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Abstract

Mosquito Odorant-Binding Proteins (OBPs) involved in the initial steps of the olfactory
signal transduction cascade, constitute molecular targets for the design of novel pest
control agents. Herein, ten compounds known to be active against mosquitoes and/or
displaying a binding affinity for AgamOBP1 were used as queries in an in silico 2D-
similarity screening of over 96 million chemical samples. Further filtering of the
acquired hits on the basis of toxicity, vapor pressure, and commercial availability
resulted in 120 unique molecules that were subjected to molecular docking studies
against OBP1. For seventeen potential OBP1-binders, the free energy of binding (FEB)
and mode of interaction with the protein were further estimated by molecular

docking leading to the selection of eight molecules exhibiting the highest similarity with
their parental compounds and favorable energy values. The in vitro determination of
their binding affinity to AgamOBP1 and the evaluation of their repellent activity

against female mosquitoes revealed three molecules with enhanced repellent
properties: (a) a novel DEET-like repellent with lower volatility and higher binding
affinity for OBP1 than DEET, (b) a highly active repellent that represents a new
scaffold and (c) a potent, highly volatile repellent that found to be a strong DEET-site
binder.
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Abstract

Personal protection measures against the mosquitoes like the use of repellents constitute valuable
tools in the effort to prevent the transmission of vector-borne diseases. Therefore, the discovery of
novel repellent molecules which will be effective at lower concentrations and provide a longer
duration of protection remains an urgent need.

Mosquito Odorant-Binding Proteins (OBPs) involved in the initial steps of the olfactory signal
transduction cascade have been recognized not only as passive carriers of odors and pheromones
but also as the first molecular filter to discriminate semiochemicals, hence serving as molecular
targets for the design of novel pest control agents. Among the three-dimensional structures of
mosquito OBPs solved in the last decades, the OBP1 complexes with known repellents have been
widely used as reference structures in docking analysis and molecular dynamics simulation studies
for the structure-based discovery of new molecules with repellent activity.

Herein, ten compounds known to be active against mosquitoes and/or displaying a binding affinity
for Anopheles gambiae AgamOBP1 were used as queries in an in silico screening of over 96
million chemical samples in order to detect molecules with structural similarity. Further filtering
of the acquired hits on the basis of toxicity, vapor pressure, and commercial availability resulted
in 120 unique molecules that were subjected to molecular docking studies against OBP1. For
seventeen potential OBP1-binders, the free energy of binding (FEB) and mode of interaction with
the protein were further estimated by molecular docking simulations leading to the selection of
eight molecules exhibiting the highest similarity with their parental compounds and favorable
energy values. The in vitro determination of their binding affinity to AgamOBP1 and the
evaluation of their repellent activity against female Aedes albopictus mosquitoes revealed that our
combined ligand similarity screening and OBP1 structure-based molecular docking successfully
detected three molecules with enhanced repellent properties. A novel DEET-like repellent with
lower volatility (8.55 x 10 mmHg) but a higher binding affinity for OBP1 than DEET (1.35x10°3
mmHg). A highly active repellent molecule that is predicted to bind to the secondary Icaridin
(sIC)-binding site of OBP1 with higher affinity than to the DEET-site and, therefore, represents a
new scaffold to be exploited for the discovery of binders targeting multiple OBP sites. Finally, a
third potent repellent exhibiting a high degree of volatility was found to be a strong DEET-site
binder of OBP1 that could be used in slow-release formulations.

Keywords: Mosquito repellent, Odorant-binding protein, OBP, Virtual screening, molecular
docking, Molecular Dynamics, Behavioral bioassay

Abbreviations: AgamOBP1, Anopheles gambiae odorant binding protein 1; OR, Odorant
Receptor; DEET, N,N-diethyl-3-methylbenzamide; Icaridin, butan-2-yl 2-(2-
hydroxyethyl)piperidine-1-carboxylate; MOP, (5R,6S)-6-acetoxy-5-hexadecanolide; 1-NPN, N-
phenyl-1-naphthylamine; sIC-binding site; second Icaridin-binding site



1. Introduction

Several strategies have been developed for controlling mosquitoes including long-lasting
insecticidal nets (LLINS) and indoor residual spraying (IRS) recommended by WHO (WHO,
2015). However, these methods do not provide protection in an outdoor environment, while their
wide use has led to increased outdoor bite rates as a result of the reduced indoor biting and resting
activity of mosquito populations (Keita et al., 2021; Meyers et al., 2016; Russell et al., 2011). As
a consequence, personal protection measures against mosquitoes such as the application of
repellents, constitute valuable tools in order to minimize human-mosquito contacts, hence
preventing the transmission of vector-borne diseases. Therefore, the discovery of novel molecules
which would protect from mosquito bites for prolonged periods and in lower concentrations is
more than a necessity.

So far, several Quantitative structure-activity relationship (QSAR) and Artificial Neural Network
(ANN) modeling studies have tried to correlate repellency with the structural and physicochemical
characteristics of active compounds (Devillers, 2018; Katritzky et al., 2008; Oliferenko et al.,
2013). Although they have provided key molecular features to be employed in the design of novel
repellents, the obtained information on the interactions governing the recognition of repellents by
their protein targets is relatively limited (Zographos et al., 2018).

The discovery of novel bioactive compounds is considered a remarkably challenging field as a
small fraction of scaffolds that possess the desired physicochemical and biological properties
should be retrieved from the vast chemical space estimated to comprise approximately 10 organic
molecules below 500 Da (Polishchuk et al., 2013), a number too large to be screened
experimentally. Today several computational methods and cheminformatics tools help scientists
not only to accelerate the discovery of drugs and other agents but also to overcome costly and
time-consuming procedures. Depending on the information available on the target macromolecule,
“ligand-based” and “structure-based” approaches are being increasingly employed for lead
compound discovery. Pharmacophore modeling, virtual screening, molecular docking, and
molecular dynamic simulations approaches are employed to identify promising parent structures.
Prediction of protein-ligand and protein-protein interactions at the molecular level combined with
structure-activity relationships (SAR) results provide valuable information for further lead
optimization.

The success of any attempt to discover a bioactive compound largely depends on the selection of
a suitable macromolecular target associated with the biochemical pathway of interest. In the quest
for new molecules with repellent action against mosquitoes and other disease vectors, insects'
olfactory system constitutes the target system of choice, and proteins involved in odor recognition
are considered valuable molecular targets for the design of novel pest control agents. In
mosquitoes, the perception of volatile semiochemicals is carried out in hair-like projections called
sensilla, present on the surface of the antenna and the maxillary palps. Within the sensilla lymph,
olfactory proteins such as odorant-binding proteins (OBPs), odorant receptors (ORs) and
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ionotropic receptors (IRs), chemosensory proteins (CSPs), and sensory neuron membrane proteins
(SNMPs) have been found to play essential roles in the chemoreception of odorants (Cassau and
Krieger, 2021; Leal, 2013; Liu et al., 2020; Pelosi et al., 2018; Venthur and Zhou, 2018). The lack
of three-dimensional structural information concerning OR-ligand complexes is the main obstacle
to using them as targets in structure-based approaches. In contrast, OBPs are the most abundantly
expressed genes products, present in large numbers in the lymph. Several studies carried out in
various insect species have shown that these proteins do not only act as passive carriers of odorants
and pheromones but are also involved in the discrimination of semiochemicals, functioning as the
first molecular filter of the selection (Chang et al., 2015; Leal, 2005; Yin et al., 2015).

OBPs are low molecular weight proteins produced in large amounts in bacteria and can be highly
purified, thus facilitating their crystal structural determination. So far, 66 crystal structures of
insect OBPs in apo forms and complexes with a variety of ligands have been solved and deposited
in the Protein data bank, contributing to the elucidation of the odor detection mechanism. Among
them, 23 structures belong to OBPs of the mosquito species Anopheles gambiae, Aedes aegypti,
Culex quinquefasciatus. Notably, the 3D structure of OBP1, a protein well conserved among these
species, has been widely exploited in the last decade for the structure-based development of novel
repellents. Structural studies have shown that AgamOBP1 from An. gambiae is able to bind the
widely-used repellent DEET (Tsitsanou et al., 2012) and the natural repellent 6-methyl-5-heptene-
2-one (6-MH) (Murphy et al., 2013) utilizing the same binding site, while it can accommodate two
molecules of the known repellent Icaridin (Drakou et al., 2017) . Exploration of those structures
revealed unique key features such as the location, conformation, orientation, and the interactions
of ligands with the protein. Moreover, molecular dynamics (MD) simulations of the AgamOBP1
complexes with DEET and 6-MH that were performed in order to investigate ligands’ binding
capacity, provided new insights into the molecular recognition of repellents by this protein, further
assisting the generation of repellent pharmacophore models (Tzotzos et al.,, 2018). The
AgamOBP1-DEET complex was used as a reference structure in docking analysis and MD
simulations for the identification of plant-derived volatiles stabilized upon their binding to DEET’s
site (Affonso et al., 2013; Gaddaguti et al., 2016), as well as in the pharmacophoric and structural
similarity search for synthetic molecules (Neto et al., 2020; Okoli et al., 2021) and natural
compounds derived from essential oils (da Costa et al., 2019). Most recently, the AgamOBP1-
Icaridin complex was utilized for the generation of an “olfactophore” model in order to be
employed in the detection of novel scaffolds with repellent activity (Kritsi et al., 2022).

