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Abstract: As a quarantine pest of conifer, Sirex noctilio has caused widespread harm around the world.
It is expected that the molecular mechanism of protein–ligand binding can be elucidated to carry out
the pest control. Through studies of SnocOBP12–ligand hydrophobic binding and dynamics and
responsible amino acid residues identification, we got some promising results. SnocOBP12 had a
general and excellent affinity for host plant volatiles, and may be a key protein for S. noctilio to find
host plants. Among the many odor molecules that are bound to SnocOBP12, (−)-α-cedrene and (E)-
β-farnesene from host plants and (−)-globuol from the symbiotic fungi of Sirex noctilio stood out and
formed highly stable complexes with SnocOBP12. By the molecular mechanics Poisson–Boltzmann
surface area (MM-PBSA) method, the calculated free binding energy of the three complexes was
−30.572 ± 0.101 kcal/mol, −28.349 ± 0.119 kcal/mol and −25.244 ± 0.152 kcal/mol, respectively.
It was found that the van der Waals energy contributed to the stability of the complexes. Some key
amino acid residues were also found: LEU74 and TYR109 were very important for SnocOBP12 to
stably bind (−)-α-cedrene, while for (E)-β-farnesene, ILE6, MET10, and LEU74 were very important
for the stable binding system. We discovered three potential ligands and analyzed the interaction
pattern of the protein with them, this paper provides a favorable molecular basis for optimizing
the attractant formulation. Investigation of the binding characteristics in the olfactory system at the
molecular level is helpful to understand the behavior of S. noctilio and develop new methods for
more effective and environmentally friendly pest control.

Keywords: binding characterization; molecular dynamics; molecular interaction; odorant-binding
protein; Sirex noctilio; volatiles

1. Introduction

Insects use their olfactory system to sense semiochemicals in the environment and
subsequently adjust behaviors such as mating, host positioning, food selection, inter-species
recognition, intraspecies communication and habitat selection [1,2]. As selective signal
filters, odorant-binding proteins (OBPs) can transport these hydrophobic semiochemicals
penetrating into the antennal olfactory sensilla, a tiny hairy porous epidermal structure,
through hemolymph, thereby activating specific olfactory receptors (ORs) or ionotropic
receptors (IRs) expressed by olfactory sensory neurons (OSNs), thereby initiating signaling
transduction [3]. In this process, the selective binding of OBPs to odor molecules lays
foundations for selective identification of odors and plays a crucial role in the peripheral
olfactory system.
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OBPs of insects, which was first reported in the antennae of Antheraea polyphemus
(Lepidoptera: Saturniidae) [4], is a water-soluble protein composed of a single polypeptide
chain, around 140 residues [5]. Classical OBPs usually rely on three interlocking disulfide
bonds paired from six conserved cysteines to maintain the stability of protein tertiary
structure formed by alpha-helical domains and have a hydrophobic cavity inside used for
ligand binding [6–8]. Along with these, there are also three categories of OBPs classified
according to the number of conserved cysteines in their primary protein sequences and
other sequence characteristics, i.e., Plus-C OBPs (more than six Cys residues and a highly
conserved Pro), Minus-C OBPs (less than six Cys residues) and Atypical OBPs (greater than
or equal to six Cys residues and a long C-terminus) [9]. Benefiting from the advent of next-
generation sequencing (NGS) technologies, more and more insect odorant-binding proteins
have been identified and their functions have been studied in recent years. An example
is that 28 classic OBPs and five Plus-C OBPs were first identified in Tessaratoma papillosa
antennae based on NGS data, which provided a comprehensive resource for in-depth
analysis on olfactory proteins functions of stink bugs [10].

Expression of this class of genes has also been found in other organs. Meanwhile, gene
expression differences have been observed in the different tissues of conspecific insects.
This means that the function of OBPs is not limited to transporting odor molecules [11].
Activation of the olfactory receptor DmelOR67d requires a complex comprised of LUSH
(DmelOBP76a) and cis-vaccenyl acetate (cVA), the male-specific pheromone of Drosophila
melanogaster, rather than cVA alone [12]. Involved in the uptake of nutrients, DmelOBP19b,
highly expressed in D. melanogaster taste sensilla, is necessary for detection of L-phenylalanine
and L-glutamine that it cannot synthesize [13]. The regulation of release of pheromones
may be contributed by OBP10 in seminal fluid of Helicoverpa armigera and H. assulta [14].
Apart from the above, OBPs may be also involved in the regulation of insecticides resistance.
The expression of PxylOBP13 increases in Plutella xylostella after treatment with permethrin
at low heterogeneous concentrations [15].

