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Abstract
Odorant receptors (OR) play a critical role in signal transduction and olfactory recognition in insects. Unfortunately, insect ORs are difficult to express and purify, and limited structural data is available. Computational methods were used to predict models for aphid odorant receptors, and binding interactions with aphid pheromones and other semiochemicals were investigated. Previously functionally characterised ORs from the pea aphid, Acyrthosiphon pisum, ApisOR4 and ApisOR5, were screened against functional ligands. ApisOR5 had a defined binding site, and had predicted interactions with the aphid alarm pheromone, (E)-β-farnesene. ApisOR4 had multiple distinct binding sites and showed broad tuning to multiple odorants. Screening of six other highly conserved ORs showed some interactions and potential enantiomeric discrimination between the aphid sex pheromone components (4aS,7S,7aR)-nepetalactone and (1R,4aS,7S,7aR)-nepetalactol. These results indicate that specific binding sites may be more critical to understanding olfactory activity of ligands and ORs than kinetic data, and greater knowledge of the method of action of ORs is required.
Introduction
Aphids are small, soft-bodied, polyphagous insects that are pests of crops worldwide.1 They damage crop plants both directly, by feeding on the sap from plant phloem, and indirectly, by excreting honeydew which allows the growth of saprophytic fungi and transmitting detrimental plant viruses, such as the barley-yellow dwarf virus (BYDV).2,3 As for many insects, pheromones and other semiochemicals form a critical part of the life-cycle for the pea aphid, Acyrthosiphon pisum. Plant volatile organic compounds are utilised by aphids to locate host plants, whilst an alarm pheromone, (E)-β-farnesene, is released by aphids to warn conspecifics of impending danger from natural enemies, and sex pheromone, consisting of (4aS,7S,7aR)-nepetalactone and/or (1R,4aS,7S,7aR)-nepetalactol, is released by sexual females to attract sexual males.4–6 
Perception of pheromones and other semiochemicals in insects occurs via peripheral olfactory sensilla (small hair-like structures) that are located mainly on the antennae.7,8 Within the sensilla, there exists two groups of olfactory proteins, odorant-binding proteins (OBPs) and odorant receptors (ORs).9,10 Both OBPs and ORs have been shown to be critical in olfactory perception in insects, though the role of OBPs is not yet fully understood.9,11 ORs can be characterised electrophysiologically by expressing in Xenopus oocytes, HEK (human embryonic kidney) cells or the Drosophila empty neuron system, and exposing to ligands of interest.12–15 However, understanding the 3-dimensional structure and therefore protein-ligand interactions of ORs would allow for more efficient screening of potential ligands or further understanding of previously characterised ligands. 
Insect ORs were initially thought to be G-coupled protein receptors (GPCRs).16 Similar to GPCRs, they possess seven transmembrane domains, forming a heptahelical topology. Characterisation of ORs in insects showed a unique inversion of the N and C termini.10,17,18 ORs form a heteromeric complex with an olfactory receptor co-receptor (ORCO), the presence of which is crucial for olfactory perception, as shown by reduced insect olfactory capability following removal of ORCO.17,19,20 The OR/ORCO heteromeric complex forms an ion channel, which is involved in signal transduction, while the OR unit is responsible for tuning specificity and interacting with olfactory ligands.17,18,21 Much of OR specificity appears to arise from a highly conserved binding pocket including residues on multiple transmembrane domains.18 The long extracellular loops between transmembrane domains can be mutated to affect OR functionality and specificity, and previous computational work has predicted their importance in OR-ligand interactions.18,21–24 Additional portions of the OR have importance for ligand binding. Mutations in transmembrane domain 3 (TM3) also generally results in responses to olfactory ligands, either altering, reducing or abolishing specificity.18,25–30 This functional change can also occur with mutations in the N- and C-termini, transmembrane domains 2,4 and 6 (TM2, TM4 and TM6), extracellular loop 3 (EL3) and intracellular loop 3 (IL3).16,18,29,31–34 