The use of OBP structures in homology modeling and molecular docking screening studies for the
discovery of active semiochemicals has also been applied to other insect pests like the codling
moth Cydia pomonella (L.) (Liu et al., 2016a), the oriental fruit fly Bactrocera dorsalis (Kamala
Jayanthi et al., 2014), the Chilean scarab beetle Hylamorpha elegans (Gonzalez-Gonzalez et al.,
2016), the polyphagous mirid bug Adelphocoris lineolatus (Sun et al., 2017), the leaf beetle



Ambrostoma quadriimpressum (Wang et al., 2017), and the jujube bud weevil Pachyrhinus
yasumatsui (Hong et al., 2022).

In our previous study, a two-step virtual screening of a chemical library of 42,755 synthetic
molecules (Key Organics; KO) was performed to discover novel bioinspired synthetic repellents
that exhibit lower volatility and higher binding affinity for the OBP1 protein compared to their
plant-derived parental compounds. Such molecules could provide enhanced mosquito repellent
protection time for the user (Thireou et al., 2018). Continuing this work, six of the above KO
compounds and four molecules of plant origin found to bind to AgamOBP1 according to
fluorescence and NMR experiments (Unpublished results), were used as query ligands in an in
silico screening study of a database containing over 96 million chemical samples in order to detect
molecules with structural similarity. Subsequent filtering of the hits on the basis of toxicity and
vapor pressure, and in silico evaluation of their binding ability to OBP1, resulted in seventeen
potential OBP1-binders. For eight of them that exhibit the highest similarity with their parental
compounds, binding free energy and mode of interaction with the OBP1 were estimated by MD
calculations. Finally, seven out of the eight compounds that are commercially available were
further evaluated for their in vitro binding affinity to AgamOBP1, and their repellent activity
against female Ae. albopictus mosquitoes.

2. Materials and Methods
2.1. Creation of Library

Computational studies were performed to suggest novel mosquito repellents. Initially, the shape
and pharmacophores of ten molecules that are known to be active against mosquitoes and/or to
exhibit a binding affinity for AgamOBP1 (Ren et al., 2005; Thireou et al., 2018) were generated
using ROCS (US EPA. [2017]) and LigandScout (Estrada, 1996) and chosen for our studies.
Overall 96 million chemical samples that are distributed in two datasets, the Namiki Shoji (4.5
million molecules) and the Aldrich Market Select Chemical structure database (91.5 million
molecules), were used for screening. For the Namiki Shoji dataset screening was performed using
shape and pharmacophoric features. At the same time in order to screen the Aldrich Market Select
Chemical structure database we used the iResearch™ System
(https://www.chemnavigator.com/cnc/products/iResearchSys.asp). In both cases, molecules
showing >70% structural similarity to the ten known active leads were selected for our studies.
Additional filtering based on the availability and cost of the obtained compounds was also
performed.

2.2.Toxicity and Vapor Pressure Filtering

Removal of unwanted compounds at an early stage of processing makes the experimental or virtual
screening significantly more efficient. Therefore, FILTER 2.1.1 (OpenEye Scientific Software,



Santa Fe, NM, USA) (Ren et al., 2005) was applied to reject molecules with undesirable features
such as toxic moieties, a high likelihood of covalent binding to the target protein, and/or dyes and
aggregators that may interfere with the experimental assay. Aggregators often lead to false positive
results as these small-molecule aggregates can sequester some proteins, giving the appearance of
being active inhibitors. Similarly, colored molecules such as dyes can appear to be inhibitors by
interfering with colorimetric or fluorometric assays or due to non-specific binding to the target
protein (see FILTER documentation
https://docs.eyesopen.com/applications/omega/theory/filter_theory.html). Further, the vapor
pressures of the selected compounds were estimated using the program MPBPWIN v.1.44 as
implemented in the EPI suite (US EPA. [2017]). Based on the structure of a given chemical, the
MPBPVP model estimates vapor pressure from various physico-chemical equations which use as
input data, measured or calculated boiling points derived from group contribution QSAR methods.
The final “suggested" vapor pressure estimation values were converted into volatility classes
according to Spicer et al. 2002 (Spicer et al., 2002) : VP<10" mmHg = nonvolatile; VP between
107" and 10 mmHg = semi volatile; VP between 10 and 380 mmHg = volatile; VP>380 mmHg
= very volatile. Therefore, compounds with a vapor pressure of 7.5 x 107 mm Hg or greater, are
more likely to be volatile. Based on that, molecules with estimated vapor pressures < 7.5 x 10
mmHg were excluded from the studies.

2.3. Molecular docking studies

The crystal structures of AgamOBP1 in complex with Icaridin (PDB ID: 5EL2) (Drakou et al.,
2017) and DEET (PDB ID: 3N7H) (Tsitsanou et al., 2012) served as receptors in the current study.
Both consist of two protein molecules in the asymmetric unit with a structural difference < 0.3 A.
Two different binding sites (DEET-site and Icaridin (sIC)-site) were reported for AgamOBP1
(Drakou et al., 2017; Tsitsanou et al., 2012), however, in this study, we were only interested in the
DEET binding site. While DEET binds in the same conformation to both subunits of the protein
dimer, the Icaridin molecule adopts two different orientations at the DEET-site. Hence, we
prepared grids (radius 10 A) in these three different conformations (named Rec-1= 5EL2-A chain;
Rec-2=5EL2-B chain, and Rec-3=3N7H-A chain; Fig. S1) and performed docking studies. Before
setting up the grids, we prepared the selected protein molecules (i.e. monomers A and B for 5EL2
and monomer A of 3N7H) using the prep wizard of Schrédinger Maestro by deleting all
crystallographic water molecules, adding hydrogen atoms to the polar groups and setting up the
appropriate protonation states. An energy minimization with OPLS3 force field (Estrada, 1996)
was also performed with an RMSD cutoff of 0.30 A to refine the structure.

We used an extra precision (XP) docking method and corresponding docking scores to screen the
ligands. Molecules that were consistently scored at the top towards all three receptors were of our
interest for molecular dynamics simulation (MD) studies.

2.4. Molecular dynamics simulations
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MD simulations for 500 ns were performed using Desmond on the top 10% of the most stable
AgamOBP1-ligand complexes to assess the binding stability of the proposed compounds. The
binding energy was also calculated using Molecular Mechanics/Generalized Born Surface Area
(MM-GBSA) from the trajectory. The AgamOBP1-ligand complexes were prepared using prep
wizard as previously explained and soaked into an orthorhombic water box that contained TIP3P
water molecules. The size of the box was set in such a way to include the entire protein-ligand
complex. Also, the system was neutralized by applying the respective number of Na+ or Cl- atoms.
All MD simulations were performed using an NPT ensemble at default values of pressure and
temperature, i.e. 1.01325 bar and 300 K respectively. We recorded the trajectory and energy at
every 500 ps and 1.20 ps respectively, for 500 ns simulation.

2.5. Structural Interpretation

A QSAR model was developed in order to investigate the structural implications of the molecules
in the activity under study. Although it is known that a low number of compounds doesn't let the
generation of a robust QSAR model, this approach may provide a provisional idea of the sub-
structural motifs that are related to the activity. For this purpose, the model was developed using
a TOPological Substructural MOlecular DEscriptors (TOPSMODE) approach (Perez-Garrido et
al., 2009). The selected descriptors have been used in various works as they are able to reveal
relations between the activity and structure of chemical compounds (Perez-Garrido et al., 2014;
Perez-Garrido et al., 2010; Perez-Garrido et al., 2012). These descriptors are weighted with several
properties: standard bond distance (uStd); standard bond dipole moments (P, u°"?); as well as
contributions from the following atomic properties: hydrophobicity (u™?); polar surface area
(UP°9): polarizability (u™'); molar refractivity (uM°); van der Waals radii (u"%"); Gasteiger—
Marsilli charges (u®®); atomic masses (UA®); solute excess molar refraction (uA"R?): solute
dipolarity/polarizability (uA°™2); effective hydrogen-bond basicity (uA*ZP, pAb-2BH) and solute
gas hexadecane partition coefficient (uA*'°9 -16). We calculated a total 226 descriptors which were
related to the activity value (Table 1) by Multilinear Regression analysis. The best model with no
more than two descriptors was chosen based on a high value of both, coefficient of determination
(R?) and coefficient of determination of leave-one-out cross-validation (Q?) and low values of Root
Mean Squared Error (RMSE).

