intramolecular interactions should increase the lipophilicity
of the structure thanks to a decrease of the HB basicity of its accep-
tor sites. The second minimum DIN-2-N1, +1.6 k] mol~! above
DIN-1-N1, corresponds to the conformation found in the crystal-
line structure of DIN obtained in the present work.

To our knowledge, only one previous conformational investiga-
tion of IMI has been achieved, but was carried out using the
semi-empirical approach.’® The different degrees of freedom
investigated in the present study are the rotations around the
C5-C4 and C4-N3 bonds linking the two rings and the conforma-
tion of the imidazolidine ring. We located eight different conform-
ers of IMI, distinguishable by the rotations around the methylene

Structures, Gibbs energy differences and relative populations of IMI conformers calculated at the MPWB1K/6-31+G(d,p) level

AG [Kk] mol~! pi

AG/k] mol ! pi

IMI-1a (3C79) ? 0.0 26.3%
IMI-3a J a E 44 45%
IMI-4a % 4.7 3.9%

IMI-1b % 0.0 26.3%
IMI-2b V 13 15.3%
IMI-3b b [ 44 4.5%
IMI-4b (HANFOS) % 47 3.9%
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Table 5

Structures, Gibbs energy differences and relative populations of ACE conformers calculated at the MPWB1K/6-31+G(d,p) level

ACE-1 ACE-2

ACE-3 ACE-4

AG/kjmol™!' 0.0 X
Di 86.1% 7.6%

6.0 79

R 8.5
3.6% 2.8%

Figure 9. Overlays of the AChBP bound IMI crystal structure (blue) with selected
energetic minima of ACE (ACE-1 (orange) and ACE-2 (yellow)).

Table 6
Weighted minimum electrostatic potential values Vp;, (kJ mol~") calculated for IMI,
ACE and DIN

Vmin NOZ'Ofree NOZ'OIinked prr NZ

IMI —219.8 -2124 —205.0 —-158.6
Vinin N=C Npyr N-C=N

ACE —256.9 —203.7 -126.9
Vmin NOZ'Ofree NOZ'OIinked Ofur NZ

DIN —253.5 —244.8 —159.2 (-182.8) —225.7

group and a slight distortion of the imidazolidine ring. As already
observed from the analyses of the crystal structures, the prochiral
methylene carbon atom C4 induces the co-existence of pseudo-
enantiomers presenting exactly the same energetic values and
physicochemical properties (ranked by line in Table 4). In fact,
our results indicate a very flexible IMI, the energetic minima
covering a range of 5 kJ/mol. Therefore, the HANFOS crystal struc-
ture found in the CSD is located about 5 k] mol~! above the abso-
lute (isolated) minimum, whereas the AChBP bound IMI structure
does not correspond to an energetic minimum on the DFT potential
energy surface. One of the independent molecule of the asymmet-
ric unit of the crystal structure reported in this work is close to
AChBP bound IMI structure considering the quasi symmetry equiv-
alence of the structures generated by rotation of 180° around the
C5-C4-N3-C1 torsion angle (respective values of —92 and +82°).
However, if these conformers have identical properties, the asym-
metric environment of the biological receptor will induce different
interactions. The structural features of the second independent
molecule of our crystal structure do not correspond to an energetic
minimum on the theoretical potential energy surface.

Four out of the eight conformers identified for ACE present a
significant proportion and the global minimum, ACE-1, accounts
for more than 86% of the total population (Table 5). Moreover, it
corresponds to the experimental crystalline structure (HANBAA
refcode in the CSD). The four main minima differ by the relative
orientations of the chloropyridine ring and the methyl groups
(Table 5). None of these conformers perfectly match the AChBP-
bound IMI solid-state structure,'® with consideration of their two
potential interaction sites, that is the pyridine nitrogen and either
the nitro or the cyano group. Nevertheless, a rather satisfying over-
lay is obtained between IMI and ACE-2, their lone pair roughly
pointing towards the same direction, despite a significant rotation
of the pyridinic nitrogen between the two structures (Fig. 9). More-
over, the energy barrier (16 kJ/mol in AG scale) between ACE-1 and
ACE-2 is low enough to be easily overcomable at physiological
temperature.

