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Abstract

Among several proteins participating in the olfactory perception process of insects,
Odorant Binding Proteins (OBPs) are today considered valid targets for the discovery of
compounds that interfere with their host-detection behavior. The 3D structures of Anopheles
gambiae mosquito AgamOBP1 in complex with the known synthetic repellents DEET and
Icaridin have provided valuable information on the structural characteristics that govern

their selective binding.



However, no structure of a plant-derived repellent bound to an OBP has been available
until now. Herein, we present the novel three-dimensional crystal structures of AgamOBP5 in
complex with two natural phenolic monoterpenoid repellents, Carvacrol and Thymol, and the
MPD molecule.

Structural analysis revealed that both monoterpenoids occupy a binding site (Site-1)
by adopting two alternative conformations. An additional Carvacrol was also bound to a
secondary site (Site-2) near the central cavity entrance. A protein-ligand hydrogen-bond
network supplemented by van der Waals interactions :-nans the entire binding
cavity, bridging a4, a6, and a3 helices and stabilizing the ove. ~!! structure.

Fluorescence competition and Differential Scanr:ng Calorimetry experiments verified
the presence of two binding sites and the stabilizatic.» ef.’ect on AgamOBP5. While Carvacrol
and Thymol bind to Site-1 with equal affinity in the submicromolar range, they exhibit a
significantly lower and distinct binding ¢ .pc <ity for Site-2 with Kd’s of ~7 uM and ~18 uM,
respectively.

Finally, a comparison of Agarat P> complexes with the AgamOBP4-Indole structure
revealed that variations of ligar:1-inicracting aminoacids such as A109T, 172M, A112L, and
A105T cause two structurally sin.ilar and homologous proteins to display different binding
specificities.

Abbreviations: OBP, ( Jdorant Binding Protein; AgamOBP, Anopheles gambiae odorant

binding protein; 1-NPN, N-phenyl-1-naphthylamine; MPD, 2-Methyl-2,4-pentanediol

Keywords: Odorant binding protein, OBP, mosquito, Repellent, Carvacrol, Thymol
INTRODUCTION

Dangerous parasites and viruses are transmitted to humans through the bites of
infected mosquitoes causing fatal diseases such as malaria, dengue fever, Zika,

chikungunya, West Nile virus, and other vector-borne afflictions. In 2020, malaria caused an



estimated 241 million clinical cases and approximately 627.000 deaths globally, of which
nearly 96% (602.000 deaths) were in the African region and 77% were of children aged
under five [1]. Today, malaria prevention mainly relies on personal protection measures
against mosquito bites, as no effective vaccines or prophylactic drugs are currently available
[2]. Insect repellents are considered the most reliable means of human defense against
mosquitoes and other blood-sucking arthropods [3, 4]. Although these agents provide
excellent and long-term protection, they raise safety concerns regarding their potential
mammalian toxicity and carcinogenicity [5-8], as well as the .~velopment of resistance in
mosquitoes [2, 9-12].

Over the last decade, there has been an incre'seu rocus on natural plant-derived
repellents as they are perceived by consumers as “oi rer”, environmentally friendly, and
safer than synthetic ones. Plants with repellent properties that have been used in traditional
practices for centuries constitute a valiaL'e _nurce for the development of new natural
products. Several plant-based compounds f different chemical classes including carvacrol,
thymol, geraniol, citronellol, citrone'ia’, ~umin aldehyde, cuminic acid, benzyl benzoate, and
methyl-, ethyl- and n-butyl-cirhamcte have been found to exert a repellent effect on
mosquitoes [13-16], thus rep.escnting promising alternatives to synthetic chemical agents.
Although significant proc res. has been made towards understanding the chemical ecology of
mosquitoes [17, 18], the molecular mechanism of the perception of repellents, whether of
synthetic or natural origin, is still not well understood.

Anopheles gambiae is the primary vector in sub-Saharan Africa responsible for the
transmission of the malaria parasite Plasmodium falciparum. Female mosquitoes rely mainly
on olfactory cues to locate their human hosts in order to take a blood-meal from them.
Therefore, novel strategies targeting the mosquito olfactory system are considered
promising tools to control their host-seeking behavior. Insect Odorant Binding Proteins

(OBPs) and Odorant Receptors (ORs) are essential components of the olfactory signal



transduction cascade, highly contributing to the sensitivity and selectivity of insect olfaction
[19]. Lipophilic odorant molecules entering the aqueous sensillum lymph of mosquito
antenna are captured by the OBPs in order to be solubilized and transported to the ORs,
triggering a response. OBPs which are small soluble proteins secreted into the lymph in
extremely high levels (up to 10 mM) [20], are considered today as valid targets for the
identification of compounds that interfere with the olfactory system of insects. OBPs have
been proposed to contribute to odor recognition as the first filter of selection as they are
able to distinguish between chemically divergent odorants, witi. each one of these proteins
recognizing a class of structurally related molecules [13. ?1-27]. Several studies have
reported their involvement in the detection of plant--'enved volatile compounds [28-32],
pheromones [33-37] as well as host and oviposition <*tre ctants [38-41].

Ten OBPs out of more than 69 encoded in the Anopheles gambiae genome [42] are
likely to be involved in the human detect’u, prc-ess as they are abundant in the antenna of
female mosquitoes and their expression lev.ls decrease after a blood meal. AgamOBP5 was
ranked as No 1 in this subset of ter, exhibiting the highest mRNA levels in the antenna
according to microarray analysic resu.ts [43]. Furthermore, a detailed gene expression study
revealed that AgamOBP5 is s:anificantly down-regulated in female mosquitoes three hours
after a blood meal comp ared to the non-blood fed females, thus indicating its important role
in host-seeking behavior 44].

AgamOBP5 shares a high degree of sequence identity with AgamOBP4 (62%) and
Drosophila melanogaster LUSH protein (44%). Both AgamOBP5 and AgamOBP4 display a
rhythmic expression with peaks around the day/night transitions, reaching maximum levels
3h before dusk and at the end of dusk/early night phase [45, 46]. Despite their common
expression patterns, high protein sequence homology, and predicted structural similarity
[47], these proteins probably recognize and bind odorants of different chemical structures.

Specifically, fluorescence competitive binding assays have shown that the AgamOBP4



protein can tightly bind the acyclic monoterpene citronellal (IC50 = 1.23 uM, and Ki = 0.71
MM), whereas AgamOBP5 exhibits a low affinity for this volatile compound (IC50 = 182.91
UM, and Ki = 128.57 pM) [47].

The ongoing elucidation of OBPs’ three-dimensional crystal structures in apo form or in
complex with volatiles has greatly facilitated the /in silico structure-based virtual screening
and docking approaches for the identification of novel disruptors of the host-seeking
behavior of insects [26, 48-54]. To date, the only available 3D structures of a mosquito OBP
complexed with a repellent are those of AgamOBP1 with th: known synthetic repellents
DEET [55] and Icaridin [56], and the repelling component o, 2 human sweat 6-methyl-5-
hepten-2-one (6-MH) [57], which have provided va'abic information on the structural
characteristics that govern ligand-selective binding .o th 2 protein. However, no structure of
any OBP with a plant-derived repellent molecul¢. b ac yet been reported.

Here in, we present the novel threr.-u mesional crystal structure of AgamOBP5 at the
high resolution of 1.35 A. Structural compa.‘son with its AgamOBP4 similar protein revealed
structural differences that may play a ole in odorant recognition. n vitro screening of plant-
derived molecules through a f!* orescence competition assay revealed that Carvacrol and
Thymol bind to AgamOBP5 v.*th 2nhanced affinity. Differential Scanning Calorimetry (DSC)
experiments further ve Ifiel' the binding of these two phenolic monoterpenoids to the
protein. Finally, a co-cry: tallization attempt of AgamOBP5 with either Carvacrol or Thymol
led to the determination of their 3D complex structures at 1.3 A resolution. The detailed
structural analysis revealed that Carvacrol and Thymol occupy a site located at the bottom
of a central cavity. Interestingly, for Carvacrol a second binding site close to the mouth
opening was identified.