2.6. Bacterial expression and purification of recombinant AgamOBP1 protein

The pET22b(+)-AgamOBP1 expression plasmid was transformed into E. coli Origami B (DE3)
competent cells (Novagen) and expressed as the full-length AgamOBP1 protein lacking its signal
peptide (residues 20-144 of UniProt entry AOALU7F4W?2) as previously described (Drakou et al.,
2017; Tsitsanou et al., 2012). The protein was purified by a series of chromatographic steps using
the HiTrapQ FF and Resource Q ion-exchange columns (Cytiva) and the size-exclusion Superdex
75 column (Cytiva) according to the protocol described by Tsitsanou et al. (2012) (Tsitsanou et



al., 2012). The final protein fractions were dialyzed against 10 mM Tris-HCI (pH 8.0) buffer and
concentrated to ~15 mg/ml.

2.7. Fluorescent measurements

The emission spectra of the fluorescence probe 1-NPN were recorded on a FluorolLog
spectrofluorometer (HORIBA Scientific) at 25 °C, in a 90° right angle configuration, using a 1cm
light path quartz cuvette. Slit widths were set at 5 nm for both excitation and emission. The
AgamOBP1 protein was diluted in a buffer containing 20 mM Tris—HCI, pH 8.0, and 100 mM
NaCl to a final volume of 1 ml. Fresh stock solutions of 1-NPN and the tested ligands were
prepared in methanol or DMSO 100% and used for titration studies. The final solvent content was
not greater than 1.5%. The probe was excited at 337 nm, and emission spectra were recorded from
350 to 500 nm. Maximal fluorescence intensities in the presence of AgamOBP1 were observed in
the emission region of 402 - 410 nm after the subtraction of the background spectra (1-NPN and
ligand in buffer without protein). Fluorescence data for 1-NPN and for each ligand were collected
from two independent experiments (n = 2).

2.8. Kd determination of AgamOBP1-ligand complexes

The affinity of 1-NPN for AgamOBP1 was determined by titration of 2 uM protein solution with
the fluorescent probe at concentrations ranging from 0 to 24 uM. The affinity of the examined
ligands for AgamOBP1 was indirectly determined from the displacement of 1-NPN by the ligand.
The AgamOBP1 was assayed at a final concentration of 2 uM and a fixed concentration of 1-NPN
(10 uM). The probe was allowed to bind to AgamOBP1 prior to the addition of aliquots of each
ligand in order to achieve a final concentration range from 0 to 50 uM. The Kd of 1-NPN and the
Ki of ligands were calculated using the non-linear regression data analysis program GraphPad
Prism 8 (www.graphpad.com).

The Kd of 1-NPN for AgamOBP1 was found to be 4.29 uM + 0.94 from a saturation curve derived
by fitting the data (R?=0.97) to a one-site binding equation,

Y=Bmax*X/(Kd+X) + NS*X + Background,

assuming specific binding (NS=0). In the case of the tested ligands, their Ki values were calculated
from competition dose-response curves for binding to one or two sites. For the one site binding
model, the data were fitted to the equation

Y=Bottom+(Top-Bottom)/(1+107(X-logeC50)),

where logEC50=log(10™ogKi*(1+HotuM/HotKduM)), using as HotuM the concentration of 1-
NPN in the competition assays (10 uM) and as HotKduM the Kd of 1-NPN (4.29 uM).
Respectively, for the two-site binding model, a modified equation (Two sites - Fit Ki) was used to
determine the Ki values of the ligands for each site.


http://www.graphpad.com/

2.9. Rearing of Aedes albopictus in the laboratory

The present studies focused on An. gambiae AgamOBP1 whose structure and interactions with
known repellent molecules are well known. Nevertheless, the discovered compounds were
evaluated for their repellent properties against the Asian tiger mosquito Ae. albopictus.
AgamOBP1 (Uniprot: AOALU7F4W?2) shares a high degree of sequence identity (>80%) with its
homologous proteins Ae. aegypti AaegOBP1 (Uniprot: Q6Y2R8), Cx. quinquefasciatus
CquiOBP1 (Uniprot: Q8T612) and AalbOBP39 (Uniprot: M4W733) from Ae. albopictus (Deng et
al., 2013), with the exception of their N-terminal signal sequences. After the removal of signal
peptides, the mature AgamOBP1 and AalbOBP39 proteins have 82% identity and a sequence
similarity of 92%. The critical residues involved in hydrogen bonds and vdW interactions with
DEET and Icaridin in both DEET and sIC-binding sites of AgamOBP1 are conserved in
AalbOBP39, while Met89 and Val125 are substituted by a Leucine and an Isoleucine, respectively,
with very similar properties (Fig. S2). The major difference between the ligand-interacting
aminoacids of the two proteins appears in Ser79 of AgamOBP1. However, its contribution to
Icaridin’s binding to the sIC-binding site is probably minor as it participates in only 2 out of the
27 vdW contacts (Drakou et al., 2017). Therefore, binders of AgamOBP1 displaying repellent
activity are expected to have the same effect on A. albopictus mosquitoes as well as on other
mosquito species. The sequence alignment was performed by Clustal Omega online software and
alignment plot was created by ESPript v3.0 (Robert and Gouet, 2014).

Adults of Ae. albopictus mosquitoes were obtained from a laboratory colony which was
maintained in the Benaki Phytopathological Institute (Kifissia, Greece) at 25£2°C, 80% relative
humidity, and photoperiod of 16:8-h light/dark (L/D) (Giatropoulos et al., 2015; Kythreoti et al.,
2021). Plastic beakers with 100 ml of water and strips of moistened filter paper were provided in
the cage for oviposition. The eggs were kept moist for a few days and then placed in the pans for
hatching. The larvae were reared in tap water-filled cylindrical enamel pans, about 400 larvae in
each pan, and fed in excess with powdered fish food (JBL Novo Tom 10 % Artemia) until the
emergence of adults. Adult mosquitoes were often collected with a mouth aspirator and transferred
to the rearing cage. Females were fed with fresh chicken blood using the Hemotek® blood-feeding
system.

2.10. Repellent activity bioassay

The assessment of the repellent activity of the tested compounds was based on the human landing
counts (Giatropoulos et al., 2012). The study was conducted into a cage (33x33x33 cm) with a
32x32 mesh containing 100 adult mosquitoes (sex ratio 1:1) 5 to 10-days old, starved for 12 h, at
25+2°C, and 70-80% relative humidity. Control treatments without the components or with DEET
were also included in the repellency tests as standards (control and positive control, respectively).
Each treatment was repeated eight times and four human volunteers were used.



2.11. Determination of repellency index

The landing numbers were converted to repellency index (RI£SE) using the following equation
RI=1-(T/C)=(C-T)/C,

where C is the number of landings in the control and T the number of landings in the compound

treatment.

Statistical analysis

The effects of tested compounds on the Ae. albopictus female landings were estimated using the
Kruskal-Wallis test (Kruskal and Wallis, 1952). When significant differences were detected,
Mann-Whitney U tests with Bonferroni correction were carried out for pair-wise among
treatments (Mann and Whitney, 1947).

3. Results and Discussion

3.1. Computational screening identified putative disruptors of mosquito host-seeking
behavior

The shape, pharmacophores, and 2D-fingerprints of ten compounds (Fig. 1A-J and Table S1)
known to be active against mosquitoes and/or displaying a binding affinity for AgamOBP1 were
used as queries to screen the Namiki Shoji and Aldrich Market Select Chemical structure
databases. Among these, six were KO compounds that have been previously identified as
AgamOBP1 binders by in vitro fluorescence competition experiments and shown to possess
repellent activity against An. gambiae mosquitoes, with the exception of the strongest but non-
volatile binder KO8 (Thireou et al., 2018). The set of leads was completed with four plant-derived
compounds of unknown repellent activity, terpinen-4-ol, chrysanthenyl acetate, yomogi alcohol,
and artemisia alcohol, that was found to bind to AgamOBP1 according to fluorescence binding
assays, and *H STD and 2D *H-N HSQC NMR studies (Dima, 2015).