3.2.2. HB properties of DIN, IMI and ACE

3.2.2.1. HB Donor properties. Besides HB acceptor sites, DIN and
IMI contain NH groups that can potentially act as HB donors with
residues of the receptor binding site. On the contrary, ACE can only
act as an HBA. The only NH group present in IMI is involved in the
intramolecular interaction with the nitro group and thus shows a
quite weak Vy(r) value (+823.2 k] mol ). The chelation is probably
significantly stronger in DIN since the V() value of the correspond-
ing chelated NH group is even weaker (+750 k] mol~!) in agreement
with the experimental and theoretical shorter NH. - -0 distance. This
is confirmed by an AIM analysis around this NH- - -O interaction that
unravels a bond critical point with an electron density, pgcp, of
0.0398 in DIN, significantly above IMI pgcp (0.0295). However, there
is an additional NH group in DIN that may act as an HBD for the bind-
ing site residues and it exhibits a much more sizable V,(r) value
(+905 k] mol ') when the chelated NH- - -0 conformers are not con-
sidered, such as in DIN-1-N1. Accordingly, DIN is a significantly
stronger HBD than N-methylacetamide, the conventional model of
the peptidic bond characterised by V(r) = +840 k] mol .

3.2.2.2. HB Acceptor properties. The minimum electrostatic po-
tential Vi, has been computed in the vicinity of each heteroatom
(Table 6) and molecular electrostatic potential maps of neonicoti-
noids have been determined (Fig. 10). From these theoretical data,
qualitative tendencies of the relative HB accepting strengths of the

Figure 10. Molecular electrostatic potential surfaces of selected IMI, ACE and DIN conformers.
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three neonicotinoids can be deduced. The cyano moiety of ACE ap-
pears as a significantly stronger HB acceptor than the nitro group
of IMI, but the latter may be involved in additional interactions.

A 2

Vd/Vdmax

10® 107 10® 105 104 10 1072
Log [concentration] (mol.I")

B
DIN
IMI
ACE

Cc

Figure 11. Effect of DIN, IMI and ACE on synaptic nAChRs. (A) Semi-logarithmic
dose-response curves of IMI, ACE and DIN. Data are pooled from 6 preparations and
mean values of the amplitude of peak depolarisation are plotted. Error bars
represent mean + M.E.N. (B) Neonicotinoids induced depolarisations after bath
application of 1 uM, 10 uM, 100 pM and 1 mM. Arrows indicate that at higher
concentrations, we did not observe a recovery. (C) Typical examples showing the
blocking of the compound excitatory postsynaptic potential at 1 mM neonicoti-
noids. Upper trace: before neonicotinoid applications, middle trace: when the
ganglionic depolarisation reached a peak, lower trace: 40 min after bath application
of neonicotinoids.

Keeping this ‘multi-interaction’ ability, the nitro moiety of DIN is
found to be as strong as the ACE cyano group. Table 6 shows that
the oxygen atoms of DIN’s nitro group display significantly weaker
Vimin Values (from about 35 kJ/mol) than in IMI's nitro group. We
explain this difference by the influence of the electron-withdraw-
ing effect of the chloropyridinyl substituent, an analysis substanti-
ated by the similar Vi, values obtained when the 6-chloropyridine
and furanyl fragments of IMI and DIN are removed (—240.0 and
—248.0 kJ/mol, respectively). The remaining 8 kJ/mol difference is
rationalised by the influence of the intramolecular HB interaction
N1H 01, significantly stronger in DIN (d(H---O1)=1.800 A) than
in IMI (d(H.--01)=1.938 A), which parallels the crystallographic
observations (Table 2). The calculation of V;, of nitromethane
(=173.4 kJ/mol), an aliphatic derivative, confirms the influence of
an extensive electron delocalization in the Vi, increase in DIN
(—=253.5 kJ/mol) and IMI (—219.8 kJ/mol) and the expected increase
of HB strength of the nitro group of DIN and IMI. The same effects
apply on the cyano group of ACE (Vi = —221.8 and —256.9 kJ/mol
for acetonitrile and ACE, respectively) although weakened by the
electron-withdrawing character of the chloropyridinyl substituent,
as in IMI. N,N-dimethylcyanoacetamidine, the fragment without
this chloropyridine substituent, indeed shows a Vi, value of
—275.0 kJ/mol. For nitriles, we have shown that such variation
leads to an enhancement of HB strength of 7.6 kJ/mol.53

The pyridinic nitrogen atoms have roughly the same HB basicity
ability and are significantly stronger HBAs than the furanyl oxygen
of DIN. It is worth noticing that the HB basicity of the oxygen atom
of the furanyl is weak owing to its possible involvement in an
intramolecular NH---O interaction, and that the weighted Vi,
value increases to —182.8 k] mol~! if only conformers free of this