The determination of novel OBP and OBP-odorant/repellent complex structures will
reveal the location of odorant/repellent-binding sites and the interactions that govern their

complementary binding to the protein, further contributing to the understanding of their



perception mechanism. This detailed structural information on OBP targets is expected to
greatly accelerate the discovery of new plant-based, more effective, safer, and eco-friendly

mosquito control agents.

EXPERIMENTAL PROCEDURES

Bacterial Expression of AgamOBP5

AgamOBP5 cDNA (GenBank: AF437888; UNP: Q8T6!..) was PCR-amplified and
subcloned into the Ndel and Xhol restriction sites of the ~E[22b(+) expression vector
(Novagen). The pET22b(+)-AgamOBP5 plasmid wa: transformed into Escherichia coli
Origami B(DE3) competent cells (Novagen). Protein =xrression was induced by 1mM IPTG
(Isopropyl B-d-1-thiogalactopyranoside) at OD€Jr ¢f 0.5-0.6 and allowed to proceed for 4h
at 37°C. After centrifugation of the czn lyscte at 15,000xg for 30 min at 4°C, the
supernatant and pellet samples were subjec2d to 15% SDS-PAGE analysis. The protein was

expressed at a high level in £. coli, 'new'v in the form of inclusion bodies (>80%).

Purification of Recombina.:* rrotein from Inclusion Bodies

The protein was 'eco ‘ered from the inclusion bodies by the denaturation/refolding
method of Boix [58], wth minor modifications. Refolded protein was first applied to a
Resource Q chromatographic column (GE Healthcare) equilibrated with 10 mM Tris—HCl, pH
8.0. AgamOBP5 (pI 8.53) eluted exclusively in the unbound fraction, while contaminant
proteins were retained on the column. After overnight dialysis against 150 mM sodium
acetate, pH 5.0, and clarification centrifugation (17,000 x g for 30 min at 4 °C) to remove
precipitated proteins, the AgamOBP5 was recovered in the supernatant fraction.

In the final purification step, the protein fraction was subjected to Size-Exclusion

Chromatography (SEC) on a Superdex75 16/73 column (GE Healthcare) equilibrated with 10



mM Tris-HCI, pH 8.0 and 200 mM NaCl. AgamOBP5 protein was obtained in a final yield of
approximately 5 mg per liter of cell culture. In order to delipidate AgamOBPS5, the purified
protein at a concentration of 100 pM was treated with Lipidex-1000 resin (PerkinElmer Inc.),
as described by Oldman et al. [59]. The delipidated protein was dialyzed against HPLC
water, concentrated to 12 mg/mL, and used in the crystallization experiments. In the case of
fluorescent binding assays and calorimetric experiments, the protein was buffer exchanged

into 10-20 mM Tris-HCI (pH 8) containing 100 mM NaCl.

Crystallization and Data Collection

AgamOBP5 crystals were grown at 20°C by the situiig drop vapor diffusion method
from a protein solution comprising 12 mg/ml Agam2BP5, 0.12M Monosaccharides (0.02 M
each of D-Glucose, D-Mannose, D-Galactcse, L-Fucose, D-Xylose and N-Acetyl-D-
Glucosamine), 0.1 M Bicine/Trizma base ' 6.5 12.5% (w/v) PEG 1000, 12.5% (w/v) PEG
3350 and 12.5% (v/v) MPD (2-Methyl-z, "-pentanediol). Co-crystals of AgamOBP5 with
Carvacrol and Thymol were obtairec in a precipitant solution containing 0.12M alcohols
(0.02 M each of 1,6-Hexanedi*\, 1 Butanol, 1,2-Propanediol (racemic), 2-Propanol, 1,4-
Butanediol and 1,3-Propanec:nl), 0.1 M MOPS/HEPES-Na pH 7.5, 12.5% (w/v) PEG 1000,
12.5% (w/v) PEG 3350, 12..% (v/v) MPD, 2% (v/v) Methanol and 1mM Carvacrol or 1 mM
Thymol, respectively. X-r. y data were collected from single monoclinic crystals (22;) at 100K
on I03 and I04-1 beamlines of the Diamond Light Source (Oxford, UK) to a maximum

resolution of 1.3 to 1.35 A.

Structure Determination
Diffraction data were integrated and scaled with the programs XDS and SCALA of the
CCP4 suite [60]. The intensities were converted to amplitudes using TRUNCATE [61]. The

initial phases of the AgamOBP5-MPD complex were determined by MOLREP [62] using the



AgamOBP4-indole structure (PDB id : 3Q8I) as a molecular replacement model. In the case
of AgamOBP5-Carvacrol/Thymol complexes, the molecular replacement solution was
obtained using the AgamOBP5-MPD structure as the search model. Several cycles of manual
building were carried out by COOT. Maximum likelihood refinement (composed of positional
minimization, and isotropic and anisotropic B-factor optimization) was performed using the
program REFMAC5 [63] to improve model phases. Water molecules were added to
unidentified A—F map peaks greater than 2.00 using COOT and were manually inspected.
Furthermore, a sodium ion and a PEG molecule were fitted :~to the electron density of
AgamOBP5-MPD. Correspondingly, one sodium ion, an 1-binconz, an S-1,2-propanediol and
an R-1,2-propanediol molecule were fitted into the Ag~mGUworP5-Carvacrol, while two sodium
ions, an S-1,2-propanediol and a PEG molecule w-re fitted into the AgamOBP5-Thymol
model. After an additional cycle of refinement a’«¢ manual building, the MPD and Thymol
models, retrieved from the PDB, and tF- “ai acrol model, generated by PRODRG server
[64], were fitted into the electron density and included in subsequent refinement cycles.
Details of data processing and refinr.m 1t statistics are summarized in Table 1.

The quality of the final stuctu.-es was validated using the MolProbity [65] and PDB-
REDO [66] servers. Structur.' superpositions were carried out with the LSQKAB program
[60]. Volume of protein cav.‘ies, solvent accessible surface areas and protein mouths were
analyzed by CASTp [67]. RMSD plots were generated with the MultiSeq module [68] of the
VMD suite [69]. Plots of protein—ligand interactions were created with LIGPLOT [70]. The
sequence alignment plot was created by ESPript v3.0 [71]. Figures of three dimensional
structures and electron density were prepared with PyMOL [72]. The coordinates of the
proteins have been deposited with the RCSB Protein Data Bank (http://www.rcsb.org/pdb)
under accession codes 8BXU (AgamOBP5-MPD), 8BXW (AgamOBP5-Carvacrol) and 8BXV

(AgamOBP5-Thymol).