Most of the query molecules are hydrophobic in nature. Compounds such as yomogi alcohol,
artemisia alcohol, and terpinen-4-ol contain one hydrogen bond donor attached to their
hydrophobic core, while a hydrogen bond acceptor is present in chrysanthenyl acetate. The
molecules KO2, KO3, KO4, KO8, KO9, and KO11 are structurally similar, containing an aromatic
ring and a hydrogen bond acceptor. In addition, in compounds KO8 and KO9, an acidic group
(marked as -ve ionizable area) is also included in their structures (Fig. 1A-J).

Our chemical substructure and similarity screening, and the subsequent elimination of duplicates
helped us to select 152 unique molecules out of the 184 hits that are structurally similar (similarity
cutoff >70%) to the lead compounds (Fig. 1K). Due to budget constraints, we restricted to
molecules that were commercially available in at least 10 mg amount and cost less than 100€.
Queries KO3 and KO4 retrieved most of the outputs i.e. 44 and 43 molecules respectively, while
yomaogi alcohol, artemisia alcohol, terpinen-4-ol, and KO11 <9 molecules (Table S1). Toxicity-
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based filtering led to the elimination of another 32 molecules with undesired properties such as
toxic functionalities, a high likelihood of covalent binding to the target protein, and interference
with the experimental assay (see Materials & Methods subsection 2.2). Furthermore, we estimated
the vapor pressures of the molecules, and those with < 7.5 x 107 mmHg (16 molecules) were
excluded from the studies (Spicer et al., 2002). Finally, a dataset of 120 molecules (Table S2) was
subjected to molecular docking towards the three different receptors (Rec-1 to -3).

3.2. Putative mosquito host-seeking disruptors have energetically favorable interactions
with AgamOBP1

Hits from the computational screening were subjected to the XP docking method against the three
receptors. The top 30 % of the highest scoring (docking score > -7.00 kcal/mol) molecules towards
each receptor (i.e. 31 molecules of each) was taken for further analysis (Fig. 1L). 17 molecules
(Table S4) that were consistently scored high towards all three receptors were of our interest, as
we hypothesized that they may exhibit a potential binding affinity for AgamOBPL1 in vitro. These
ligands were subsequently subjected to MM-GBSA analysis based on the docked poses. Their
calculated binding energies for the receptors were in the range of -29 to -90 kcal/mol (Fig. 2A).
Out of the 17 molecules (ligand numbering is according to the main list that contains 120
molecules), Lig-86 exhibits a high structural similarity to the KO3 compound. Likewise, Lig-11,
Lig-13, Lig-16, and Lig-103, Lig-111, Lig-118, Lig-119 are structurally similar to KO11 and
chrysanthenyl acetate, respectively. Their high structural resemblance to the bioactive query
molecules and their favorable binding energies towards AgamOBP1 prompt us to choose these
eight ligands (i.e. Lig-11, Lig-13, Lig-16, Lig-86, Lig-103, Lig-111, Lig-118, and Lig-119) (Table
2) for further studies. Their binding modes at the DEET-binding site are shown in Fig. 2 (B to I).
We found that the MM-GBSA binding free energies obtained for Lig-119, Lig-111, and Lig-16
were higher than -80 kcal/mol placing them within the top 3 positions among the 17 molecules.
Although the binding energy of Lig-86 (-29 kcal/mol) is lower than that of the other ligands, we
included it in our MD simulations and further in vitro studies due to its high structural similarity
with the query molecule KO3. Top binding energies predicted for the selected ligands are as
follows; Lig-11 (-66 kcal/mol); Lig-13 (-74 kcal/mol); Lig-16 (-86 kcal/mol); Lig-86 (-29
kcal/mol); Lig-103 (-72 kcal/mol); Lig-111 (-87 kcal/mol); Lig-118 (-83 kcal/mol) and Lig-119 (-
89 kcal/mol).

3.3. MD simulations provide additional insight towards the putative mosquito olfactory
disruptors’ binding to the DEET-site

The MD simulation studies for 500 ns suggested that all tested ligands except Lig-86 are stable in
the DEET-binding site without much displacement from their initial docked pose, which further
justifies our selection of ligands. RMSD of the selected eight protein-ligand complexes is shown
in Fig. S3. We found that Lig-86 deviated 3.8 A from its initial docked position and tended to shift
out of the binding cavity. Though a hydrogen bond between its carboxyl group and the aromatic
side chain of Trp114 helped initially the benzyl moiety to orient in such a way in order to favor
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the development of weak n-n stacking interactions with this residue, these interactions were
completely abolished during the MD simulations. Since the DEET-binding site mainly consists of
hydrophobic residues, we assume that the carboxyl group of Lig-86 may participate in unfavorable
interactions within this site and therefore tends to be displaced out of the binding cavity of DEET.
The pattern of MM-GBSA values calculated from the trajectory and docked poses are in perfect
agreement with each other. Among all ligands Lig-86 scored the lowest (-39+2.53 kcal/mol).
Conversely, Lig-111, 118 and 119 scored the most i.e. -92+7.12, -89+4.20 and -97+5.00 kcal/mol
respectively. The MM-GBSA values of all ligands were shown in Fig. S4.

3.4. The binding modes of the selected host-seeking disruptors

Since molecular docking and subsequent MD simulations suggested a possible binding for the 17
selected ligands (Table S3) at the DEET binding site, we further critically investigated the binding
modes of the eight top-scored molecules (Lig-11, 13, 16, 86, 103, 111, 118 and 119). The DEET
binding site is formed by several non-polar residues such as Leu73, Leu76, His77, Leu80 from a4
helix; Ala88, Met89, Met91, Gly92 from a5; Trpl1l4 and Leu96 from a6 as well as Lys93’, Arg94’
and Leu96’ from the other subunit (Fig. S1). Similar to the DEET molecule, all the investigated
ligands mainly participate in van der Waals interactions at the binding site. However, the carbonyl
oxygen groups of Lig-16 and Lig-119 are also involved in the formation of hydrogen bonds by
accepting a hydrogen atom from the NE1 atom of Trp114 and the ND1 atom of His77 residue,
respectively (Fig. 2). We observed that during MD simulations, these hydrogen bonds were
retained in more than 90 % of the intermediate frames. In contrast, no hydrogen bond with protein
residues was observed in the cases of Lig-111 and Lig-118 upon their binding to AgamOBPL1. In
the docked poses, the oxygen atom of Lig-111 is 3.9 A away from the NE1 of Trp114 and
therefore, unable to form a hydrogen bond as Lig-16 does. At the same time, the oxygen of Lig-
118 is pointed towards the aromatic side chain of Trp114. We noticed that the hydrophobic ends
of most of the top-scored ligands enter deep into the hydrophobic channel. Upon forming a
complex with AgamOBP1, the solvent-accessible surface area (SASA) for these molecules is
reduced, and the buried surface area for Lig-16, Lig-111, Lig-118, and Lig-119 was calculated to
be 95%, 82%, 93%, and 91%, respectively. In the study by Tsitsanou et al (2012) (Tsitsanou et al.,
2012), it was reported a 90% decrease in the SASA of DEET upon its binding. It has also been
suggested that the hydrogen bond formed between Trpl14 and DEET via a water molecule is
critical for DEET recognition. The binding energies of Icaridin and DEET molecules are -64 and
-76 kcal/mol, respectively, suggesting a weaker binding affinity for AgamOBP1 than that of the
top-scored ligands (binding energies for Lig-16: -86 kcal/mol, Lig-111: -87 kcal/mol, and Lig-
119: -89 kcal/mol).

As was revealed from the AgamOBP1 complex structures with DEET and Icaridin, both ligands
form one direct hydrogen bond with a water molecule which in turn interacts with the NE1 nitrogen
of Thr114 and the backbone carbonyl of Cys95 (Drakou et al., 2017; Tsitsanou et al., 2012) (Fig.
S1). This conserved water is proposed by the authors to play an important role in ligand recognition
and should be taken into account during design processes (Anderson, 2003; Nandi et al., 2009;
Neidle, 2021). Novel ligands that make additional contacts with the water or incorporate it into
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their structures may exhibit an improved binding affinity due to the increased number of direct
protein-ligand interactions. Since we didn’t include this invariant water molecule in our docking
calculations, we further investigated whether or not this water is replaced by the investigated
ligands. To do this, we superimposed our docked poses on the DEET and Icaridin bound structures.
We found that Lig-16 and Lig-86 could form hydrogen bonds with the structural water molecule.
On the contrary, the orientation of the Lig-13 is such that it could displace the water molecule from
the binding site. Concerning the other ligands, Lig-103, Lig-111, Lig-118, and Lig-119, they do
not appear able to make any interactions with the conserved water (Fig. S5 A to H).