Previously, modelling of insect ORs was limited to complex computational techniques, specifically de novo protein structure prediction methods, including observing amino acid evolutionary couplings.16 Despite the development of useful new de novo protein structure prediction tools, such as trRosetta, comparative modelling techniques can now be effectively used.23,27,35,36 ORs are challenging proteins to express and purify, and structure determination has only advanced recently through improvement of techniques.17,18 In 2018, Butterwick et al. published the first insect OR structure, of an ORCO (AbakORCO) from the fig wasp, Apocrypta bakeri.17 Following the structure of ORCO, a structure for a homomeric broadly-tuned insect OR, OR5 from the jumping bristletail M. harabi was solved.18 The ligand binding of ecologically relevant ligands including mosquito repellent DEET and eugenol to OR5 was resolved, revealing a clear ligand binding pocket and hydrophobic interactions between the ligands and critical residues.18 The ligand binding site was a 15Å-deep pocket within the extracellular portion of the complex, which was shown to be highly conserved across different insect species.18 The publishing of these structures allows for comparative modelling of ORs to be performed and broadens the scope for molecular modelling studies of insect ORs.23
Only two ORs from the pea aphid, Acyrthosiphon pisum, have been functionally characterised to date, though no structural data or mutagenesis studies have been performed.20,37  Odorant receptor 5 (ApisOR5) has been shown to interact with the aphid alarm pheromone, (E)-β-farnesene (EBF) and geranyl acetate (GA).20 Knockdown mutants (aphids with significantly reduced ApisOR5 expression) were rendered unresponsive, both behaviourally and electrophysiologically, to EBF.20 Odorant receptor 4 (ApisOR4) has also been characterised, and has been shown to bind to eight plant volatiles in vitro using electrophysiological assays.37 Both of these A. pisum ORs do not display specificity for a single ligand, a feature observed in many functionalised insect ORs. ORs often bind multiple ligands, and multiple ORs are often capable of binding the same ligand.38  In addition to ORs, OBPs have also been extensively characterised in A. pisum, although neither an OR or an OBP involved in sex pheromone perception has been characterised.8,20,39–41
Given difficulties associated with expressing and purifying ORs in general, there is only limited structural data available for insect ORs.17,18 Therefore, in this study we aimed to generate homology models of functionally characterised aphid ORs (ApisOR4 and ApisOR5), in addition to ApisORCO by comparative modelling, with a template of ORCO from A. bakeri. Predicted structures were screened against known functional ligands and the binding sites were investigated. Other highly conserved A. pisum ORs (ApisOR2, ApisOR10, ApisOR17, ApisOR20, ApisOR22c and ApisOR39) were modelled and screened for binding to the aphid sex pheromone components.
Methods 
Sequence Alignment & TM Domain Assignments. Sequence alignments were performed using Clustal Omega and the PRALINE server.42,43 Transmembrane domain predication of the receptor proteins were performed using a consensus approach and four different servers – HMMTOP, TMpred, PHOBIUS and TMHMM.44–47 Alignments and conservation maps were analysed in GeneDoc48, and phylogenetic trees were generated in FigTree v1.4.3.49
Comparative Modelling. Homology based modelling was performed using the olfactory receptor co-receptor, ORCO, from Apocrypta bakeri as a template. The structure of AbakORCO was obtained from the Protein Data Bank (PDB ID 6C70; resolution 3.5 Å). Pairwise sequence alignment was performed using PRALINE43 and the predicted transmembrane domains were manually aligned and annotated. The available ORCO structure shares a generally low sequence identity with pea aphid, Acyrthosiphon pisum ORs, however, the general seven transmembrane structure should be conserved. The pairwise alignment served as a template for homology modelling using MODELLER 9.3 with loop refinement.50 For ORCO, a 42-residue section of intracellular loop (IL3) was excised (Ser245 to Glu286) as this loop was not present in A. bakeri ORCO. For other ORs, the secondary structure of long extracellular loops were individually predicted using the iTASSER server.51 Approximately 20 models were generated for each protein, and these were subsequently ranked using discrete optimised protein energy (DOPE). Individual units were compiled into tetramers using Sam, a Fast Fourier Transform (FFT)-based protein docking program for visualisation52, and all structures were visualised and analysed in PyMol.53
AlphaFold Modelling. In addition to comparative modelling, models were generated using the AlphaFold server. 54
Energy Minimisation and Model Analysis. Protein models were compiled into a lipid bilayer of 128 molecules of dipalmitoylphosphatidylcholine (DPPC) using GROMACS before docking.55,56 The systems were solvated, neutralised and energy minimised using the CHARMM36 force field. SPC water molecules were used, and sodium (Na+) and chloride (Cl-) ions for neutralisation.  Each model was then assessed using discrete optimised protein energy (DOPE) and a Ramachandran plot (Molprobity). 50,57,58 For docking procedures, water molecules were removed.