Table 1. Statistics of data collection, processing and refinement of the AgamOBPS5 structures

AgamOBPS5 Structure (PDB ID)

MPD (8BXU)

Carvacrol (8BXW)

Thymol (8BXV)

Data collection statistics

MX Diamond Light Source

103; 2=0.9762 A

104-1; 2=0.91587

104-1; 2=0.91587

Space group P2, Cell dimensions; a,b,c
&)

33.94 35.51 55.06

90.00 100.49 90.00

34.36 36.71 54.66

90.00 101.77 90.00

34.24 36.57 54.96

90.00 100.38 90.00

a, B,y ()

Resolution (A) 54.14-1.35 53.51-1.30 54.06 - 1.30
Outermost shell (A) 1.42-1.35 1.37-1.50 1.37-1.30
Reflections measured 77102 (11354) 206245 ("635 1) 200594 (31980)

Unique reflections

27461 (3964)

52117 (4584)

4

31153 (4715)

Completeness % 96.5 (95.9) ’ 97.5(96.3) 94.3 (97.8)

Multiplicity 2.8(2.9) 5.4 (5.7) 6.4 (6.8)

<l/ol> 12.7 (2.0° 23.5(7.5) 22.5(6.7)

Wilson Plot B-factor (A% 1742 15.3 16.86

Rsymm | 0.036 (0.523) 0.036 (0.171) 0.037 (0.233)

Rmeas 2.5 (0.641) 0.040 (0.188) 0.040 (0.253)

cc™ ~0.999 (0.749) 0.999 (0.985) 0.999 (0.980)

Refinement Statistics

Final R;y5 / Rpiee % g 16.57/19.41 17.18/20.09 18.51/22.02

No. of protein residues N 123 123 123

No. of water molecules in final cycle 126 124 126

r.m.s. deviation in bond lengths (A) 0.013 0.015 0.015

r.m.s. deviation in bond angles (°) 1.89 1.83 1.96

Average B factor (4°)

Protein atoms 21.70 21.76 23.12

Water molecules 35.11 32.76 33.69

Ligand molecules 34.14M Hgands -1 39 20AT Lgands “| 39 56 Al Ligands.
24.06M™", 45.30M"" 57.05M"P 44217




Site Site 1

35.12MPD2 21.93 Carvacrol 29.03 Thymol

35.64MPP3 44 027V | 4

23.63 Carvacrol J*

2

Ramachandran (u—w) plot.
Residues in most favored regions (%) 99.17 100 100

Residues in allowed regions (%) 0.83 - -

Data collection statistics for the highest-resolution shell are shown in pareni. - ses.

Fluorescent measurements

The affinity of Carvacrol and Thymol for A jan.QBP5 was evaluated indirectly by
determining the displacement of the fluorescent n,obe (-NPN by the ligand, as previously
described [73]. In all experiments, the fing' assay mixture volume was 0.3 mL, and the
assay buffer was 20mM Tris-HCI, pH 5.7 and 100mM NaCl. Fresh stock solutions of the
fluorescent probe 1-NPN and of the tesi>d compounds were prepared in methanol (100%)
to be used in titration studies. 7.:2 inal methanol content was not greater than 2.83%.
Fluorescence spectra were 1 .~orded on a Varioskan® Flash fluorimeter plate reader
(Thermo Scientific) at 25°¢. -zing black 96-well plates (Greiner, Bio-One). The probe was
excited at 337nm a1 emission spectra were recorded from 360nm to 500nm.
Maximal fluorescence emissions, in the presence of AgamOBP5, were observed between
402nm and 410 nm, after subtraction of the background spectra (1-NPN and ligand in the
buffer without protein). Fluorescence intensity means were obtained from

triplicate measurements.

Ki determination of the selected ligands for AgamOBP5
The affinity of the fluorescent probe 1-NPN for AgamOBP5 was determined by titrating

an AgamOBPS5 solution (2 pM) with 1-NPN to final concentrations of 0 to 60 uM. The affinity




of the examined ligands for AgamOBP5 was calculated indirectly, by measuring their
competition for 1-NPN binding. The AgamOBP5 was assayed at a final concentration of 2 uM
and a constant concentration of 1-NPN (5uM). The probe was allowed to bind to AgamOBP5
before adding aliquots of ligand stock solution to achieve a final concentration range of 0 to
100 pM.

The equilibrium dissociation constants of 1-NPN (Ad) and tested ligands (ki) were
calculated using the non-linear regression data analysis program GraphPad Prism 8
(www.graphpad.com). The Kd of 1-NPN for AgamOBP5 \.os obtained by fitting the
fluorescence intensity data to the saturation curve equation “=3max*X/(Kd+X) for specific
binding to one site (Supplemental Figure S1) and fc' na w be 5.9 £ 0.4 pM. The KAi's of
Carvacrol and Thymol were determined by fitting the da.a to a competitive model for ligand
binding to two sites using as HotNM the concer r7.¢an of 1-NPN in the assays (5 M) and as
HotKdNM for both sites the calculated K. «f » NPN (5.9 uM), making the assumption that

one molecule of 1-NPN occupies both bindn. > sites.

Differential Scanning Calorir 'etr,

Calorimetric measuremets were carried out in solution with a protein concentration of
about 0.2 mM in 10 mM Tn.-HCl , pH 8.0, and 100 mM NaCl, with a TA Instruments Nano-
DSC (6300) equipped wi h capillary cells at 0.5°C'min™ scanning rate in the temperature
range from 20°C to 110°C. When needed, ligands were added to protein from stock
solutions in methanol up to the desired ligand-to-protein ratio ([L]/[P] = 15 or 7.5) just
before launching the DSC measurement (methanol’s final concentration in protein solutions
was always equal to 2% v/v). The ligand-to-protein ratio of 15 was the maximum achievable
one, compatible with our experimental conditions. Indeed, higher ligand concentrations
would have led to ligand precipitation, whereas lower protein concentrations would not have

been adequate for performing sufficiently good calorimetric measurements.



Data were analyzed through the software THESEUS [74] following procedures
reported in previous studies [75, 76]. Briefly, the apparent molar heat capacity Cy(7) of the
sample was scaled taking as baseline the linear regression of the experimental data in the
pre-denaturation region to obtain the excess (with respect the native state) molar heat
capacity G”(T) across the scanned temperature range. The heat capacity drop, ACs
across the signal was affected by a rather large error and was therefore not taken into
account in the present work. The area underlying the recorded peaks, so treated, directly
corresponds to the relevant denaturation enthalpy, A.4° ir. “Imol™ units. Errors were
evaluated on the basis of at least three replicates. The fic attempts based on the
denaturation thermodynamic models were accomplist ed using the nonlinear Levenberg-
Marquardt method [77]. The errors of each fitting porarieter were calculated with a 95.4%
confidence limit by the Monte Carlo simulation nrzthod and resulted negligible with respect

the experimental errors.

RESULTS AND DISCUSSION

In order to investigate wi.ather or not the AgamOBP5 constitutes a novel protein
target for repellent mol-:cuics, a preliminary /n vitro screening of a nhumber of compounds
exhibiting repellent activty was performed by fluorescence competition assays. Synthetic
repellents such as DEET, Icaridin, PMD, and IR3535, as well as known natural repellents
belonging to linear and aromatic monoterpenes, were tested in one-point screening
experiments at ligand concentrations of 5 and 10 uM (data not shown). Among the
compounds tested, the two isomeric monoterpenoid phenols Carvacrol and Thymol were
found to bind to AgamOBP5 with enhanced affinity. To gain structural and mechanistic
insights into the features that govern their molecular recognition by the AgamOBP5, we

performed binding studies both in solution and in the crystal state.