A 4
1.2 4
104 ® DIN
5 0.8 - -o- M|
E | - ACE
= 0.6 1
0.4 1
0.2 1
0.0 0 R R ]
0 100 1000
Ejection times (ms)
B DIN
200 pA
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™I nnﬂ\n'*“ﬂwﬂmnﬂwhnwnunm
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Figure 12. DIN, IMI and ACE-induced currents on DUM neurons. (A) DUM neuron
responses to consecutive applications of 10 M neonicotinoids at a holding
membrane potential of -50 mV. Repeated applications of neonicotinoids were
made with 2 min interval duration between the end of one application and the
beginning of the next. Each current was normalised to the maximum current
amplitude obtained at 300 ms DIN. (B) Typical example of DIN, IMI and ACE-
induced currents obtained in the same conditions at 300 ms pulse duration.
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second chelation are considered. Finally, the nitrogen atoms N2,
which bear the nitro or cyano group, also appear as significant
HB acceptor sites, the strongest being found in DIN. It is therefore
surprising that this potential HB site remains unseen in the avail-
able crystal structures. This observation probably originates in ste-
ric hindrance, the imino nitrogen being approximately located in
the middle of the conjugated chain.

3.2.3. Relevance for DIN, IMI and ACE binding site interactions

In the absence of AChBP-neonicotinoid structural data of suffi-
cient precision, physico-chemical studies devoted to the character-
isation of neonicotinoid properties are very useful to reach a
comprehensive understanding of their biological activity. On the
one hand, a stronger HBA ability is found with neonicotinoids bear-
ing a pyridinic nitrogen rather than with a furanyl oxygen. On the
other hand, both ACE and DIN appear having a stronger HBA site
than IMI with their cyano and nitro moieties, respectively. How-
ever, the nitro group is a polybasic site (contrary to the cyano moi-
ety) and this property can be fulfilled in the receptor environment,
where several HB donor groups can be available. Finally, the
molecular electrostatic potential calculations point out the HB abil-
ity of the imino nitrogen of DIN, which has a significantly more
negative Vi, compared to corresponding values in IMI and ACE.
With respect to the ‘push-pull’ moiety of the neonicotinoid phar-
macophore, the order of HB accepting strength suggested for the
three neonicotinoids is:

DIN(NO,) ~ ACE(CN) > IMI(NO,)

With respect to the other fragment (CPM or THF) of these com-
pounds, the following order of HB accepting strength is obtained:

IMI(CPM) ~ ACE(CPM) > DIN(THF)

3.3. Agonist actions of DIN, IMI and ACE at synaptic and
extrasynaptic nicotinic receptors

Neonicotinoid insecticides are of biological interest because
they are originally related insecticidal compounds with a structural
similarity to nicotine and a common mode of action. Thus, they
have been shown to act as full and partial agonists of extrasynaptic
nAChRs.%° Indeed, using isolated cell bodies, it has been demon-
strated that ACE is a full agonist while IMI is a partial agonist.”®”!
However, to the best of our knowledge, no direct comparison of the
three neonicotinoid actions on both synaptic and extrasynaptic
nAChRs is found in the literature. Here, electrophysiological
analyses are performed and compared at cockroach synaptic and
extrasynaptic nAChRs from the sixth abdominal ganglion. First,
using the mannitol-gap method, a significant difference of biolog-
ical effect between the three neonicotinoids is observed. Thus, DIN
appears more effective on synaptic nAChRs than IMI and ACE and
demonstrates a strong dose-dependent increase of the ganglionic
depolarisation (Fig. 11A and B). Nevertheless, in all data, our results
show that DIN, IMI and ACE are able to block the amplitude of com-
pound excitatory postsynaptic potentials when the neonicotinoid-
induced depolarisation reached a peak, confirming that they act at
postsynaptic nAChRs**4572 (Fig. 11C). Indeed, preliminary experi-
ments performed at synapses between cockroach cercal afferent
nerve XI and the giant interneurons demonstrated that bath appli-
cation of IMI induced a dose-dependent depolarisation of postsyn-
aptic nAChRs in which the compound excitatory postsynaptic
potentials are blocked.*® We demonstrate also that neonicotinoids
are able to produce desensitization of postsynaptic nAChRs at high-
er concentrations which is not reversible after wash-out. Interest-
ingly, when the agonist effects of DIN, IMI and ACE on synaptic
nAChRs are compared to those obtained on extrasynaptic nAChRs,