The function of OBPs is currently considered to be diverse, especially when they have
no antenna-specific expression. However, most OBPs are mainly expressed in the anten-
nae, which is the essential peripheral sensory structure of insects; most relevant studies
confirmed that OBPs were more inclined to reflect its odorant-binding function [16]. Fur-
thermore, how OBPs bind with various ligands has gradually drawn widespread attention.
To date, a large number of OBPs have been discovered and their binding affinity to odor-
ant ligands has been investigated via fluorescence competitive binding experiments [17].
However, the mechanisms underlying the interactions between OBPs and ligands are still
unclear. To cope with the lack of crystallographic models of OBPs, computational simula-
tion has become another important method in deeper studies of protein–ligand interactions
after experiment and theory [18–20]. For example, using simulation of molecular docking
and site-directed mutagenesis, what was revealed was nine key residues for the ligand
binding specificity and their effect on binding activity in the binding modes of multiple
chemicals to SlitOBP1 in Spodoptera litura [21]. Two dominant sites of Pheromone-Binding
Protein 3 in Plutella xylostella were also found to distinguish (Z)-11-hexadecenyl acetate
from (Z)-11-hexadecenal by molecular dynamics (MD) simulation and computational ala-
nine scanning (CAS) [22]. In S. noctilio, computational interaction of SnocOBP7 and female
sex pheromones and symbiotic fungal volatiles were analyzed. The three best binding
ligands were found to be female sex pheromones ((Z)-7-heptacosene and (Z)-7-nonacosene)
and symbiotic fungal volatiles ((−)-globulol). Five residues played key roles in the bind-
ing of each female sex pheromone to SnocOBP7, whereas two residues play key roles in
(−)-globulol binding [23].

As a high-risk forestry invasive alien species, Sirex noctilio (Hymenoptera: Siricidae),
originating in parts of Eurasia and North Africa, has been transmitted to and colonized in
multiple regions of the world, owing to human factors such as frequent international trade
for almost a century [24–26]. The lack of competing organisms and natural enemies in new
areas leads to heavy ecological and economic losses caused by this wood wasp [27]. It is
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S. noctilio, the wood-boring insect, along with its venom and symbiotic fungi, that harm
the pine-dominated hosts together, aggravating the host tree weakening and accelerating
death [28,29]. In northeast China, this non-native insect was first observed in 2013 and has
shown a tendency to spread [30]. Thus, the development of effective means of monitoring
and controlling pest populations in China is of tremendous importance to prevent the
spread of S. noctilio and reduce the damage they cause. A control strategy based on
semiochemicals provides a new direction for the pest management. As an environmentally
friendly method, attractants are broadly utilized to trap and kill adults.

Without a doubt, pheromones are pivotal for chemical communication in insects. To
monitor insect populations, pheromones are widely used. At present, some pheromones
of S. noctilio have been identified [31–33]. There are (Z)-dec-3-en-1-ol, (Z)-dec-4-en-1-ol,
(2E,4E)-deca-2,4-dienal, (Z)-oct-3-en-1-ol and (Z)-dodec-3-en-1-ol from the male and (Z)-7-
heptacosene, (Z)-7-nonacosene and (Z)-9-nonacosene from the female, which can provoke
strong responses from S. noctilio in gas chromatography-electroantennographic detection
(GC-EAD) assays, and Y-tube olfactometer and wind tunnel assays. Besides, kairomone
(plant volatiles) lure traps were found to be the most effective method for trapping S. noctilio
individuals in areas with large populations, and (+)-limonene, (−)-limonene, α-pinene,
β-pinene, 3-carene and camphene were attractive host plant volatiles in early reports [34].
However, it is discovered that the effective trapping in forests is primarily dependent on
the attractants of plant origin, such as the mixture of α-pinene, β-pinene, 3-carene and
camphene, but not pheromone lure cores [35]. At high population densities of S. noctilio, the
trapping method using host plant volatiles as lures can achieve awesome results, but it is
unfavorable and unsuitable at low densities. Fortunately, the addition of volatiles released
from fungi symbiotic with S. noctilio may improve the effectiveness of attractants at low
population densities [36,37]. Accordingly, the three promising chemical cues pheromones,
host plant volatiles and symbiotic fungi volatiles are chosen as the focus of this study on
the basis of the above findings.