Fluorescence spectroscopy studies showed that Carvacrol and Thymol are strong

AgamOBP5 binders

Following the initial screening for the identification of potential AgamOBP5 binders, a
detailed fluorescence competition study of the most potent compounds Carvacrol and
Thymol was performed in order to determine their specific binding characteristics. Fitting the
fluorescence intensities to a one-binding-site saturation curvc "vas deemed inadequate to
interpret the obtained data, whereas a two-site model fits ti.~ ~xperimental data very well.
This outcome strongly suggests the presence of two ' inauig sites on AgamOBP5 for both
Carvacrol and Thymol molecules (Figure 1). We found "hat both Carvacrol and Thymol can
bind to the first binding site of AgamOBP5 witn ijh affinities in the submicromolar range
(Ki=0.11 pM). However, the second birun g _te exhibits a significantly lower affinity for
these compounds, showing dissociation coi.~tants of ~7 uM and ~18 uM for Carvacrol and
Thymol, respectively (Table 2). T'ie ~xistence of two binding sites in AgamOBP5 is not
unexpected given that OBPs be'r la: ge hydrophobic cavities and tunnels, therefore having
the potential to accommodaw> n.ore than a single copy of a ligand in their free available
space. Specifically, our rev'ous crystallographic, HSQC-NMR and calorimetric studies have
shown that AgamOBP1 c: n simultaneously and selectively bind two Icaridin molecules in two
distinct regions of its long hydrophobic tunnel [56]. We anticipate that this property of OBP
proteins could be proven advantageous for the structure-based discovery of novel host-
seeking disruptors, as will be discussed later in this work (vide infra).

Based on the data analysis suggesting the presence of high- and low-affinity sites in
nearly equal proportions, (45:55), we estimated (see Y calculation - Supplemental material)
that under the experimental conditions used, the high-affinity site (referred from now on as

"Site-1") is almost fully occupied (PL/P=99%) by the ligand at a concentration of 15 uM



(L/P=7.5). For the same L/P ratio, the low-affinity binding site (hereinafter to be referred as
"Site-2”) was calculated to be 65% and 44% occupied by Carvacrol and Thymol,
respectively. Similarly, for an L/P ratio of 15, Site-2 occupancies by Carvacrol and Thymol
rise to 81% and 61%, respectively, while they further increase to 93% and 85% at the
maximum concentration used in our assays (100 uM ligand; L/P=50). While the dissociation
constants of compounds for Site-2 are relatively low, it is remarkable that AgamOBP5 can
discriminate, in terms of ligand transfer capacity, between the two structurally similar
terpene isomers by exploiting a second site, which in all likeliho>d act as a reservoir for the
excess of the ligand. Based on the above results, we may suga<st that although AgamOBP5
detects Carvacrol and Thymol at low spatial concentrat’\ns with the same sensitivity, at high
ligand concentrations mediates the transfer of extra ~an acrol rather than Thymol molecules
to its cognate Odorant Receptor(s). Indeed, p'ev.cus in vitro repellent assays showed that
Carvacrol and Thymol display similar rep~.ucnce indices, as expected for isomeric molecules.
Nevertheless, Carvacrol was equally effec.>re as Thymol (or even slightly more effective
than Thymol) at a lower dose (25 n'nc.'~m?) than that of Thymol tested (31 nmol/cm?) [78].
Therefore, our results further -orrcborate the idea that OBPs contribute to the overall
observed extraordinary selec.viv, and sensitivity of the insect olfactory system. Although
OBPs lack absolute sprciticity, the ability of some of these proteins to detect specific
molecules has also been -eported. As an example, AgamOBP1 was able to stereoselectively
bind in the crystal the most active component (1R,2S-Icaridin) of Icaridin’s equimolar

diastereoisomeric mixture [56].



100 100
______________________________ 1 site
30 - 20
T 14 B 1.
= 60-; 8 3 80 b
0 H o g
m i o i
X 40 5 = 40 H
= S
50
20 ———— 20 . ——
-3 -2 -1 0 1 2 3 3 -2 -1 ] 1 2 3
Log [Carvacrol, M| Log [Thymol, pM]
0 T T I T I T I T I T I T I OT T | T | T | T | T | T |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
[Carvacrol)/[P] [Thymol]/[P]

Figure 1. Fluorescence competition curves. Fluorescence data obtained with 2 yM AgamOBP5 at
a constant concentration of 1-NPN (5 uM) and various concentratior. of Carvacrol or Thymol (0-100
MM) (Supplemental Tables S1 and S2). Fluorescence intensities w =re ' ransformed to percentages of
bound ligand (see Transformation - Supplemental mater’a) a2.d plotted with respect to the
concentration fraction [L]/[P] (Total concentration of Lige nd; "otal Protein concentration; 2 uM). The
[L]/[P] ratios at the half of maximum percentage of bou id ligunds were computed by employing the
“Two sites-Specific binding” saturation model as in.>".mented by Graphpad Prism Software (solid
line). The corresponding “One site-Specifi- bir ding” curves are shown as dashed lines. (Insert)
Dose-response curves showing the c%ect ot Carvacrol and Thymol concentrations on the
displacement of the fluorescent prob: .-1.?N from AgamOBP5. The response was expressed as
percentage of fluorescence reduct,. n reiative to the fluorescence observed at zero dose of ligand
(100%). Dose-response data we.= Liotted with respect to the logarithm of the ligand concentration
(UM). The dissociation corsta: *s (Ki £ SEM) were calculated by employing the “Two sites - Fit Ki”
model for Dose-response .**ting under competitive conditions (5uM 1-NPN with Kd of 5.9 uM), as
implemented by Graphpad Prism Software.

Table 2. Dissociation (Ki) and binding constants (Kb) of the tested compounds

Ki, {M £ SEM 3[L)/[P] £ SEM *Kp, M2
Ligand Site Site Site

1 2 1 2 1 2
Carvacrol | 0.1130.03 | 7.26t1.62 | 0.11#0.02 |6.74t1.45 |877x10° | 13.8x 10°




Thymol 0.11+0.01 17.73+4.49 | 0.10+0.01 16.43+2.96 | 9.09 x 10° | 5.64 x 10*

aLigand/Protein concentration ratio at half-maximum binding according to the “Two sites-
Specific binding” saturation model.

b1/Ki, M2

Calorimetric studies revealed that Carvacrol and Thymol induces a considerable

protein stabilization

Differential Scanning Calorimetry was applied to ¢ sso<c the thermodynamic stability of
the AgamOBP5 in solution and the effect of its inter- ctio with the two ligands as suggested
by the spectroscopic data (vide supra).

Figure 2 reports the calorimetric ni>file obtained for AgamOBP5, whereas the
respective thermodynamic parameters o= listed in Table 3. We observed a simple
endothermic trace ascribable to the ~.~te:n thermal denaturation. The application of thermal
denaturation thermodynamic mcJdei- | 79-82] showed that the protein denaturation thermal
profile is well described by a <in. le one-step native-to-denatured state equilibrium model

NSU

as revealed by the best 1 of theoretical vs experimental G curve (Figure 2).




35 1

O Experimental

Cpexc /kJ.K—l.mol-l

Figure 2. AgamOBP5 thermal denaturation. Nano-OSC thermogram obtained for AgamOBP5
thermal denaturation (black circles) and the respective theoietical curve calculated according to a
one-step denaturation model (red curve). The ca orn..Z@ric measurements were carried out at about
0.2 mM protein concentration in 10 mM Tric HC' (pH 8.0) and 100 mM NaCl.

Table 3. AgamOBP5 denaturation thormodynamic parameters. Denaturation enthalpy, A/A°,
and temperature, 7, obtained by e.p :inental DSC traces and best-fit values for samples of
AgamOBP5 alone (without and wi*1, 2% methanol) and in the presence of Carvacrol and Thymol as

ligands. The fit parameters were ~lculated according to a one-step denaturation model.