Docking Studies. The selected models were carried forward for docking studies. File preparation, docking and subsequent analysis were all performed using either AutoDock v4.2 and the Racoon virtual screening tool, or Autodock Vina.59,60 A grid containing the extracellular region of the receptor, centred on the central pocket of the receptor and with size 110 x 60 x 95 Å containing the extracellular region of the receptor, was provided for docking. For AutoDock 4.2, a Lamarckian GA algorithm with a semi-flexible docking approach was used to assess potential binding interactions between the receptor and ligands. Each Autodock 4.2 run generated 20 docked poses. For Autodock Vina, an exhaustiveness of 100, energy range of 50 and 8 CPUs were used to generate 20 docked poses. Potential binding sites were then identified by observing predicted kinetic data and residue interactions for each ligand-protein complex.
Molecular Dynamics. In order to study the interaction between ApisORCO and VUAA1 in more detail, molecular dynamics were performed using GROMACS.55 A system including ApisORCO and docked VUAA1 ligand was simulated. The complex was solvated in a cubic 20.0 x 20.0 x 20.0 nm box with 182179 SPC water molecules, then the overall charge of -3 neutralised with 3 sodium ions. The system was equilibrated over 100 ps to 300 K and 1.0 bar pressure. The ligand, excluding hydrogen atoms, was constrained. A simulation of 15 ns was performed, with coordinates recorded in 50 ps intervals. 
Results 
Sequence alignments and transmembrane domain assignment. Three ORs from the pea aphid, Acyrthosiphon pisum, were initially chosen for modelling for their known activity, with an additional six ORs chosen for their high conservation within aphids. ApisOR4 and ApisOR5 have known functional activity and the olfactory co-receptor (ORCO) possesses the highest similarity to the template protein, AbakORCO from Apocrypta bakeri, in addition to being critical for the function of all other ORs.20,37  Pair-wise sequence alignments and transmembrane domain assignment of all receptors showed a generally low sequence identity (ApisOR2 20%, ApisOR4 19%, ApisOR5 18%, ApisOR10 17%, ApisOR17 17%, ApisOR20 19%, ApisOR22c 20% and ApisOR39 17%; Clustal Omega61), comparable to other insect OR modelling studies23, with the exception of ApisORCO which shares 57% identity with AbakORCO. Each protein had 7 predicted transmembrane domains, as expected (Supplementary Data Figure S1; Supplementary Data Table S1). ApisORCO had a relatively long predicted intracellular loop 3 of 41 residues (residue 211-336) compared with the intracellular loop 3 of 5 residues from AbakORCO. All other predictions were similar to the transmembrane domains in AbakORCO, with the exception of a long C-terminus segment in ApisOR4.
Insect OR Models. Homology models of insect ORs were generated using MODELLER 9.3 with a template of AbakORCO (Figure 1). Ligand-binding should take place in the extracellular domain of the protein, which includes multiple extracellular loops. For ApisORCO, the removal of 42-residue section of intracellular loop (IL3) improved the protein model. For other proteins, each loop was modelled individually with iTASSER, though, for ApisOR2, ApisOR4 and ApisOR5, modelling of the longest loop, extracellular-loop 2, was the most critical in reducing the overall protein energy. This loop of the OR protein, in addition to extracellular loop 3, has been shown to possesses critical binding domains in other insect ORs in previous work, and is particularly long in comparison to other loop portions of the protein.22,23 The lowest energy predicted model, based on DOPE score (Supplementary Data Table S2), was embedded into a lipid bilayer of 128 dipalmitoylphosphatidylcholine (DPPC) molecules using GROMACS before screening ligands. 
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Figure 1: (A) The general transmembrane domains of insect odorant receptors; (B) Homology models of Acyrthosiphon pisum OR5 embedded in a lipid bilayer.