3.5. Structural Interpretation

The best QSAR model was obtained for activity values with 20 pg/cm?. Following, we show the
best QSAR model equation with standardized coefficient and statistical parameters (Table 1):

Table 1 comes about here
(Table 1: Statistical parameters of the QSAR model development)

We extracted the bond contribution (Fig. S6) based on the model coefficient and the results showed
positive contributions of an ester moiety, a well-known group present in many repellent substances
(Gouck et al., 1957; Mccabe et al., 1954). Furthermore, a negative influence is observed in the
areas around these ester groups and in the central area of the molecules, indicating that an increase
in the volume of the molecule is accompanied by a decrease in the repellent activity of the
compound. Although the model is not free from chance correlation, the interactions obtained by
docking present some coincidences with the contributions extracted from the QSAR model in Lig-
13, Lig-119, and Lig-16 (Fig. S6). Lig-13 presents several hydrophobic interactions (Ala88, Leu80
and Leu76) that agree with the contributions extracted from the QSAR model developed with the
TOPSMODE descriptors. We can see something similar in Lig-119 with 3 hydrophobic
interactions (Leu80 and two with Trp114) and Lig-16 with one hydrogen bond (Trp114) and one
hydrophobic (Trp114) interaction. The negative effect of molecular volume in terms of molecular
refractivity was also observed in other mosquito species (Suryanarayana et al., 1991). A direct
correlation between vapor pressure (VP) values (or -log (VP)) and repellent activity has not been
found in these compounds for any of the three concentrations.

Fig. 1 comes about here

Fig. 2 comes about here

Table 2 comes about here
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Table 2. The final hits selected for MD simulations and in vitro studies. 2D structures of the hits
and the parental.

3.6. In vitro binding affinity determination of the selected docking hits for AgamOBP1

With the exception of compound Lig-11 which was not commercially available, the binding
capacity of the other seven ligands for AgamOBP1 has been evaluated by a fluorescence
competition assay. Lig-86 and Lig-118 showed no binding affinity for the protein. Both ligands
were not able to displace the fluorescent probe 1-NPN resulting in only 2% fluorescence reduction
at 50 pM of ligand concentration. The remaining five ligands display a high affinity for
AgamOBP1, exhibiting dissociation constants (Ki) between 0.04 and 1.25 uM (Fig. 3 and Table
3). These results indicate that our molecular docking modeling method was quite successful in
proposing strong binders of AgamOBP1.

The fluorescence analysis suggested that Lig-16 and Lig-13 bind to two protein sites, a high
affinity binding site (0.04 and 0.08 uM, respectively) and a second of lower affinity (7.7 and 12.8
uM, respectively) (Fig. 3 and Table 3). Both ligands show structural similarity to the KO11 lead
compound bearing a furan aromatic ring and an ethyl acrylate group. Interestingly, in our previous
modeling study, we predicted that KO11 may bind to both DEET and sIC-binding sites. KO11
was predicted to occupy the position of the structural water thus displacing it from the DEET-
binding site. While this change has been found to be associated with reduced repellency in the
cases of other compounds (Zographos et al., 2018), KO11 exhibits a significant repellent activity
possibly due to its additional binding to the sIC-binding site, where it interacts with the N-terminal
Val125 similar to Icaridin (Thireou et al., 2018) (Fig. S1). Likewise, we calculated the binding
energies of these two ligands for the sIC-binding site. The MM-GBSA values for Lig-16 (-98
kcal/mol) and Lig-13 (-60 kcal/mol) at the sIC-site suggest that Lig-16 has a higher affinity for the
sIC rather than the DEET-site (-86 kcal/mol). Conversely, in the case of Lig-13, the DEET-site is
the primary site of binding (-74 kcal/mol). The fluorescence analysis cannot discriminate between
the low and the high affinity binding sites. Nevertheless, by combining fluorescence data with the
MM-GBSA binding energy predictions we can propose that Lig-16 binds preferentially to the sIC-
site with high affinity (0.04 uM), whereas the high affinity site for Lig-13 corresponds to the
DEET-binding site (0.08 uM). Although the sIC-binding site was not exploited in the molecular
docking calculations of this study, the binding of Lig-13 and Lig-16 to this site could be a
generalized feature of this class of furan compounds that is worth further investigation, as it may
provide an alternative new strategy for future OBP1-based screening efforts.

Furthermore, based on our predictions, upon their binding to the DEET-binding site (Rec-1 to 3),
the furan moieties of these ligands are placed closer to the bend of the L-shaped tunnel of the
monomer (Fig. 2C and 2E) by adopting different orientations. In particular, Lig-16 places its furan
oxygen and bromo group at the entrance of a previously defined complementary pocket, which in
the CquiOBP1-MOP complex (PDB id: 30OGN) accommodates the acetyl ester branch of MOP
pheromone (Mao et al., 2010). Noticeably, we have previously proposed that this empty cavity
lined by Phel23, 1le87, Met91, Met84, and Tyr10 residues could be exploited in the design of
novel ligands (Tsitsanou et al., 2012). In the case of Lig-13, its furan ring lies almost in the same
plane as the one of Lig-16 at an angle of approximately 180 degrees, orienting its furan ring oxygen
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atom towards the a4 helix (Fig. 2E). The acrylate group of both Lig-13 and Lig-16 is involved in
a direct hydrogen bond with the side chain of Trp114. Also, Lig-13, through its second acrylate
moiety, participates in an additional hydrogen bond with the backbone of His77 as Icaridin does
upon binding to the DEET-binding site (Fig. S1). Nevertheless, the binding modes of these ligands
indicate that only Lig-13 is able to displace the structural water molecule from its position in the
DEET-binding site. However, the observed interaction of the known DEET-site binders with
Trp114 through this water molecule is not disrupted in the case of Lig-13 but replaced by the direct
hydrogen bond.

Compounds Lig-119 and Lig-103 bearing a methyl acetate-substituted oxabicyclo [3.3.1] nonene
system exhibit a structural resemblance to the chrysanthenyl acetate, though they differ in the
number of ring atoms (nine atoms instead of seven), the methyl acetate group (instead of acetate),
and the positions of methyl (methyl and isopropyl for Lig-103) moieties. In contrast to Lig-16 and
Lig-13, fluorescent data analysis indicated binding to a single site, with Lig-119 and Lig-103
displaying the highest (0.042 uM) and the lowest (1.25 uM) affinity for the protein, respectively,
among all the tested compounds (Fig. 3 and Table 3). Both ligands are predicted to bind to the
bend of the L-shaped channel (Fig. 2H and 2I) by adopting, however, different conformations.
While Lig-119 positions its oxane oxygen at the entrance of the complementary pocket (vide
supra), Lig-103 orients this atom in the opposite direction towards the a4 helix, in order to bring
its methyl cyclohex-1-ene group in front of the pocket’s entrance (Fig. 2I). Furthermore, by
superimposing the binding poses of the two ligands, it was observed that there is a ~3A difference
between their oxane oxygen atoms. Most likely, Lig-103 adopts this configuration in order for its
isopropy! group to be accommodated better within the binding cavity. The different interactions
of both the oxane oxygen and methyl-acetate group of the above ligands with the protein residues
may explain the lower affinity of Lig-103 compared to Lig-119.

Finally, Lig-118 and Lig-111 are monocyclic compounds having a methylcyclohex-1-ene ring
conjugated to a butyrate or isobutyrate group, respectively. Interestingly, despite their structural
similarity, Lig-111 showed high affinity for AgamOBP1 (0.06 uM), while the butyrate analog Lig-
118 did not displace the 1-NPN probe at any of the tested concentrations (Fig. 3 and Table 3).
Upon further analysis of their binding conformations, it has been found that these ligands do not
displace the structural water from its location in the DEET-binding site. Although both ligands
share similar binding modes, the strain energy for Lig-111 (1 kcal/mol) is much lesser than for
Lig-118 (10 kcal/mol). In addition, differences in the ligands’ binding energies were also observed.
The optimum internal strain energy is crucial for the favorable binding of ligands. The high strain
energy observed for Lig-118 could be reflected in the poor in vitro binding capability of the ligand.

Fig. 3 comes about here

3.7 Dose dependent effect of the selected host-seeking disruptors on Aedes albopictus
mosquitoes.
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Six out of the eight ligands identified by the molecular docking calculations (Lig-16, Lig-13, Lig-
118, Lig-111, Lig-119 and Lig-103) were tested in behavioral bioassays against Ae. albopictus, an
aggressive mosquito vector. We were not able to test Lig-86 because it was completely insoluble
in bioassay compatible solvents such as DCM or ethanol, whereas Lig-11 was not commercially
available.