Two major factors affecting olfactory binding protein function are expression abun-
dance and binding affinity. In Sirex noctilio, 16 OBPs were identified from transcriptome
analysis by our team, one of which is our present subject, SnocOBP12, highly expressed in
antennae based on quantitative polymerase chain reaction (qPCR) analysis of the tissue [38].
It suggests that SnocOBP12 may be involved in the process of chemoreception in insects.
However, its specific role in the olfactory system is uncertain and the molecular interaction
mechanism between SnocOBP12 and ligands is still not shown.

Given the high expression of SnocOBP12, we focus primarily on computational meth-
ods to investigate its ability to bind the three semiochemicals, which is essential to explore
its function. In this paper, our study was divided into the following two parts:

(1) The biological characteristics of SnocOBP12 were obtained through the systematic
analysis of bioinformatics.

(2) There is a three-dimensional model of SnocOBP12 predicted by homology modeling
in this study. Thereafter, with computational simulation, its binding preference was
analyzed and the critical amino acid residues for ligand binding was further identified.
This is beneficial to better explain the molecular mechanism of SnocOBP12 action.

It is expected that we can find the potential lure molecules with high specificity via
the research on the SnocOBP12–ligand binding mode, to optimize the attractant formula
for better results.

2. Materials and Methods
2.1. Verification of the SnocOBP12 Sequence

There were Sirex noctilio eggs or larvae in the wood segment felled in Durbert Mongo-
lian Autonomous County, Daqing City, Heilongjiang Province. After natural emergence,
adult antennae were collected, immediately frozen in liquid nitrogen, and stored at −80 ◦C.
Total RNA was extracted according to the instructions of Trizol and RNA extraction kits.
After 1% agarose gel electrophoresis and ultra-trace UV spectrophotometer testing to meet
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the quality requirements, the first strand of cDNA was synthesized according to the reverse
transcription kit of TaKaRa company, and stored at −20 ◦C for future use. To verify the
SnocOBP12 sequence by cloning and sequencing, the specific primers were designed with
Primer3plus (http://www.primer3plus.com/cgi-bin/dev/primer3plus.cgi; accessed on
12 April 2021) (Table 1).

Table 1. Primers used for cloning of SnocOBP12.

SnocOBP12 Primer Sequence

F (5′ to 3′) GAATTCATGACTAGGGCCCAAATCGAA
R (5′ to 3′) AAGCTTCGCGAAGATGTACATCGTCT

Two restriction sites are underlined: an EcoRI restriction site in the forward primer, and a Hin dIII restriction site
in the reverse primer.

PCR amplification was performed using cDNA as template. Pre-denaturation was
conducted at 95 ◦C for 2 min, 95 ◦C for 20 s, 53 ◦C for 5 s; and 72 ◦C for 5 s; then, 20 cycles,
at 72 ◦C, for 5 min. The amplified products were detected by 1% agarose gel electrophoresis
and recovered. The target gene SnocOBP12 obtained by double digestion was ligated
with the expression vector pET28A with T4 ligase (NEB). To ensure the correctness of the
sequence, the product was sequenced after completing the transformation of the OBP12-
pET28A expression vector.

2.2. Sequence Analysis

The SnocOBP12 sequence was obtained according to the transcriptome sequencing
data of the S. noctilio antennae from our team. For this sequence, a series of bioinformatic
analyses were performed to improve the understanding of SnocOBP12 [39,40]. The open
reading frame (ORF) finder (https://www.ncbi.nlm.nih.gov/orffinder/; accessed on 27 July
2021) was used to translate and analyze the sequences of SnocOBP12. ExPASY ProtParam
(https://web.expasy.org/protparam/; accessed on 19 September 2021) was used to predict
its physicochemical properties including the protein molecular weight and theoretical iso-
electric points (pI). SignalP 5.0 (http://www.cbs.dtu.dk/services/SignalP-5.0/; accessed
on 20 August 2021) was used to detect signal peptides sequences. Cell-PLoc 2.0 (http:
//www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/; accessed on 22 September 2021) was used
to predict the subcellular localization of SnocOBP12.