As predicted, the most favourable models for each protein had seven predicted transmembrane domains with an intracellular N-terminus and extracellular C-terminus. All selected models had over 98% allowed residues, with the exception of ApisOR39 at 97.5%, with DOPE scores comparable to other insect OR models and the cryo-EM structure of AbakORCO (Supplementary Data Table S2).17,23
In addition to comparative models, the highly-accurate AlphaFold protein prediction software was used to generated a further set of models for screening (Supplementary Data Figure S3).54 AlphaFold is superior to  model the interface, and doesn’t rely on homology modelling data.54 The AlphaFold models had a consistent structure when compared with the comparative models. The long intracellular loop (IL3) of ApisORCO caused the highest degree of error in the model, as expected from comparative modelling results. Furthermore, very little differences could be observed between the models, with the exception of differences in the flexible intra- and extracellular loops. AlphaFold appears to be an efficient, and much faster, method for modelling insect ORs. However, the lack of available structural data for this type of protein still contributes to limitations of this method.
For visualisation, modelled protein structures were comprised into tetramers using Sam protein-protein docking (Supplementary Data Figure S2).52 The stoichiometry of the heteromeric ion channel that the ORCO and OR subunits form is not fully understood, but it is known to forms a tetramer with at least one ORCO subunit and one OR subunit.17,24,62 For this assembly, three ORCO units were compiled with one OR unit though other combinations are theoretically possible. The exact stoichiometry of the OR-ORCO complex in insects is unknown, and only homomers have been studied structurally.18,63–65
Interaction of ApisORCO and VUAA1. All ligand docking studies were performed using AutoDock 4.3 and the Racoon virtual screening tool. The predicted binding energy (kcal mol-1) has been reported and the binding constant (KD) for the most critical docking conformations. Docking space was limited to the extracellular space of the OR, and all favourable conformations were found within the receptors predicted pocket. The unique ligand VUAA1 has been shown to act as an olfactory blocker in insects and has a high binding affinity with the ORCO.17,24 VUAA1 is often used to test the functionality and viability of expressed ORCO. 
VUAA1 was screened with the modelled structure of ApisORCO. A predicted binding energy of -10.8 kcal mol-1, with a surprisingly low KD of 11.9 nM, was observed. ApisORCO possess an electron rich binding site (Phe82, Phe83, Phe144, Trp149, Phe369, Tyr 332 (Tyr374), Tyr335 (Tyr377) consisting of aromatic residues (Figure 2). VUAA1 is predicted to bind with a moderate hydrogen bond (3.1Å) between the hydrogen of the phenol group in Tyr332 and the nitrogen of the pyridine ring in VUAA1. Furthermore, this triazole ring was perfectly positioned (approximately 3.7Å and 4.0 Å respectively) to undergo sandwiched π-stacking with Trp149 and T-shaped π-stacking with Phe83. In addition to these interactions, varying strength π- π interactions are predicted between other unsaturated sites within the molecule and the aromatic binding site residues. 
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Figure 2: The structure of VUAA1 (A) and VUAA1 in the highly conserved binding pocket of A. pisum ORCO (B). Interactions with key residues key residues can be seen – the predicted π-π interactions (black) with Phe82, Phe83, Trp149 and Tyr335, in addition to a moderate hydrogen bond (red) with Try332. For clarity, only side chains of residues are displayed.
This binding site is highly conserved, as a screen of 66 ORCO genes, with an average sequence conservation of 65%, from different insect species, showed high conservation of key residues Phe82 (97%), Phe83 (98%), Trp149 (100%), Try332 (97%) and Tyr335 (100%). Previous work involving the Hessian fly, Mayetiola destructor, which does not display endogenous activity with VUAA1, elucidated some key binding residues for VUAA1 in ORCO, including Phe83.24
To explore the interaction between ApisORCO and VUAA1 further, molecular dynamics (MD) simulations were conducted. Both a monomer of ApisORCO and an ApisORCO+VUAA1 complex underwent a short simulation of 15 ns. Prior to simulations, the receptors were solvated, neutralised, and equilibrated to a standard temperature and pressure. The MD trajectories were sampled and the root-mean-square deviations (RMSDs) of both the backbone atoms and the ligand VUAA1 were calculated (Figure 3). Furthermore, the root-mean-square fluctuations (RMSFs) of the residues of ApisORCO were calculated, both for ApisORCO alone and during the interaction with VUAA1 (Figure 3). 
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Figure 3: Molecular dynamics (MD) trajectories of ApisORCO and ApisORCO interaction with VUAA1. (A) The RMSD (Å) values of backbone atoms in the protein during the 15 ns simulation; (B) The RMSF (Å) values of residues in ApisORCO; (C) The RMSD (Å) values for VUAA1 during the 15 ns simulation.