We found that female landings were significantly affected by Lig-119 in all four doses evaluated
for repellency (Dose 40 pg/cm?: Chi-squared= 50.776, df= 2, p<0.0001; Dose 20 pg/cm?: Chi-
squared= 52.394, df= 6, p<0.0001; Dose 10 pg/cm?: Chi-squared= 50.981, df= 5, p<0.0001; Dose
4 ng/cm?: Chi-squared= 44.861, df= 6, p<0.0001) (Fig. 4 and Table 3).

At doses between 40 and 10 pg/cm?, Lig-119 displayed landing inhibition equal to or superior to
that of DEET (100% to 96.6%), while it showed strong repellency though slightly weaker than the
one of DEET (81.8% versus 92.2% of DEET) at the lowest test dose of 4 pug/cm?,

The second strong repellent among the compounds was Lig-13 which provided full protection at
the higher doses of 40 and 20 pg/cm? (landing inhibition 100%) and a considerable reduction in
landings at 10 pg/cm? (81.5%), whereas at the lowest tested dose of 4 ug/cm? it retained a weak
activity (33%).

Lig-111 significantly affected the number of landings at doses of 40 to 10 pug/cm? (89.1% to 51.8%,
respectively), but it displayed a markedly weaker activity (8.3%) at the lowest dose.

Finally, Lig-16 and Lig-118 demonstrated weak activities in all four evaluated doses. Nevertheless,
it is worth mentioning that Lig-16 displayed an anomalous behavior. At the lowest dose of 4
ng/cm? it showed repellent activity (39.3%) comparable to that of Lig-13 (33%), as was expected
due to their structural similarity. However, strangely enough, and in contrast to its cognate ligand,
the repellent action of Lig-16 eliminates at higher doses. A plausible explanation could be that
Lig-16 acts as an attractant beyond a critical concentration, and this activity prevails over
repellency. Such dose-depended behavior is not unprecedented. For example, indole was found to
act as a repellent at the lowest dose of 0.05ug tested in adults of the common green bottle
fly Lucilia sericata and as an attractant at the highest dose (5 pg) (Liu et al., 2016b). Also, the
volatile odorant Sulcatone (6-methyl-5-hepten-2-one) has been reported not only as a repellent but
also as a human host attractant for Ae. aegypti mosquitoes (McBride et al., 2014). Nevertheless,
this hypothesis can only be confirmed by a suitable mosquito attractant bioassay in future studies.

Conclusion

In conclusion, a combined ligand-based similarity screening and OBP1-based molecular docking
approach was applied for the rational discovery of new repellents. As a result, we identified Lig-
119 as a novel DEET-like repellent and, Lig-13 and Lig-111 as highly active repellent molecules.
Specifically, Lig-119, representing a new molecular scaffold, exhibits a high affinity for the target
OBP1 protein while featuring lower volatility (8.55 x 104 mmHg) than DEET (1.35x10~3 mmHg).
Therefore, Lig-119 could provide longer protection times and higher spatial coverage than DEET
when compared at equimolar concentrations. This hypothesis regarding the combined effect of
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binding affinity and volatility of Lig-119 on the duration and spatial extent of protection, remains
to be confirmed in future behavioral assays and field studies. Nevertheless, such experiments that
require the synthesis or the purchase of large quantities of compounds of interest, are beyond the
scope and scale of this study.

Interestingly, Lig-13 was found to bind in two different sites on AgamOBP1. Given its high
binding affinity (0.08 uM) and low calculated MM-GBSA binding energy (-74 kcal/mol) for the
DEET-binding site, we suggest that its activity derives from the targeting of the DEET-site rather
than the sIC-site. Such behavior is not unexpected. In our previous work, we showed that the potent
synthetic repellent Icaridin is capable of binding to both DEET and sIC binding sites (Drakou et
al., 2017). Therefore, the identification of new compounds that are able to bind in multiple protein
sites could significantly increase the repertoire of available “olfactophore” features to be used in
screening protocols. Hence, the Lig-13 scaffold could be further exploited and optimized for the
discovery of better repellents. Regarding our hypothesis that Lig-16 may act as an attractant at
high concentration doses in contrast to its structurally similar compound Lig-13, we should clarify
that the OBPs are transport proteins that cannot discriminate between repellent and attractant
molecules. The physiological activity of compounds, either repellency or attraction of mosquitoes,
is eventually defined by the Odorant Receptors, so the type of activity can be ex-post evaluated
only in behavioral bioassays.

Furthermore, we previously suggested that a ligand with high in vitro affinity and specificity for
female antenna-biased OBPs is more likely to display strong repellent action (Thireou et al., 2018;
Zographos et al., 2018). Indeed, studies of plant volatile compounds discovered through the OBP-
based screening of bioactive essential oils (Krober et al., 2018) revealed that the most potent of
the identified repellent molecules act directly on the Odorant Receptor co-receptor (ORco) of the
OR/ORco heterodimeric complex (Kythreoti et al., 2021; Tsitoura et al., 2015). The same OBP-
based screening study also showed that essential oil components with no or low affinity for any of
the tested OBPs lack of a strong repellent action (Krober et al., 2018). Based on these results, the
observed striking difference in the repellency of the structurally similar ligands Lig-118 (no active)
and Lig-111 (third more active compound) could be attributed to the inability of Lig-118 to bind
to AgamOBPL1. The differences in ligands binding affinity for AgamOBP1 could also account, in
part at least, for the weak repellent activity of Lig-103 compared to its structurally related analog
Lig-119. However, in that case, the most profound differentiation between Lig-119 (most active)
and Lig-103 (inactive) lies in their different predicted binding modes. We have previously
suggested that molecules that adopt biologically relevant binding modes are more likely to be
specifically recognized by the binding sites of the cognate ORs and initiate a biological response
(Thireou et al., 2018; Zographos et al., 2018).

Finally, an important factor to be considered in the screening process of novel repellents is the
volatility of the candidate ligands (Table 2). On the one hand, the low volatility of a compound
exhibiting a high efficacy against mosquitoes, such as Lig-119 (8.55 x 10* mmHg), can
significantly enhance the duration of protection. On the other hand, high volatility may negatively
affect the repellent activity of a ligand as a result of its rapid evaporation e.g. Lig-111 (1.17 x 10
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2 mmHg), thus reducing or eliminating its time of protection. Nevertheless, such compounds are
of merit, as they can be used in slow-release formulations or devices.

Fig. 4 comes about here

Table 3 comes about here
Table 3. Dissociation constants (Ki) and Repellency Indices (R1) of the tested ligands.
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Tables

Table 1. Statistical parameters of the QSAR model development

P =5.58-108. p(15)P"P —56.21- p(1)Alo9Lie + 281 4

Q2 RMSE
R2 RMSE RSS s F | (Loo-cv) | (LOO-CV)
0.94 10.19 62355 | 14.42 |23.03 0.77 19.80
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Table 2. The final hits selected for MD simulations and in vitro studies
and the parental.

. 2D structures of the hits

Lig-no Name Hit Structure ('\El)\;\)/ (m\rr/1T—|g) Lead Lead Structure (m\n/1||3—|g)
o KO3 .
2-Methylcinnamic HO/L/\© NS
. . 4.74 x Methyl (2E)-3- | | 3
Lig-86 acid (prt(::r(?gmantly 162.19 104 (25- 5.19x 10
dimethylphenyl)
prop-2-enoate
ethyl 22)-3-(5- | NN
bromofuran-2-yl)-2- S O B 259 10 1.83 x
Lig-16 methylprop-2- ° ' 103
enoate
) Ethyl (2)-2-(furan- O KO11 N
Lig-11 2-ylmethylene)-3- | N7 N5 208.21 1'1507_3)( y /
oxobutanoate Ethyl 2-Cyano- | \_/ \_/7] 5.87 x 10
3-(2- o '
furanyl)acrylate
. diethyl 2-(2- ] °
Lig-13 furylmethylene)mal O% 238.24 3i90?3X
onate /- o
Lig-118 Terpinyl Butyrate /—% %O\ 224.34 5'15;3)(
Lig-111 | Terpinyl Isobutyrate x%@ 224.34 1'1107,2)( Chrizz?;trleenyl
ot
[(15.5R)-4,6,6- \( 3.19 x 10
(4,6,9-trimethyl-3- trimethyl-7- o
. oxabicyclo[3.3.1]no o 8.55x | bicyclo[3.1.1]he
Lig-119 n-6-en-1-yl)methyl Y 238.33 10 pt-3-enyl]
acetate acetate
(4-isopropyl-6- Q{
methyl-3- .
Lig-103 | oxabicyclo[3.3.1]no Y J 252.35 4'1603;)(

n-6-en-1-yl)methyl
acetate
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Table 3. Dissociation constants (Ki) and Repellency Indices (RI) of the tested ligands.