One-step denaturation
Experimental
model Best-Fit parameters
System
DgH® / DgH® /
T,/ °C T,/ °C
kJ-mol™ kJ-mol™
AgamOBP5 330+ 20 73.2+0.5 345 73.0
AgamOBP5 + 2% Methanol (REF) 300 + 20 71.8+0.5 320 71.7
REF + Carvacrol ([L]/[P] = 7.5) 360 + 20 75.9+0.5 365 75.7




REF + Carvacrol ([L]/[P] = 15) 385+ 20 78.1+0.5 400 77.9

REF + Thymol ([L]/[P] = 15) 390 £ 20 78.1£0.5 395 78.0

Nevertheless, to evaluate the effect of the interaction of AgamOBP5 with Carvacrol
and Thymol, which were added from stock solutions in methanol (see materials and
methods section), we need to consider the side effects deriving from the presence of
methanol in solution in order to obtain a proper reference protein state. At our conditions,
methanol concentration was always kept at 2% (v/v), "iei."e its impact on protein’s
thermodynamics was evaluated at such a concentraticn (Jupplemental Figure S2 and
Table 3). Methanol addition resulted in a slight de<.chiization of the protein as concerns
both the denaturation enthalpy (A¢H®) and temper~ cure (T4). Nonetheless, the presence of
methanol did not affect the mechanism ¢ Z~.aturation, which was still a one-step
equilibrium mechanism. This system wa. uszd as reference to compare the ligands effect.

The overall picture of the thei.mal stability of AgamOBP5 and its complexes with
Carvacrol and Thymol ([L]/[P] = 15, .e., the maximum ligand-to-protein ratio compatible
with our experimental conditic:'s (>2e Materials and methods section), is reported in Figure
3a. According to the fluore:~er.ce data, this condition corresponds to a saturation of more
than about 80% ot *he *utal binding sites for both Carvacrol- and Thymol-containing

systems (about 90% ana 80%, respectively).

——AgamOBP5 + 2%MetOH (REF) 1 REF + Thymol
40 4 = REF + Carvacrol
=== REF + Thymol

endo
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Figure 3. a) Denaturation profiles obtained for AgamOBP5 solution (2% (v/v) methanol) (blue trace)
and for the protein in the presence of Carvacrol (green trace) and Thymol (red trace) at the same
ligand-to-protein ratio ([L]/[P] = 15). b) Theoretical ™ curve (red trace) obtained according to a
one-step denaturation equilibrium model for Thymol at [L]/[P] = 15 (the black circles curve

corresponds to the respective experimental nano-DSC profile).

It is evident that the interaction of the protein with both Carvacrol and Thymol
induced a considerable protein stabilization against the den'turation process as concerns
both the denaturation enthalpy, A/, and temperature, 7, (Ta%Yle 3). These effects are a
clear indication of a specific ligand binding [79, 82] in accc ‘dance with the spectroscopic
evidence.

In such a condition, we observe that the two ligunds influenced the stability of the
protein to a highly comparable extent. More ive,, the overall protein unfolding mechanism
remained unaffected, still being fitted by 2 une-step denaturation model as shown in Figure
3b for AgamOBP5 in the presence ot Thymol as an example (the respective curve for the
Carvacrol-containing system is renor =d in the Supplemental Figure S3. Such an overall
picture is in accordance with e very similar chemical structure of Carvacrol and Thymol as
well as with the informatio.> rbtained from the crystallographic data, which revealed no
significant modificatior.~ n. wne overall protein tertiary structure upon the binding of the two
ligands (vide infra).

Considering the high values of the binding constants K, of both ligands for Site-1
obtained by spectroscopic methods (Table 2), and the indication that this high-affinity site
is almost fully occupied at a [L]/[P] = 7.5, a trial was attempted at such condition for the
Carvacrol system (Supplemental Figure S3 and Table 3) in order to assess whether the
modification of the protein thermal stability revealed by the calorimetric results at [L]/[P] =
15 is also due to the binding at Site-2. The results indicate a lower stabilization for such a

system, suggesting that Carvacrol binding to Site-2 is also able to stabilize the protein.



The overall calorimetric picture reveals that the peculiarities emerged from the
spectroscopic data, /.e., very similar values for the ligands K, at Site-1 and different but still
same order values for their K, at Site-2 (Table 2), do not result in significant differences of
the protein thermal stability at [L]/[P] = 15.

Although it is well known that, in general, the variation of thermal stability of a protein
due to specific binding progressively reaches a limit when the [L]/[P] ratio achieves values
close to ligand saturation conditions [79, 83], we cannot exclude that such small differences
in Ky values at Site-2 may become significant and calorimetrica.'v detectable in any specific
range of [L]/[P] ratios below saturation. However, these de.~i, do not change the overall
picture and are beyond the scope of this work.

Overview of structural features of AgamOBP5

Initially, the crystal structure of Ao.n.Ob"5 was determined in the absence of ligands
to a resolution of 1.35 A (Table 1). Agan."BP5 belongs to the “classical” OBPs subfamily
that displays a characteristic patt:rri. m six conserved cysteines. Its globular structure
consists of six a helices (al-a€' co.inected by flexible loops that enclose a large central
hydrophobic cavity. The long “-werminal tail of AgamOBPS5 is directed toward the center of
the protein, forming par. o1 the cavity wall. Three conserved disulfide bridges that stabilize
the compact protein stru ture, are formed between cysteine residues located in helices al
and a3 (Cys18—-Cys49), a3 and the start of helix a6 (Cys45—Cys102) and, a5 and the end of
a6 helix (Cys91— Cys111). Other structural features of AgamOBP5 include two 3;, extensions
of the al and a5 helices followed by their connecting loops with helices a2 and a6,
respectively, a Hydrogen-bonded turn between a3 and a4 helices (Hb-turn), and the a2-a3
connecting loop bearing a FAED sequence (hereafter to be called FAED-loop) distinct from
the corresponding one of its highly homologous protein AgamOBP4 (vide infra in comparison

with AgamOBP4) (Figure 4A).
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Figure 4. Overview of AgamOBP5 crystal stru .o 2. (A) Cartoon representation of AgamOBP5
with three MPD molecules bound in the cer*+I , «drophobic cavity. The three disulfide bonds are
colored light orange. (B) MPD-1 and MPD-> ocated at the bottom and the center of the binding
cavity, respectively, forms direct hydrooen ~onds to protein residues, whereas the MPD-2 molecule
located at the cavity entrance parti~nat> in a hydrogen bonds network via two water molecules.
Hydrogen bonds are shown as iashcd lines. (€) Connolly molecular surface of the AgamOBP5
binding cavity showing the n.~uth opening between al, a3 and a4 helices, occupied by the MPD-2

molecule.

The total volume of the central protein cavity is 247.81 A3, while its walls are
comprised mainly by non-polar residues (68.75%) with a solvent-accessible surface area of
395.602 A2 his hydrophobic pocket is accessible to solvent through an opening on the
protein surface of ~8.5 A diameter, which is lined by the residues Ser10 and Met14 (al
helix), Ala54 (a3 helix) and, GIn71 and Met75 (a4 helix) (Figure 4C).

Investigation of the AgamOBP5 structure obtained in the absence of ligands revealed

that the central pocket is occupied by three MPD molecules derived from the crystallization



solution. Upon binding, the 2-hydroxyl group of MPD-1 molecule makes a polar contact with
the OG1 atom of Thr109 of helix a6 (2.81 A). he corresponding hydroxyl group of MPD-2
placed between helices al and a4 at the entrance of the opening to the cavity forms indirect
polar contacts from its 2-oxygen atom to Ser10;0G (al) and Ala54;0 (a3) via two water
molecules but is not involved in any direct polar interaction with the protein. The third MPD
molecule (MPD-3) interacts through the same oxygen with the main-chain oxygen and

nitrogen atoms of Leu121 belonging to the C-terminal segment (2.97 &) (Figure 4B).