Lower backbone RMSD values for the complex compared with ApisORCO alone indicate that VUAA1 stabilises ApisORCO. However, there is not a significant difference between the two. This may be due to the short simulation time, or the use of the monomeric receptor in this case. The monomer and short simulation time were used due to limited computational resources, though future experiments may focus on exploring this interaction further. In addition to the RMSD values, the RMSF values for residues gave insight into the structure and flexibility of ApisORCO. Sections with higher levels of movement and flexibility clearly corresponded with the loop segments (both intra- and extracellular) of the protein. Additionally, a large difference could be seen when the ligand was introduced. Higher levels of flexibility were seen in general, with the most noticeable differences between residues 250 and 300, approximately intracellular loop 3 (IL3). This may indicate that IL3 plays a role in the functional mechanism of the receptor. Furthermore, the RMSF for the flexible residues identified from docking experiments were all higher in the interaction simulation, with the exception of Trp149.
ORCO is co-expressed as a predicted tetramer with ORs in insects and is required for olfactory function.17 Subsequently, ORCO is an ideal olfactory target for control, however its high conservation means any targeting will not be species-specific. ORs are much more divergent and may prove a more promising target for species-specific control.
Interaction of functional receptors, ApisOR4 and ApisOR5. Previous work screened ApisOR4 against a library of 57 molecules, with eight general plant volatiles being shown to be perceived by antennal sensilla and ApisOR4, demonstrating the broad-tuning of ApisOR4.37 These volatiles were 4-ethylacetophenone, salicylaldehyde, 4-ethylbenzaldehyde, 3-vinylbenzaldehyde, (S)-(-)-verbenone, (S)-cis-verbenol, (-)-borneol and (1R)-(-)-myrtenal, with three specific aromatic volatiles (4-ethylacetophenone, salicylaldehyde, 3-vinylbenzaldehyde) producing the highest electrophysiological response from ApisOR4.
In this study, ApisOR4 was screened against the eight identified plant volatiles and the predicted binding sites analysed (Supplementary Data Table S3). The aromatic volatiles bound in a highly aromatic binding site (Figure 4) involving key residues Phe53, Phe83, His161 and Trp166. π -π interactions between the benzene ring of the three aromatic volatiles and the aromatic residues in the binding site will be relatively weak as most aromatic residues are over 4Å from the ligand. One interaction, with His161 at approximately 3.5Å is present in all the predicted binding sites of the active aromatic ligands. This well-defined binding site with multiple interactions explains the higher electrophysiological response seen when ApisOR4 is activated by these ligands.37
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Figure 4: The aromatic binding site, Phe53, Phe82, His161, Phe162 and Trp166 of ApisOR4, with the predicted π-π interactions (black) with 4-ethylbenzaldehyde (A,C) and 4-ethylacetopheone (B,D) shown. For clarity, only side chains of residues are displayed.
Other electrophysiologically active ligands appear to bind in multiple different sites. The alcohols (S)-cis-verbenol and (-)-borneol, for example, appear to form polar bonds between their hydroxyl group and Lys153 or Arg61 and Leu154, respectively (Figure 5). The other volatiles either bound in one of these sites or elsewhere via mainly hydrophobic interactions with residues found in extra cellular loop 2 (EL2 - Va163, Leu64, Phe165, Trp166, Pro167). 
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Description automatically generated]Figure 5: Two additional binding sites of ApisOR4, with both (-)-borneol interacting via hydrogen bonds with Leu154 and Arg61 (A), and (S)-cis-verbenol interacting with Lys153 (B). The conserved binding sites of ApisOR4, with key residues marked with asterisks (*) (C)
The critical aromatic binding site (Phe53, Phe83, His161 and Trp166), in addition to the other key residues identified (Lys153, Leu154 and EL2) are all high conserved across ApisOR4 and OR4-like proteins in aphid species. All except Phe53, at 50% conservation, and Phe83, at 87.5 %, are 100% conserved across the corresponding proteins in different eight aphid species (Figure 5). One hypothesis for this high conservation is that many aphid species feed on the same or similar host plants and would therefore be expected to detect the same volatile compounds. The most divergent protein was for the yellow sugarcane aphids, Sipha flava and Melanaphis sacchari, which also utilise grasses (Poaceae) as host plants.66,67 The proline residue found in ApisOR4 at position 167 is highly conserved across many insect ORs, and is predicted to be important for binding of ligands to ORs, often forming part of a much larger, well-defined binding site.23 For ApisOR4, Pro167 forms part of one of the predicted binding sites and can be found on extra cellular loop 2. 