2.3. Homology Modeling and Molecular Docking

The SnocOBP12 sequences were aligned with the standard protein blast (blastp) in
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 25 August 2021), and the
protein sequences with better homology and scores were chosen as candidate templates
for modeling. The 3D model of SnocOBP12 was calculated with MODELLER and the
model quality assessment was completed with SAVES 6.0 (https://saves.mbi.ucla.edu/;
accessed on 26 September 2021) [41]. Comparison of amino acid sequence identity between
SnocOBP12 and template proteins were performed using ClustalW (www.genome.jp/tools/
clustalw/; accessed on 28 September 2021) and the result was depicted by ENDScript (https:
//espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi; accessed on 28 September 2021). In this
paper, we used Autodock Tool 1.5.6 to perform semi-flexible molecular docking between
SnocOBP12 and 24 ligands selected from S. noctilio pheromones, host plant volatiles and
symbiotic fungi volatiles [42]. The Grid Box center was located at (−28.147, −11.763,
−16.449). The information of all ligands was searched in PubChem (https://pubchem.ncbi.
nlm.nih.gov/; accessed on 21 May 2021) (Table 2). Evaluating and sorting according to
the reasonableness of the complex conformation and the free binding energy and other
parameters, the conformation with a reasonable binding site and the lowest free binding
energy was selected.

http://www.primer3plus.com/cgi-bin/dev/primer3plus.cgi
https://www.ncbi.nlm.nih.gov/orffinder/
https://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/SignalP-5.0/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://saves.mbi.ucla.edu/
www.genome.jp/tools/clustalw/
www.genome.jp/tools/clustalw/
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Table 2. Main information of 24 ligands.

Ligand Molecular
Formula

PubChem
CID

Complex
Code Ligand Molecular

Formula
PubChem

CID
Complex

Code

Male Pheromones Host Plant Volatiles
(Z)-Dec-3-en-1-ol C10H20O 5352846 CP-1 (1S)-(−)-α-Pinene C10H16 440968 CH-1
(Z)-Dec-4-en-1-ol C10H20O 5362798 CP-2 (1R)-(+)-α-Pinene C10H16 82227 CH-2
(2E,4E)-Deca-2,4-dienal C10H16O 5283349 CP-3 (1R)-(+)-β-Pinene C10H16 10290825 CH-3
(Z)-Oct-3-en-1-ol C8H16O 5364519 CP-4 (1S)-(−)-β-Pinene C10H16 440967 CH-4
(Z)-Dodec-3-en-1-ol C12H24O 5364626 CP-5 3-Carene C10H16 26049 CH-5
Female Pheromones (−)-Limonene C10H16 439250 CH-6
(Z)-7-Heptacosene C27H54 56936088 CP-6 Camphene C10H16 6616 CH-7
(Z)-7-Nonacosene C29H58 56936089 CP-7 Tricyclene C10H16 79035 CH-8
(Z)-9-Nonacosene C29H58 14367299 CP-8 Sabinene C10H16 18818 CH-9
Symbiotic Fungi Volatiles 3-Thujene C10H16 17868 CH-10
3-Ethylacetophenone C10H12O 31493 CF-1 (−)-α-Cedrene C15H24 6431015 CH-11
(−)-Globulol C15H26O 12304985 CF-2 (E)-β-Farnesene C15H24 5281517 CH-12
(E)-Hex-3-enyl acetate C8H14O2 5352557 CF-3
Geraniol C10H18O 637566 CF-4

CP, CF and CH refer to the complexes of SnocOBP12 and S. noctilio pheromones, the complexes of SnocOBP12 and
symbiotic fungi volatiles, and the complexes of SnocOBP12 and host plant volatiles, respectively.