The structures of AgamOBP5eCarvacrol and A>>.nOBP5eThymol crystal

complexes

In order to investigate the molecular besic ~f Carvacrol and Thymol recognition by
AgamOBP5, we performed co-crystal’za'ion. experiments of AgamOBP5 with these
compounds. The analysis of the obtainea -rystal structures revealed the binding of both

ligands to the hydrophobic cavity of cr_ nrotein target (Figure 5).

Figure 5. Electron density maps of the ligand molecules bound to AgamOBP5. The



molecules of (A) Carvacrol and (B) Thymol fitted into the 2/0—Fc electron density maps of the final
refined models contoured at 1o. The polar interactions between ligands, protein residues, and a

water molecule at the AgamOBP5 binding cavity, are shown as black dashed lines.

In the case of the AgamOBP5eCarvacrol complex, the initial £,-F. electron density map
indicated the presence of three positive peaks inside the cavity, overlaid by 2/o-F electron
density map contoured at 1.00. The electron density of two of the three peaks closely
resembled the molecular shape of Carvacrol, therefore, two lic and molecules were fitted into
the map (Figure 5A). The third electron density peak was ass'gned to an MPD molecule,
originating from the crystallization condition. In this positi~n, i: fully overlaps with the MPD-3
molecule (Supplemental Figure S4) of the monoterr en-tree protein structure.

The first Carvacrol’s binding site on AgamOEP5 (Site-1) is located at the bottom of
the central cavity, between helices a4 and a¢. anwu is bordered by helix a5. In this site, the
position of its phenolic hydroxyl group ap,>.ars not to be unique, suggesting the existence of
two alternate ligand conformations. Tnucad, further refinement of each of the two alternate
conformations resulted in a nege’. ‘e .,-F. peak for the hydroxyl group, accompanied by an
additional positive density poak at the opposite ortho-position of the phenolic ring.
Therefore, two distinct Carvo~ ol conformations (CRV1-A and CRV1-B), related by a 180°
rotation, were modele! 1o the density, each with half occupancy. Comparison with the
unliganded AgamOBP5 structure showed that the Carvacrol molecule of Site-1 partially
overlaps with the MPD-1 molecule (Supplemental Figure S4).

The second molecule of Carvacrol (CRV2) is found bound to a site (Site-2) localized
near the opening of the protein cavity, at a position where it partially overlaps with MPD-2
(Supplemental Figure S4) of the AgamOBP5 monoterpene-free structure. In contrast to the
CRV1 molecule, the position of Carvacrol’s 2-hydroxyl group at Site-2 is well-defined, thus
demonstrating its binding as a single conformer.

Upon binding to Site-1 of AgamOBP5, Carvacrol forms two hydrogen bonds through its



2-hydroxyl group to Thr68 of a4 helix (CRV1-A) and the main chain oxygen of Ser108
belonging to helix a6 (CRV1-B), and 34 van der Waals (vdW) interactions to atoms of the
cavity (or 37 for CVR1-B including one with the CRV2 molecule in Site-2) (Supplemental
Table S3.A. and Figure 6A & 6B).

Respectively, in Site-2, the hydroxyl oxygen atom of Carvacrol is hydrogen-bonded to
GIn71 of a4 helix while also participating in water-mediated bridges with the side chain
oxygens of Thr56 (loop a3-a4) and Thr68 of helix a4. Furthermore, Carvacrol CRV2 makes
31 additional vdW contacts, including six ligand-ligand interacti..ns, one with the CRV1-B of
Site-1, three with the MPD-3, and two with an S-1,2-Prona.rei0l molecule (Supplemental
Table S3.B. and Figure 6C).

The analysis of the AgamOBP5-Thymol comy!ex structure showed that the Thymol
molecule occupies only Site-1, where it binds 'n 1 vosition that perfectly overlaps with the
one of Carvacrol (Figure 5B). Similar « tCcrvacrol, the Thymol molecule adopts two
alternative conformations, IPB-A and IPB-b, ‘which were refined with occupancies of 0.6 and
0.4, respectively. Thymol makes hy arr,cen bonds through its OH group to Thr68 of helix a4
(IPB-A) and Thr109 of a6 (IPE-B), and 28 van der Waals interactions to residues of the
cavity (or 29 for IPB-B). The .. te, actions of both ligands with the protein residues and other

molecules are depicted i1 Fiyyure 6 and summarized in Supplemental Tables S3 and S4.
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Figure 6. Schematic diagram (LigPlot) of Protein-Lig.nd interactions. (A, B) Diagram of
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Carvacrol bound to Site-1, in two alternative overlapping cu.“ormations CRV1-A and CRV1-B, and (C)
Carvacrol in Site-2 as a single conformer (CRV2). (0 E) The corresponding diagram of the Thymol
overlapping conformers (IPB-A and IPB-B) b.u 1w Site-1. The hydrogen bonds are represented as
green dashed lines. The van der Waals contac.. are depicted as red semi-circles by radiating spokes.
For figure simplicity only protein residi_> w.thin a 3.9A distance from the ligand are shown (for a

detailed list of contacts within 4A of i ligands see Supplemental Tables S3 and S4).

Consistent with the tiuz/escence spectroscopy studies, the crystallographic results
clearly confirmed the e."istence of at least two binding sites (Site-1 and 2) and a potential
third one (MPD-3 Site), each with different local environments. Although Thymol was not
found bound to Site-2 at the determined crystallographic complex, we cannot exclude its
binding in solution state under the experimental conditions of fluorescence and DSC
experiments, /.e., in the absence of competitors and use of totally unliganded (MPD-free)
protein. Furthermore, given the lower affinity of Thymol for Site-2, compared to that of
Carvacrol (see fluorescence spectroscopy section), it is possible that Thymol’s saturation
(occupancy) for Site-2 may not have been high enough under the experimental conditions of

our co-crystallization studies in order to observe its binding to the crystal. Unfortunately,



attempts to increase the Thymol concentration in soaking or co-crystallization experiments
resulted in either ligand precipitation or crystal distortion and failure of crystal growth,
respectively, due to the increased organic solvent content.

In the absence of an MPD-free AgamOBP5 structure, any potential changes in the
overall tertiary structure that promote protein stabilization, as observed in the DSC
experiments, are difficult to conclude. Nevertheless, it is clear that both Carvacrol and
Thymol at Site-1 bridge the a4 and a6 helices via hydrogen bonding and further interact
with helix a5 through vdW contacts. Moreover, the Carvacrol nw'ecule at Site-2 extends this
network of interactions to the end of the a3 helix. Whiic e crystal structure of the
AgamOBP5-Thymol complex did not reveal the binding moue of Thymol in Site-2, we could
suggest that its binding may resemble that of Carvac-al. participating as well in an extended
network of interactions among a4, a5, a6, ard a3 helices. This suggestion is further
supported by our DSC results which shov u at ~oth ligands stabilize the protein to the same
extent.

The formation of an extended ..~twork of interactions between ligands and protein
residues, including structural wzters, could further result in the intertwining of the helices,
concerted motions of structu, >l comains, propagation of the interactions to distant regions
(allosteric effect), and .hu. in the overall stabilization of protein structure. Specifically,
previous HSQC-NMR exjeriments showed that the binding of indole on the highly
homologous AgamOBP4 protein induces its structural transition from a molten globule state
to a well-folded form and further mediates the formation of a distant binding site for

AgamOBP1 through allosteric changes, thereby promoting their heterodimerization [84].