In addition to the electrophysiologically active plant volatiles, a range of other compounds were screened against ApisOR4, including the aphid sex pheromone components, (4aS,7S,7aR)-nepetalactone and (1R,4aS,7S,7aR)-nepetalactol. ApisOR4 had predicted interactions with both the sex pheromone components, with (1R,4aS,7S,7aR)-nepetalactol binding with a particularly low Ki of 1.8 µM (Supplementary Data Table S3). These predicted interactions suggest ApisOR4 is a broadly tuned receptor with limited specificity. Studies observing these interactions in vitro have not yet been conducted, but these results could be used to direct mutagenesis experiments. Furthermore, the presence of multiple binding sites in ApisOR4 suggests that binding site location may be more critical than the specific kinetics as the three compounds with the highest response levels were all predicted to bind in the same site. Multiple binding sites in ORs have been suggested by functional and structural studies.18,68
The aphid alarm pheromone, EBF, has a repellent behavioural effect on aphids. ApisOR5 has been shown to be critical in alarm pheromone perception in A. pisum.20 In addition to EBF, ApisOR5 has a high electrophysiological response to GA, a behaviourally repellent compound.20 It has been suggested that screening of ApisOR5 could be used to identify and characterise potentially novel repellent compounds for pest control.20 An interaction between ApisOR5 and EBF was predicted with a low energy (Ki of 2.6 µM) and a strong interaction (-7.6 kcal mol-1). Four key residues have been identified as being critical in this interaction His168, Tyr157, Tyr243 and Phe239 (Figure 6). EBF appeared to bind in an electron rich site. This interaction comprises mainly hydrophobic interactions, in addition to π-π interactions of the unsaturated bonds in EBF, as seen between the various unsaturated bonds and three aromatic residues (Tyr157, Phe239, Tyr243) and His168. The tightest of these interactions appears to be between Tyr157 and the two terminal unsaturated bonds of EBF. Additionally, geranyl acetate was screened due to the observed electrophysiological activity of this compound.20 A weaker interaction with ApisOR5 (‑6.4 kcal mol-1) was predicted but bound in a similar site and also presented a π-π interaction with His168, in addition to some weaker interactions with residues Phe139 and His134.
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Figure 6: The aromatic binding site, Tyr157, His168, Phe239 and Tyr243 of ApisOR5, with the predicted π-π interactions (black) with (E)-β-farnesene shown (A/B). The conserved binding site of ApisOR5, with key residues marked with asterisks (*).
Other aphid semiochemicals were screened with ApisOR5, including (S)-germacrene D (SGD) and (1R,4E,9S)-caryophyllene. Both these semiochemicals were predicted to bind with similar energy to EBF (SGD -7.8 kcal mol-1 and (1R,4E,9S)-caryophyllene at -8.1 kcal mol-1), however, neither appeared to fit within the same predicted pocket. These two compounds were shown to have no electrophysiological activity with ApisOR5.20 This conflicting result may demonstrate that the specific binding site of ligands may be more critical for receptor function than specific binding energy. ApisOBP3 and ApisOBP7 have also been shown to be critical in the perception of both EBF and GA20, and this may play a role in why some compounds are seen to be electrophysiologically active in vivo.
The closest ORs from other aphid species to ApisOR5 are from the peach-potato aphid, Myzus persicae (M. persicae OR43b-like) and the cotton aphid, Aphis gossypii (A. gossypii OR43b-like). The binding site of EBF in ApisOR5, including residues Tyr157, His168, Phe239 and Tyr243, is conserved across all three ORs (Figure 6). As both M. persicae and A. gossypii both utilise the alarm pheromone EBF69,70, it is likely that the OR43b-like receptors are involved in its perception in these species.
Screening of highly conserved, deorphanized receptors. In addition to previously functionalised receptors, six highly conserved deorphanized receptors (ApisOR2, ApisOR10, ApisOR17, ApisOR20, ApisOR22c, ApisOR39) were modelled and screened for activity with the aphid sex pheromone components [(1R,4aS,7S,7aR)-nepetalactol and (4aS,7S,7aR)-nepetalactone] and their respective, non-naturally occurring enantiomers [(1S,4aR,7R,7aS)-nepetalactol and (4aR,7R,7aS)-nepetalactone] (Table 1). Little is understood about how sex pheromone components are perceived; in particular how enantiomeric discrimination occurs.