Ligand Binding energy Ki, pM Repellency Index (x100)
(kcal/mol) Hi ‘ Lo | 4ug/cm? 10 pg/cm? 20 pg/cm? 40 pg/cm?
DEET Not tested 92.2 96.5 96.8 99.8
Site DEET sIC
Lig-16 -86 -98 0.040 | 7.71 39.3 8.1 0.2 11.0
Lig-13 -74 -60 0.082 | 12.84 33.0 81.5 100 100
Lig-119 -89 nd 0.042 81.8 96.6 99.3 100
Lig-103 -72 nd 1.246 12.4 8.0 11.4 22.2
Lig-111 -87 nd 0.060 8.3 51.8 76.8 89.1
Lig-118 -83 nd No binding? 111 16.1 25.2 27.6
Lig-86 -29 nd No binding'? Not tested?
Lig-11 -66 nd Not tested? Not tested?

12% fruorescence reduction at 50 uM ligand.
2 Soluble only in DMSO. Insoluble in bioassay compatible solvents DCM or EtOH.
3 Not commercially available
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Captions to illustrations

Fig. 1: Filtering of active hits. Shape and pharmacophoric features of (A) yomogi alcohol, (B)
artemisia alcohol, (C) terpinen-4-ol, (D) chrysanthenyl acetate, (E) KO11, (F) KO9, (G) KO8, (H)
KO4, (1) KO2 and (J) KO3. Important pharmacophoric features were also marked. K: Number of
hits retrieved from each query. L: Venn diagram suggesting the top 30% of hits against Rec-1, 2
and 3. The numbers of predicted molecules that are common for all the targets are also mentioned.

Fig. 2: Binding of molecule towards AgamOBP1. A: Heat map indicating MM-GBSA for all the
selected 17 molecules. B-l: Cartoon representation (Left) and 2D protein
ligand interaction diagram (Right) showing binding modes and interactions of Lig-11 (B), Lig-13
(©), Lig-16 (D), Lig-86 (E), Lig-103 (F), Lig-111 (G), Lig-118 (H) and Lig-119 (I) to the DEET
binding site of AgamOBP1. (Left) For figure simplicity the cartoon representations shown only
the side chains of selected protein residues bordering the binding sites. The hydrogen bonds are
represented as dashed lines. (Right) In the schematic diagram of Protein-Ligand interactions all
the protein residues within a 4A distance from the ligand are shown as spheres colored by residue
type; Polar (cyan), Positive charged (violet), Hydrophobic (green), Cysteine (dark grey) and
Glycine (light grey). The hydrogen bonds are represented as purple arrows and the n-n stacking
interactions as green lines. Atoms exposed to the bulk solvent are marked with a surrounding gray
circle.

Fig. 3. Comparative %fluorescence reduction of AgamOBP1/1-NPN solutions titrated with
various concentrations of the selected ligands. Data of Lig-16 and Lig-13 best fit the 2-site model.
R squared (R?) provide the goodness-of-fit.

Fig. 4. Box plots depicting Repellency Index of Ae. albopictus female mosquitoes after exposure
to a dose of A) 40 ug/cm?, B) 20 ug/cm?, C) 10 pg/cm? and D) 4 pg/cm? of the tested material
for five minutes. The different letters indicate significant differences among treatments (P < 0.05,
Mann-Whitney U test with Bonferroni correction).
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Ilustrations
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Table S1. The structures of the lead compounds and the number of
acquired screening hits
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Table S2. Final dataset of 120 molecules that are selected for the studies.

Index SMILES

1 OC(C)(C)\Cc=C\CcC=C

2 O[C@@]1(CCC(=CCr)C)C(C)C

3 OC([C@H]1CCC(=CC1)C)(C)C

4 OC1(Ccccer)ce=C

5 OC(CC1=CCcCcCcC1)(C)C

6 OC1CC(CC(=C1)C)(C)C

7 O[C@@H]1C[C@H](CC=C1C)C(O)(C)C
8 OCC(C1CCC(=CC1)C)C

9 OC(C1CCC(=CcC1)C)(cce=Cc(c)e)c
10 [0]1c(cccl)\C=C\C(=0)OCCOC(C)C

11 [0]1c(cccl)\C=C(/C(=O)OCC)\C(=0)C
12 [0]1lc(cccl)\C=C\C(=0)0CC

13 [0]1c(cccl)C=C(C(=0O)OCC)C(=0)0CC
14 [0]1lc(cccl)\C=C(\C)/C(=0)0O

15 [0]1lc(ccc)\C=C(/C)\C(=0)O

16 Brcl[o]c(cc)\C=C(\C)/C(=0)OCC

17 [0]1c(ccc1)\C=C\C(=0)OC(C)C

18 OC(=0)clc(cccc)\C=C\C(=0)O

19 O(C)C(=0)clcec(ccl)\C=C\C(=0)0

20 O(Cclcec(ccl)C(=0)0C)C

21 O(C)C(=0)\C=C\clcce(ccl)\C=C\C(=0)0C
22 OC(=0)clcec(cc)\C=C\C(=0)O

23 0O(C)C(=0)clcec(ccl)CO

24 N(CC)C(=0)\C=C\clcce(ccl)C(=0)0C
25 O(CC)C(=0)clcec(ccl)C(=0)0CC

26 0O(C)C(=0)clcec(ccl)C(=0)0C

27 O(C\C=C\c2cccee2)C(=0)cleec(ccl)O
28 0O(C)C(=0)clcec(ccl)C(=0)0

29 O(C)C(=0)\C=C\clcccecl

30 0O(C)C(=0)clce(cecl)C(=0)0C

31 0O(C)C(=0)clccc(ccl)C

32 O(C)C(=0)\C=C\clcc(cccl)C

33 N(clcc2c(ccl)OCCO2)C(=0)CCC

34 N(clcc2c(ccIN)OCCO2)C(=0)C

35 N(clcc2c(ccl)OCCO2)C(=0)C(C)(C)C
36 N1C(CCC1)C(=0O)Nc2cc3c(cc2)OCCO3
37 N(c2cc3c(cc2)OCCO3)C(=0)C1C(CL)C
38 N(clcc2c(ccl)OCCO2)C(=0)CoC

39 N(clcc2c(ccl)OCCO2)C(=0)C(CC)CC
40 NCC(=0)Nclcc2c(ccl)OCCO2



41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

N(CC(=0)Nclcc2c(ccl)OCC02)C
N(c2cc3c(cc2)OCCO3)C(=0)C1CCCl
N(clcc2c(ccl)OCCO2)C(=0)CC(=0)C
N3(C(=0)CCC3=0)clcc2c(ccl)OCCO2
N(clcc2c(ccl)OCCO2)C(=0)C(C)C
N(clcc2c(ccl)OCCO2)C(=0)CC(C)(C)C
N(c2cc3c(cc2)OCCO3)C(=0)C1lCCCCl
N(clcc2c(ccl)OCCO2)C(=0)C(CCC)C
N(c2cc3c(cc2)OCCO3)C(=0)C10CCCl
N(clcc2c(ccl)OCCO2)C(=0)C=C(C)C
Fclcce(cc)\C(=C\C(=0O)OC)\C
Clclcee(ccl)\C(=C\C(=0)OCC)\C
[Na+].JO-]C(=O)\C=C/clcccccl
O(CC)C(=0)\C=C\clcc(cecl)C(=0)C
N(CCOC(=0)\C=C\clcccecl)(C)C
O(C\C=C\clccceel)C(=0)CC
O(CC)C(=0)\C=C(/C)\clcccecl
OC(=0O)\C=C\clcc(ccecl)C(=0)C
OC(=0)\C=C\clcce(cc1)\C=C\C(=0)O
O(C)C(=0)\C=C\clc(cce(cl)C)C
OC(=0O)\C=C(/C)\clccc(ccl)CC
Fclec(cecl)\C=C\C(=0)0C
OC(=0O)\C=C\clc(cc(c(c1)C)C)C
O(C)C(=0)\C=C\clc(cc(c(c)C)O)C
Nclcee(cc1)\C=C\C(=0O)0OCC
Fclcce(cc)\C=C\C(=0)0C
OC(=0O)\C=C\clcc(cccl)C
OC(=0)\C=C\clccc(ccl)C
O(CCC)C(=0O)\C=C\clcceeel
O(CC(C)C)C(=0)\C=C\clcceeel
OC(=0)\C=C\clc(cce(cl)C)C
Fclcce(cc)\C=C\C(=0)0CC
O(C)C(=0)clcec(cc)\C=C\C(=0)0C
O(C\C=C\clccceel)C(=0)C
O(C)C(=0)\C=Clclc2c(cccl)cece?
Brclcee(cc1)\C=C\C(=0)0OC
O(C)C(=0)\C=C\clcce(ccl)CC
O(C)clece(cc)\C=C\C(=0)0OC
O(C)C(=0)\C=C\clc(cc(cclC)C)C
OC(=0)\C=C\clc(ccecl)CC
OC(=0)\C=C\clcc(c(ccl)C)C
OC(=0)\C=C\clc(cc(ccl)C)C
Clclcee(cc)\C=C\C(=0)0OC
Fclc(ccecl)\C=C\C(=0)0C
O(C)C(=0)\C=C\clcce(ccl)O