Structural comparison between the crystal complexes of AgamOBP5

The comparative analysis of the obtained AgamOBP5 crystal structures revealed that



the binding of Carvacrol and Thymol to AgamOBP5 does not accompany by significant
conformational changes in the overall tertiary structure of the protein compared to the MPD
complex. The overall root-mean-square deviation (RMSD) of the backbone atoms of
AgamOBP5-Carvacrol, AgamOBP5-Thymol, and AgamOBP5-MPD structures are 0.522A and
0.23A, respectively, with the AgamOBP5-Thymol complex to resemble more closely the
structure with MPD. The main backbone atom differences (RMSD >1 A) are observed at
residues 54-57 of the Hb-turn loop region located between helices a3 and a4, residues 74-
79 of the a4-a5 connecting loop, and residue 93 belonging tc the 344 helix extension of a5

(Figure 7A).
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Figure 7. Structural comparison of ligands complexes. (A) RMSD per residue. Plot of the r.m.s.
deviation (RMSD) of main-chain coordinates of the Carvacrol (yellow) and Thymol (magenta)
complexes, with the reference MPD complex. Residues with shifts greater than 1A are indicated. (B)
The Carvacrol binding Site-2 in AgamOBP5. Structure superimposition of AgamOBP5-Carvacrol
complex (yellow) and AgamOBP5-Thymol complex (magenta) onto the MPD-bound structure (green)

showing the major conformational changes occurred upon the binding of ligands. The Site-2 is



delineated by al, a3, a4 helices and the C-terminal residue Pro123 of a6 helix.

Comparison of Carvacrol and Thymol complexes with the MPD structure revealed that
the Site-1 region undergoes very few conformational changes (Supplemental Figure S6).
The only exception is found in the main chain of Asp93 of the AgamOBP5-Carvacrol
complex. However, its side chain is not part of the binding cavity interior but is exposed to
the bulk solvent in all the obtained ligand complexes. This finding suggests that Site-1 may
be a preformed high-affinity binding site for both compounds, arvacrol and Thymol. Their
binding can additionally stabilize the relative positions of the siti.’s surrounding a4, a5, and
a6 helices without requiring high energy consumption fc . .~2%, structural rearrangement.

In the AgamOBP5-Carvacrol structure, residue: 54-57 of the Hb-turn (a3-a4 loop) shift
away from the CRV2 molecule so as to facilitui> the establishment of a water-mediated
interaction between the side-chain hydr~~wi aroup of Thr56 and the hydroxyl oxygen of
ligand (Figure 7B). In contrast, the posiu.n of this water molecule is occupied by the side
chain of Thr56 in both Thymol an” MrD structures. A significant displacement was also
observed for the main chain atorns ~t Ala54 away from Carvacrol, which optimized the vdwW
interactions of its CB atom 'viu. the ligand’s aromatic ring (Figure 7B and Supplemental
Table S3.B.). In additiu,. a perturbation in the 74-79 residues region of the a4-a5
connecting loop, results ;1 the shift of the main chain atoms of Met75 by ~1A away from the
CRV2 molecule in order to optimize the vdW contacts between its SD atom and the isopropyl
moiety of the ligand.

Furthermore, the occupation of Site-2 by Carvacrol also triggers side-chain
rearrangements. Specifically, the side chain of GIn71 is displaced from its position in the
MPD complex where it is exposed to the solvent, towards Carvacrol. In this position, it
participates in a direct hydrogen bond with Carvacrol’s hydroxyl group. In contrast, in the

AgamOBP5-Thymol complex, where Site-2 is unoccupied, GIn71 is found in both alternative



conformations. Likewise, the side chain of Met72 enters the binding Site-2 inducing
numerous vdW interactions with the isopropyl and hydroxyl groups, as well as the aromatic
ring of Carvacrol.

Residues Ala54, Met75, and GIn71 contribute to the formation of the mouth opening into the
internal cavity, which becomes more hydrophobic during the transition from the MPD
complex to the Thymol and the Carvacrol one due to their structural adaptability
(Supplemental Figure S5).

In conclusion, the ligand binding to the low affinity bi..Jing Site-2 requires several
conformational changes of both the main and side chains m *h_: adjacent protein residues.
Furthermore, Site-1 displays fewer energetic restrictior : o «ne position of the ligand found
bound in two alternative binding modes in both cump!2xes. This finding may explain the
lower affinity of Site-2 compared to the priitc.red Site-1, by means of the required
energetic cost. An additional explanation ‘u. the significantly lower affinity of Site-2 could be
the lower number of interactions developod by the single molecule, compared to those
made by the two alternative bindinc n vdes of the ligand in Site-1.

The difference in the binc' ng «ffinity of Carvacrol and Thymol for Site-2, determined
from the fluorescence experii.>en.s, cannot be structurally explained by the available crystal
structures. It is possible tha” the ortho position of Thymol’s hydroxyl group is less effective
in forming the critical 1ydrogen bonds with GIn71 and the bridging water molecule,
observed in the Carvacrol complex. Nevertheless, we propose that the binding of a second
molecule, either Carvacrol or Thymol, further stabilizes the overall structure as revealed by
our DSC experiments and, in agreement with the crystallographic evidence. It should be
noted that the AgamOBP5-MPD complex is not an ideal representative of the apo-protein
form as both binding sites are occupied by MPD molecules. However, MPD-1 cannot act as a
bridge between a4 and a6 helices suggesting that the relative positions of a4 and a6 are

pre-adopted and not affected by the ligand binding. Respectively, MPD-2 cannot be water-



bridged to either a3 or MPD-1, suggesting that the structural changes in Site-2 are induced
by the binding of the second monoterpene molecule (Figure 4B). Interestingly, structural
comparison showed that in the Thymol complex a number of Site-2 residues such as GIn71
and Met72, adopt two alternative conformations, one of which overlays with the single
conformation observed in the Carvacrol and MPD structures, respectively (Figure 7B). This
further indicates that under the given crystallization conditions, Thymol also interacts,
though to a low extent, with Site-2 despite the fact that its concentration was not sufficient

to saturate this crystal site and be observed co-crystallized.

Structural comparison of AgamOBP5 with the Ag:'mudsP4-Indole complex

The AgamOBP5 sequence shows 62% icer.cty and 73% similarity (positives) to the
AgamOBP4 protein (Supplemental Figu’< Sz, The binding of Indole to AgamOBP4 has
been linked to the formation of the AgamU2P1-OBP4 heterodimer [84]. Herein, a structural
comparison of these highly homolrcous proteins was performed in order to better
understand the molecular basis - f their specificities.

The overall root-mean-squar. acviation (RMSD) of Ca and backbone atoms between the
AgamOBP5 and AgamO'sP4 structures are 3.748A and 3.351 A, respectively, with the a2
helix (25-33) and the follc wing FAED-loop (34-40) exceeding the value of 4 A in average.

AgamOBP4 contains two additional proline residues in the so-called FAED-loop
connecting the a2 and a3 helices. In particular, in the AgamOBP4 structure, the segment of
the a2-a3 loop comprising the residues 37 to 42 (FPANPD) has been replaced in AgamOBP5
by the shorter sequence segment FAED (aa 37-40) (Supplemental Figure S7). Overall, the
loop (aa 34-40) adopts an opposite orientation in the two protein structures. As a result,
Ala38 of AgamOBP5 is oriented toward the a2 helix, while the corresponding alanine residue

in the AgamOBP4 structure is exposed to the bulk solvent (Figure 8A and Supplemental



Video). Furthermore, in the AgamOBP5-Carvacrol complex, Glu39 makes two hydrogen
bonds, through its OE1 and OE2 atoms, with Tyr107;0H of the a6 helix and a salt bridge
(3.2 R) to Lys44;NZ of helix a3, thus further stabilizing the protein structure through the a3-
a6 interconnection (Figure 8B). Additional amino acid substitutions and their interactions

are described in the Supplemental Figure S8.
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Figure 8. Structural comparison between AgamOBP5 and AgamOBP4 in the FAED-loop



region. (A) Superimposition of AgamOBP5 (green) onto the AgamOBP4 (orange) structure, showing

the major conformational differences observed in the FAED-loop and a2 helix.