Table 1: Binding energy for the interactions of the deorphanized, highly conserved odorant receptors (ApisOR2, ApisOR10, ApisOR17, ApisOR20, ApisOR22c, ApisOR39) with the aphid sex pheromone components and respective enantiomers from Autodock Data. Vina binding data for both comparative models and AlphaFold models can be found in Supplementary Data (Table S4). The values highlighted in bold represent the lowest energy interaction for that ligand.
	Ligand
	Binding Energy (kcal mol-1)

	
	OR2
	OR10
	OR17
	OR20
	OR22c
	OR39

	(4aS,7S,7aR)-nepetalactone
	-6.8
	-7.0
	-7.2
	-7.3
	-6.9
	-6.7

	(1R,4aS,7S,7aR)-nepetalactol
	-6.8
	-6.3
	-7.2
	-7.3
	-6.8
	-6.3

	(4aR,7R,7aS)-nepetalactone
	-6.8
	-6.8
	-7.3
	-7.4
	-6.8
	-6.7

	(1S,4aR,7R,7aS)-nepetalactol
	-6.8
	-6.7
	-7.4
	-7.2
	-6.5
	-6.7



Of all the receptors, ApisOR17 and ApisOR20 showed the highest affinity interaction with the sex pheromone components. Unfortunately, no enantiomeric discrimination was seen based on binding affinity alone, and for five out of the six screened receptors, both the natural and non-natural enantiomers bound in the same site. Despite similar binding energy, when binding with ApisOR2 naturally-occurring nepetalactol/lactone and their respective enantiomers were found in different sites (Figure 7). In particular, the naturally-occurring (1R,4aS,7S,7aR)-nepetalactol formed a polar hydrogen bond with Met80, whereas no polar contacts were seen between ApisOR2 and (1S,4aR,7R,7aS)-nepetalactol with Asp161. This may indicate a discriminatory ability of ApisOR2, further demonstrating that the binding site is critical in determining activity.
Future work is required to evaluate electrophysiological activity of these specific receptors, in addition to knockdown or knockout studies. Advances in molecular techniques, particularly the advent of CRISPR/Cas9, may allow for these genes to be entirely knocked out of aphids or placed into model species to determine activity. 
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Figure 7: The predicted hydrogen bonding (black) of (1R,4aS,7S,7aR)-nepetalactol with Met80 (A); Both (1R,4aS,7S,7aR)-nepetalactol (green) (1S,4aR,7R,7aS)-nepetalactol (blue) with OR2 (pink) (B).
Comparisons with MharOR5. Recently, the structure of a ligand-binding insect OR was solved. OR5 from the jumping bristletail, M. harabi, is a homomeric OR that exists without ORCO.18 Ligand-binding stabilised the structure of the receptor and allowed for identification of a clear, highly conserved binding pocket.18 Key residues identified in MharOR5’s binding site were Val88, Tyr91, Phe92, Ser151, Gly154, Trp158, Met209, Ile213, Tyr380 and Tyr383. MharOR5 shares the highest sequence identity with ApisORCO (20.75 %), and subsequently shares conserved amino acids within the binding pocket. Phe82 and Phe83 from ApisORCO correspond to Tyr91 and Phe92 in MharOR5. No other clearly conserved residues were identified, however, ApisOR4 and ApisORCO both had highly aromatic binding sites similar to the architecture of the MharOR5 binding pocket.18 Similar conserved residues and binding pocket features have been observed in other modelling studies.26,27 ApisORCO was docked with DEET, an insect repellent compound that activates MharOR5.18 DEET bound to ApisORCO in the exact same pocket as VUAA1 (Supplementary data Figure S3). It is not known if DEET activates ApisORCO, however, despite the low sequence identity between ApisORCO and MharOR5 the binding site remains conserved.
Comparison of models and docking methodology. AlphaFold models for each receptor studied were also generated, and Vina docking methodology used with both the comparative models and AlphaFold Models. Vina is a useful docking method that allows for fast screening of protein-ligand interactions.60,71 Vina docking is accurate at binding site prediction, but not as accurate as Autodock 4.0 for quantitative data generation.71
For ApisOR4, most of the highly conserved residues were found in the binding site of the AlphaFold Model with the exception of Phe82 which was found deeper in the pocket. Aromatic ligands were found in comparable positions, mainly interacting with Phe162.  Other ligands were found in a similar site as the aromatic ligands. For ApisOR5, the binding site was conserved with the exception of Tyr157. 