2.4. Molecular Dynamics Simulation of the SnocOBP12−Ligand Complexes

A 50 ns molecular dynamics (MD) simulation with a 2-fs time step was performed to
analyze conformational changes of SnocOBP12–ligand complexes. The model obtained
by molecular docking served as the initial conformation for the simulation. The pro-
duction runs were carried out with the GROMACS package (version 2019.6) using the
amber99sb-ildn force field for protein and the tip3p water model [43]. For ligands, they
were parametrized using the AMBER force field (GAFF) 18, through use of the ACPYPE
script [44]. The system energy was minimized with the conjugate gradient method, and
the whole system was balanced at 298.15 K with a V-rescale thermostat and 1 bar with
the Parrinello–Rahman barostat. Simulation experiments were repeated under the same
conditions to examine reproducibility. In this paper, the typical result was selected for
subsequent analysis.

During the 50 ns simulation, the long-range electrostatic interactions had been treated
with the particle mesh Ewald (PME) method, and the covalent bonds with hydrogen atoms
had been constrained with the Linear Constraint Solver (LINCS) algorithm. Meanwhile, the
cutoff radius for non-bonded interactions was set to 10 Å in all stages of the simulation. The
root-mean-square deviation (RMSD) was obtained as the important basis to measure the sta-
bility of the SnocOBP12–ligand system, while the root-mean-square fluctuation (RMSF) was
used to determine the flexibility of a region of SnocOBP12. Dominant conformations were
obtained to observe the interaction between SnocOBP12 and ligands by cluster analysis,
and visualized with the Discovery Studio 2019 (DS, Accelrys Inc., San Diego, CA, USA).

2.5. Binding Free Energy Calculations and Per-Residue Free Energy Decomposition

For energy calculations, the relatively stable part of the 50 ns simulation time was
intercepted. Calculating the free binding energy of SnocOBP12 with ligands through the
molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) method [45], it was
well known how much energy each residue of SnocOBP12–ligand complexes contributes.
In addition, the binding free energy was divided into polar and nonpolar solvation energy,
van der Waals, and electrostatic energy.
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2.6. Computational Alanine Scanning (CAS)

In this paper, the prediction of key amino acid residues was carried out with Discovery
Studio 2019. The alanine replaced key amino acid residues with lower than −1.00 kcal/mol
in per-residue free energy decomposition, and the resulting impact was measured by
mutation energy (∆Emut) (∆Emut < −0.5 kcal/mol, stabilizing; −0.5 kcal/mol ≥ ∆Emut ≤
0.5 kcal/mol, neutral; ∆Emut > 0.5 kcal/mol, destabilizing). Combining the results of
MM-PBSA and CAS, the key amino acid residues, it was evident which key amino acid
residues affected the binding affinity of SnocOBP12 to different ligands.

3. Results
3.1. Sequence Analysis and Homology Modeling

After a preliminary bioinformatics analysis, it is shown that SnocOBP12 is an extracellu-
lar protein (molecular weight: 13.66 ku) with a theoretical pI of 6.57. The full-length protein
is composed of 140 amino acids including the signal peptide region of the N-terminal
amino acids 1–22. As a classical odorant-binding protein, the stability of the 3D structure of
SnocOBP12 comprised of six α-helices is maintained by three disulfide bonds formed by
six conserved cysteines (CYS17-CYS48, CYS44-CYS99, CYS89-CYS108) (Figure 1C). The
target hydrophobic binding cavity is mainly composed of α1 helix, α4 helix and α5 helix.
Additionally, a few amino acid residues in the α3 helix and α6 helix were also involved in
the formation of the binding cavity.

Figure 1. The 3D structure of SnocOBP12. (A) Structural modeling of SnocOBP12; (B) the crystal
structure of CaplOBP 4 in Chrysopa pallens; (C) sequence alignment of SnocOBP12 and CpalOBP4.
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To construct the valid model, the crystal structure of OBP 4 in Chrysopa pallens (PDB ID:
6JPM, chain A) (Figure 1B) was selected as the most satisfactory template, which had a
sufficient homology for SnocOBP12 (sequence identity > 30.0%) (Figure 1C). After a simple
optimization, the final model of SnocOBP12 (Figure 1A) satisfying the rationality verifica-
tion was obtained for in-depth experiments. In the Ramachandran plot (Figure S1A), 92.7%
(>90%) of non-glycine and non-proline residues were located in the most favored regions,
implying good stereochemical quality of the constructed SnocOBP12 model. Meanwhile,
89.17% (>80%) of amino acids had a proper score (≥0.2) for compatibility between the
three-dimensional structure and primary structure, and the overall quality factor of ERRAT
was 94.643 (Figure S1B,C). The above exactly proved the reliability of the model.