the greater efficiency of DIN compared with IMI and ACE (Fig. 12A)
is corroborated. It is worth noticing that in our method, we used
10 UM successive applications of DIN, IMI and ACE solutions and
that the neonicotinoid doses are elevated by progressively raising
the length of the pressure ejection pulse, using the same cell.*>”>
In these conditions, the maximal DIN-induced current is
—1.02 £ 0.06 nA (at 300 ms and —50 mV holding potential) while
it is —0.26 £ 0.08 nA and 0.28 + 0.01 nA for IMI and ACE, respec-
tively (Fig. 12B). These data are consistent with previous studies
demonstrating that DIN is a full agonist inducing more than 80%
of the ACh-induced currents while IMI is a partial agonist.”%”!
Interestingly, we found that ACE is not able to induce a strong ionic
current at this lower concentration (10 pM and 300 ms pulse dura-
tion) demonstrating that it is a weak agonist of cockroach DUM
neuron nAChRs compared to DIN. Indeed, a high agonist binding
site for DIN has been previously identified using cockroach nerve
cord.” In our study, we found also that in addition to its agonist
effect on DUM neuron nAChRs, DIN-induced current amplitudes
decrease from —1.02 +0.06 nA at 300 ms to —0.86 +0.16 nA at
450 ms (Fig. 12A) suggesting a possible nAChRs saturation (or
desensitization). The present electrophysiological data support
the finding that DIN, IMI and ACE differently act as agonists of both
synaptic and extrasynaptic nAChRs. Indeed, it has been demon-
strated that neonicotinoid effects involved two distinct nicotinic
receptor subtypes. In Nilaparvata lugens, imidacloprid has two
distinct binding sites* which are attributable to the existence of
different nAChR subtypes. Thus, co-immunoprecipitation studies
reveals that nAChR subtypes containing Nla3, Nla8 and NIf1 sub-
units constitute the higher affinity binding site whereas nAChR
subtypes with Nla1, Nla2 and NIB1 subunits contain the lower
affinity binding site.”” This pharmacological effect could be associ-
ated to specific mutations in the Nlot1 subunit such as Y151S.7 At
all events, further studies are required to investigate the possible
correlations between the electrophysiological and chemical
properties.

4. Conclusions

New experimental, theoretical and electrophysiological data on
DIN, IMI and ACE, some of the most widely used neonicotinoids,
have been obtained. The X-ray structure of DIN shows a planar
arrangement of the electronegative pharmacophore, a feature
characteristic of this class of insecticides allowing an electronic
communication from the push amino to the pull nitro groups.
Several HB interactions participate in the crystal arrangement,
involving the functional groups (nitro, furanyl oxygen) identified
in the binding to Aplysia AChBP. Interestingly, the conformations
and HB interactions observed in the new crystal structures of IMI
differ from previously reported features. The analyses of the HB
geometries observed in the IMI crystal structures available indi-
cated an enhanced HB strength of the nitro group due to extensive
electron delocalization. The DFT calculations allowed the identifi-
cation of the main energetic minima of the three neonicotinoids.
These compounds are highly flexible, the key conformers being lo-
cated in a narrow energetic range of about 10 kJ/mol for DIN and
ACE and 5 kJ/mol for IMI. This flexible character is reflected in
the different conformations observed in small crystal structures
and AChBP environments. Molecular electrostatic potential calcu-
lations provided a qualitative HB ranking of the molecular frag-
ments constituting the three neonicotinoids. DIN possesses the
electronegative fragment with the strongest HB acceptor (nitro
group), the cyano group of ACE being a close second. In the same
vein, the pyridinic nitrogen of CPM neonicotinoids (IMI and ACE)
is a significantly better HB acceptor than the furanyl oxygen of
DIN. In short, the present study brings new light on the chemical
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features (structural and interactions) of DIN, IMI and ACE. Further
studies are necessary to quantify, both experimentally and theoret-
ically, all effects. Specifically, the impact of AChBP environment
should be considered so to pave the way towards more rationalised
optimisation of the neonicotinoids. Such studies would help to
discriminate and quantify precisely the various contributions
(specific such as hydrogen-bonding and non specific such as -7
interactions) of the neonicotinoid-nAChR binding process. From
an electrophysiological point of view, we find that synaptic and
extrasynaptic nAChRs expressed on the sixth abdominal ganglion
have not the same sensitivity to DIN, IMI and ACE suggesting that
distinct nAChR subtypes are expressed at both synaptic and extra-
synaptic receptors. Since it is not possible at the present time to
determine the subunit composition of nAChRs expressed on insect
due to the difficulty to express functional nAChRs in heterologous
systems, our results show that the three neonicotinoids can be sep-
arated in two agonist subgroups of various efficiency according to
the location of the targeted nAChRs. The first subgroup contains
DIN and the second includes IMI and ACE. The coupling of chemi-
cal- and biological-based approaches such as the ones used in the
present study allows gaining deep insights into the features of
neonicotinoids. However, owing to the inherent complexity of in-
sect nAChRs, further work is needed to establish SAR that would
help for the design of more potent neonicotinoids.
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