Overall, the results from the AlphaFold and Vina modelling/docking combination suggests that AlphaFold is acceptable for modelling of insect odorant receptors. However, quantitative values derived from AutoDock 4.0 modelling were more varied, demonstrating larger differences between different ligands. This might be more useful in future when using modelling and docking tools to elucidate the function of deorphanized odorant receptors.
Discussion
In this study, a total of nine odorant receptors (ORs) from the pea aphid, Acyrthosiphon pisum, have been modelled and used to conduct ligand-docking studies. The binding sites of VUAA1 in ApisORCO, EBF and GA in ApisOR5 and plant volatiles in ApisOR4 respectively have all been predicted and described and all ORs showed high levels of conservation at the predicted binding site between aphid species. Multiple modelling and docking methodologies have been utilised and evaluated. Both traditional comparative modelling and the use of AlphaFold both gave similar model structures, with both AutoDock 4.0 and AutoDock Vina docking ligands in similar sites. Quantitative data from AutoDock 4.0 gave a broader range of predicted values than with Vina.71 In addition to classical ligand docking, molecular dynamics studies of ApisORCO and VUAA1 were undertaken. A 15 ns simulation of both ApisORCO and ApisORCO complexed with VUAA1 were conducted. First, RMSDs of backbone atoms from ApisORCO complexed with VUAA1 was slightly lower, and subsequently more stable, than without VUAA1. Furthermore, the RMSF of individual residues gave insight into the structure and flexibility of the receptor monomer, highlighting areas of key movement during the interaction between ApisORCO and VUAA1. Though further exploration is required with longer simulations and tetrameric complexes, the results of this experiment highlight the value of molecular dynamics simulations in exploration of these unqiue proteins.
It is clear from these results that binding affinity and energy are not the only factors that can be evaluated in a computational screen to determine subsequent biological roles and activities of specific ORs and receptor/ligand combinations. Both structural data computational models provide insights into the mechanism of odorant detection in insect and have been used extensively previously to study odorant-binding proteins.17,18,72–74 Computational screens can be further evaluated by in vitro studies, particularly by mutagenesis of predicted binding sites.18,26,27
There are, however, limitations in the computational approaches that have been used. Many olfactory ligands, such as aromatic compounds and unsaturated aldehydes, have a significant number of π-bonds, creating a challenge when predicting interactions via computational methods. Binding interactions are predicted by AutoDock 4.3 using a point-charge based force field. This results in several limitations when predicting binding conformations and kinetic values, in particular those involving π- π interactions. Though these values are likely inaccurate compared with in vitro measurements, they can be used to score the binding conformations. Furthermore, π- π interactions that may appear in the true in vivo interactions can be predicted and estimated based on the positions of π bonds in the ligand and/or surrounding residues. Novel work in protein modelling, such as the launch of AlphaFold, or machine-learning techniques may provide further insight and more powerful results in future.54,75,76 Furthermore, additional analysis involving quantum computing or molecular dynamics simulations could be utilised to understand the mechanism of these unique receptors.55,77,78 
This study did not attempt to explore receptor stability and stoichiometry in detail. Future computational experiments to study insect olfactory receptors should focus on evaluation of techniques and elucidation of the OR-ORCO complex stoichiometry. Though in this study we have made brief comparisons between modelling and docking techniques, there may be more optimal methodologies evaluable such as Glide or SwissDock. Furthermore, AlphaFold exists as a relatively new technique. Future iterations of AlphaFold may prove to be more accurate at protein structure prediction. Finally, work is still underway to determine 3D-strutcures of insects ORs and the OR-ORCO complex experimentally.  Stoichiometry of the receptors may be evaluated using molecular dynamics simulations of differently arranged tetramers, with different ligands and in different lipid membranes.
Future work should test the viability of screened receptor-ligand combinations, taking into consideration binding site specifics. Furthermore, significantly more work is required in determining the 3D-structures and stoichiometry of ORs and the OR/ORCO complex beyond homomers.17,18 The availability of two structures, AbakORCO and MharOR5, has significantly increased modelling potential for these receptors, and subsequent structural data will be critical in understanding this complex and dynamic system in insects.17,18
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