Superposition of the acquired AgamOBP5 structures with the AgamOBP4-indole
complex (PDB id: 3Q8I) showed that the indole molecule localizes in a region between the
binding Site-1 and Site-2 of AgamOBP5 (Figure 9A). At this position, indole perfectly
overlaps with the MPD-1 molecule of the AgamOBP5-MPD complex (Figure 4A-B and

Supplemental Figure S9).
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Figure 9. Comparison of Carvacrol and Indole binding sites and modes. (A) Superimposition



of AgamOBP5-Carvacrol (yellow) and AgamOBP4-Indole (orange) complexes. Indole is placed in a
location where it partially overlaps with the isopropyl group of Carvacrol CRV1 in Site-1. In this
position it is perfectly overlaps with the MPD-1 molecule of AgamOBP5-MPD complex (see Figure 4A-
B). (B) 2D-diagram, showing n-interactions of Indole bound to AgamOBP4. Protein residues within
3.9 A of the ligand are indicated. Indole’s aromatic ring can act as a proton acceptor to form a n-
hydrogen bond with Thr56 OG1. In contrast to Carvacrol or Thymol when bound to AgamOBP5,

indole does not form any conventional hydrogen bond to residues of AgamOBP4.

Upon binding to AgamOBP4, Indole makes a total of 3. vdW contacts, similar in
number to those of each individual conformation of Cruvc<rol or Thymol (Supplemental
Tables S3 and S4). However, in the crystal structure reported by Davrazou et al. [84],
indole has been modeled with partial occupancy (C=C 6) in the vicinity of the AgamOBP4
cavity. In addition, indole was found to make ni 'y c ae n-hydrogen bond with Thr56 (3.22 A)
(Figure 9B) and a distant polar vdW i’.cer: ction, through its aromatic nitrogen, to the OH
group of Thr68 (3.62 A). These findii.1s demonstrate the existence of considerable flexibility
of the indole in the AgamOBP4 bindiir.g site. In contrast, the monoterpene molecules in this
work were refined with full occaponcy (the sum of the occupancies is equal to 1) and found
to participate in a netwerk o potential hydrogen bonds with residues that could be
considered anchor pcint. for the binding of ligands to AgamOBP5.

With the exceptic~ of the residue variations A109T, F65V, and A105T, the aminoacids
lining the binding Site-1 and Site-2 of AgamOBP5 are similar, /.e., L88I, A112L, and I72M, or
identical in AgamOBP4 (Supplemental Figure S7). Significantly, in the region of the
AgamOBP5 Site-1, Thr109 replaces an Alanine residue of AgamOBP4. The hydroxyl group of
Thr109 forms a hydrogen bond with Thymol and additional vdW interactions with both
Thymol and Carvacrol (Figure 5 and Supplemental Tables S3 and S4). In contrast, its
counterpart residue Ala of AgamOBP4 makes only one long-range vdW contact (3.96 &) with

the bound Indole molecule. Furthermore, AgamOBP4 Alal12 is substituted in AgamOBP5 by



the longer side chain residue Leull2, which constitutes a significant source of vdwW
interactions with both Carvacrol and Thymol molecules. In addition, Ile72 of AgamOBP4 is
replaced by the longer side chain residue Met72 that participates in a number of vdW
interactions with Carvacrol CRV2 at Site-2. In the binding site of AgamOBP4, the short non-
polar side chain of Ala105 which is involved in a n-alkyl interaction with indole, is substituted
by the long polar side chain of Thr105. These variations lead to binding cavities of different
chemical environment, shape, and volume, and consequently of different binding
specificities. Replacement of hydrophobic residues of the bi.'ing pocket by others with
longer side chains further limits the size of recognizable hva, ~r!iobic ligands. Thr109 found
to be essential for Thymol’s binding to Site-1 woul- ouscruct the binding of indole to
AgamOBP5 due to steric clashes. AgamOBP5 n.3v be more specific for monocyclic
compounds rather than bulkier polycyclic aryma*ic molecules like indole. Our detailed
structural analysis at the residue level sv 4y >st. different binding specificities for AgamOBP4
and AgamOBP5. Therefore, provides a placsible answer to the reasonable question about
the need for the existence of two ni,~ly homologous and similarly folded proteins in the
mosquito olfactory system. Mc eover, at the level of tertiary structure, the differences
observed in the orientation o/ the FAED-loop, the a2 helix, and the segment connecting the
a4 and a5 helices of AcamU BP5, could result in the formation of an additional distinct site
suitable for heterodimers generation as AgamOBP4 does, further extending the number of
detectable chemical cues. The potential of AgamOBP5 to form heterodimers with other OBPs

possessing different binding specificities remains to be investigated in future studies.

Conclusion

Herein, we reported the first crystal structure of AgamOBP5 and its complexes with

the natural plant repellents Carvacrol and Thymol at atomic resolution, and furthermore, we



revealed their binding characteristics in solution. Structural elucidation of novel OBP targets
contributes to a deeper understanding of the mechanisms underlying the molecular
recognition of semiochemicals by the OBPs. The obtained biochemical and structural
information, combined together, increases the repertoire of available targets that can be
used in the exploration of the available chemical space through structure-based approaches
toward the discovery of new potent agents as potential mosquito host-seeking disruptors.
Virtual and binding screening against libraries of natural compounds could reveal several
novel AgamOBP5 binders.

The presence of alternative conformations of ligands ',on their binding to Site-1
paves an exciting way for the design of bioinspir:d compounds featuring combined
“olfactophore” characteristics, like substituted oiho- and meta-monoterpene analogs
incorporating the alternative conformations in 1 <irgle molecule. In addition, the existence
of at least two binding sites on AgamCo,’5 (nables the design of conjugated molecules
capable of simultaneously occupying both 5.*2s 1 and 2.

As we have mentioned, the Iw_- affinity Site-2 could act as a ligand’s reservoir and
possibly be involved in the corenuation-dependent recognition mechanism of Carvacrol
over Thymol. Nevertheless, .'e cannot exclude the existence of a yet unknown natural
volatile molecule or a rneromone (ligand-X) with much higher affinity and specificity for
Site-2 rather than Site-1. In that case, the co-existence of the two sub-sites, 1 and 2, could
serve the detection of signature mixtures containing both Carvacrol or Thymol and Ligand-X.
Alternatively, future studies could lead to the identification of a natural AgamOBP5-specific
molecule long enough to occupy the full-length tunnel from mouth to bottom, thus
interacting with both sub-sites and exhibiting a very high overall affinity. As an analogous
example, the MOP pheromone was found to occupy a large segment of the CquiOBP1 tunnel
and to partially overlap with both Icaridin sub-sites [56, 85].

Whereas at first glance the existence of two structurally similar and highly homologous



proteins, such as AgamOBP4 and AgamOBP5, seems to oppose the molecular economy of
nature, our structural comparison provides a molecular explanation on how two structurally
alike proteins have disparate specificity profiles. This structural resemblance could be
exploited for the structure-based design of molecules that can bind to both AgamOBP4 and
AgamOBP5 proteins, thus affecting more than one Odorant Receptor at the same time.
Given that only two OBP crystal complexes with repellent molecules have been resolved so
far i.e.,, AgamOBP1 with the synthetic DEET and Icaridin, we anticipate that the introduction
of novel OBP structures and of their complexes with volatiles ¢ divergent chemical classes
into /n silico approaches will greatly facilitate the discove.* Jf novel repellents of high
efficacy and favorable safety profile.
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