86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

OC(=0O)\C=C\clc(ccccl)C
O(CC)C(=0)\C=C\clccceel
OC(=0O)\C=C\clcc(cc(cl)C)C
OC(=0O)\C=C\clc(cc(cclC)C)C
O(CC=C)C(=0O)\C=C\clccceel
O(C)C(=0)\C=C\clcce(ccl)C(=0)0
Clclcee(ccl)CC(=0)C(C)C
Clclcee(ccl)CCC(=0)C(C)C
Fclcee(ccl)C2C(C2)C(=0)C
Clclcec(ccl)[C@@H]2[C@H](C2)C(=0)0O
Clclce(cecl)CC(=0)CC(C)C
Clclcee(ccl)C2CCCC2=0
Clclce(cecl)C2CC(=0)CC(=0)C2
Clclcee(ccl)C2CC(=0)CC(=0)C2
Clclcece(ccl)C(=0)C2CCC2
Clclcece(ccl)C2C(C2)C(=0)0
01C(C2CC(C1)C(C=C2C)C)C(C)C
O1C(C2CC(C1)(CC=C2C)COC(=0)C)C(C)C
O(Cl[C@@H]2C[C@H](C1)C=C2)C(=0)C
O(C(C1CCC(=CC1)C)(C)C)C(=0)C
O(C1C2CC(C1)C=C2)C(=0)C
0O1C(C3C(C(CL)Cc(C=C3C)C)C)C2cce(=Ccea)c
0O1C(C2C(C(C1)(C(Cc=Cc2C)C)Cco)C)C
O(CC1=CcCcC2Cc(C1Cc2)(C)C)C(=0)C
O(C(C1CCC(=CCL)C)(C)C)C(=0)CC
O(C(C1CCC(=CC1)C)(C)O)C(=0)C(C)C
O(C(C(CC=C(C)C)CcC=C(C)C)C)C(=0)C
01C2(C3C(C(C1)C(C=Cc3c)c)c)ceeez
0O1C(C3CC(C1)CC=C3C)C2CCC(=CC2)C
O(C1CC(CC=C1C)C(=C)C)C(=0)C
O(C([C@@H]1CCC(C2=C(C1r)C(CC2)C)C)(C)C)C(=0)C
O(C1C2C3C(C(C2)Cr)CC=C3)C(=0)C
O(C(C1CCC(=CCr)C)(C)O)Cc(=0)Ccce
CC(=0)OC[C@@]12[C@H](C)[C@@H](C(C)=CC1)[C@H](C)OC2
OC(CC=C)\C=C/C




Table S3. Final dataset of 17 molecules that are selected for the studies.

Ligand
Sl numberin
No accordinggto SMILES
the main list
1 11 [0]1c(ccc1)\C=C(/C(=0)OCC)\C(=0)C
2 13 [0]1¢(ccc1)C=C(C(=0)OCC)C(=0)OCC
3 16 Brcl1[o]c(cc1)\C=C(\C)/C(=0)OCC
4 43 N(clcc2e(ccl)OCCO2)C(=0)CC(=0)C
S 86 OC(=0)\C=C\clc(cceecl)C
6 92 Clcleec(ccl)CC(=0)C(C)C
7 93 Clclcec(ccl)CCC(=0)C(C)C
8 94 Fclcee(ccl)C2C(C2)C(=0)C
9 95 Clclecc(ccl)[C@@H]2[C@H](C2)C(=0)0O
10 96 Clclec(cecl)CC(=0)CC(C)C
11 97 Clclecec(ccl)C2CCCC2=0
12 98 Clclec(cecl)C2CC(=0)CC(=0)C2
13 103 01C(C2CC(C1L)(CC=C2C)COC(=0)C)C(C)C
14 111 O(C(CLCCC(=CC1)C)(C)C)C(=0)C(C)C
15 117 O(C1C2C3C(C(C2)C1)CC=C3)C(=0)C
16 118 O(C(CLCCC(=CC1)C)(C)C)C(=0)CCC
17 119 CC(=0)0C[C@@]12[C@H](C)[C@@H](C(C)=CC1)[C@H](C)OC2
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Figure S1. Overall structure of AgamOBP1-DEET & AgamOBP1-Icaridin complexes.
(A) DEET binds to a binding site located at the edge of a long hydrophobic tunnel running through
each OBP1 monomer (REC-3) by exploiting numerous vdW interactions and one hydrogen bond
to a conserved water molecule which in turn interacts with Thr114 and Cys95 residues. (B)
Icaridin occupies two distinct binding sites on the OBP1 monomer, the DEET-site where it adopts
two different orientations, and a second sIC-site located at the C-terminal region. At the DEET-
binding site of monomer A (REC-1), it adopts a DEET-like binding mode and hydrogen bond
network, while at monomer B (REC-2) is arranged in an anti-periplanar orientation and interacts
through hydrogen bonds with His77 and Met89 of the other subunit. In the sIC-binding site,
Icaridin adopts the same conformation in both protein monomers and participates in a direct
hydrogen bond interaction with the main chain nitrogen of the C-terminal Val125 and in a water-
mediated hydrogen bond to Met55 and His111. The detailed structural analysis of AgamOBP1-
DEET and AgamOBP1-Icaridin complexes is presented by Tsitsanou et al. (2012) and Drakou et
al. (2017), respectively.
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Figure S2. Sequence alighment of AgamOBP1 and AalbOBP39. Sequence alignment
of the homologous AgamOBP1 (Uniprot: AOA1U7F4W2) and AalbOBP39 (Uniprot: M4W733)
proteins from Anopheles gambiae and Aedes albopictus mosquitoes. Sequences were aligned
using Clustal Omega online software and are represented by the single letter aminoacid code.
The residues of AgamOBP1 that are involved in hydrogen bonds and vdW interactions with
DEET and Icaridin at the DEET-binding site are indicated by blue triangles. Those that interact
with Icaridin in the secondary sIC-binding site are pointed by green triangles. Residues that
form direct hydrogen bonds with the ligands are indicated by an asterisk.
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Figure S3. RMSD of the protein (marked as blue bars) and ligand (marked as orange bars)
complexes for 500 ns simulation.
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Figure S4. The MM-GBSA calcualted for ligands from the trajectory of 500 ns.
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Figure S5. Structural comparison of ligands with DEET and Icaridin. Superimposition
of docked ligand conformations (green) with the crystallographic conformations of (/ef?)
Icaridin (PDB: 5EL2; Rec-1 and 2) and (right) DEET (PDB: 3N7H; Rec-3) bound to AgamOBP1
(white). The binding modes of Lig-13 and Lig-119 which are hydrogen bonded to His77 are
compared with the conformation of Icaridin interacting with His77 (Rec-2). All the other
ligands are compared to the Icaridin molecule interacting with the structural water (Rec-1).
Structural water molecule is shown as a red sphere. Hydrogen bonds between ligand atoms
and His77 or Trp114 residues are presented as black dashed lines. The potential hydrogen
bonds between the oxygen atoms of Lig-16 or Lig-86 and the water molecule are displayed
as purple dashed lines.

Lig-13 Lig-16 Lig-103
P=100; Pprecicea=96.85 P=0.20; Ppregictea=-7.57 P=11.4; Pprecictea=9.09

Lig-111 Lig-118 Lig-119
P=76.8; Ppredictea=74.50 P=25.2; Pyredicted=47.52 P=99.3; Ppredicted=92.54

Figure S6. Contribution of six chemicals to the repellent activity. The figure shows the values of
the observed repellent activity (P) and repellent activity predicted by the QSAR model (Ppredicted)-
Green: Positive contribution; Red: Negative contribution.
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