3.2. Molecular Docking and Binding Affinities for SnocOBP12 with Ligands

The binding energy between the receptor and the ligand reflects the binding situation
between the two. The smaller the binding energy is, the more stable the receptor–ligand
complex is [46]. In this study, the binding energy of SnocOBP12 to most ligands was
concentrated between −1.0 kcal/mol and −1.4 kcal/mol, and for symbiotic fungi volatiles,
the binding energy was uneven (Figure 2). The binding energy of (E)-hex-3-enyl acetate
was −1.01 kcal/mol, while (−)-globulol was −1.45 kcal/mol. Specifically, (Z)-oct-3-en-1-ol
had the highest binding energy of −0.93 kcal/mol, while (−)-α-cedrene had the lowest
binding energy of −1.73 kcal/mol. In the docking simulation of α-pinene and β-pinene
with SnocOBP12, their levoisomers were always more advantageous.

Considering the source of the ligand, the docking result (Figure 2) suggested that
S. noctilio pheromones generally had higher binding energy than the other two types of
substances. By contrast, host plant volatiles and some symbiotic fungi volatiles had a
stronger affinity to SnocOBP12.

Figure 2. Binding energy of 24 ligands docked to the SnocOBP12 model.
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3.3. MD and Conformational Stability of SnocOBP12–Ligand Complexes

With binding energy below −1.2 kcal/mol, the complexes of host plant volatiles and
some symbiotic fungi volatiles with SnocOBP12 were selected for 50 ns molecular dynamics
simulations. From the RMSD diagram (Figure 3), it can be seen that most of the protein–
ligand systems reached a relative equilibrium at around 10 ns, while the three complexes,
CH-7, CH-9, and CF-1, reached equilibrium at around 20 ns. The average RMSD value of
the CH-1 complex was about 3.9 Å, and the other 15 complexes were concentrated between
2.6 Å and 3.5 Å. Verifying the docking result, the 16 complex systems all showed obvious
stability during the simulation process, and there was the excellent interaction between the
ligands and SnocOBP12.

The local motility properties of amino acids residues when SnocOBP12 complexed
with ligands were further determined by the root-mean-square fluctuation (RMSF). In the
50 ns simulation, the 16 complexes showed similar motion trends (Figure 4). Among
them, the maximum RMSF value (6.193 Å) appeared on LYS92 with a high degree of
freedom in the CF-3 complex. On the whole, there were three main areas with general
violent fluctuations in the RMSF image, including the α4 helix, α5 helix and N-terminus,
which were very close to the SnocOBP12–ligand binding site. In this region, the stability
of SnocOBP12–ligand complex interactions was not high. There were also two relatively
stable regions, residues 42–51 and 99–110. It was worth noting that the residues 99–110 in
the α5 helix were still very close to the binding site. It was speculated that their existence
was one of the key factors in maintaining binding stability.

Figure 3. The root-mean-square deviation (RMSD) values for carbon backbones of SnocOBP12–ligand
complexes during the 50 ns molecular dynamics (MD) simulations.
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Figure 4. Residue fluctuations for SnocOBP12–ligand complexes during the 50 ns MD simulations.

3.4. Energy Calculation and Binding Modes Analysis

Based on the relatively stable orbital data intercepted during the 50 ns molecular
dynamics simulation, the free binding energy (∆Gbind) of 16 protein–ligand complexes was
calculated by the MM-PBSA method and subdivided into four parts—van der Waals energy
(∆Gvdw), electrostatic energy (∆Gele), polar solvation energy (∆GPB), and non-polar solva-
tion energy (∆GSA)—for specific analysis (Table 3). The binding free energy of most com-
plexes was around −19 kcal/mol, while the values of CH-11 (−30.572 ± 0.101 kcal/mol),
CH-12 (−28.349 ± 0.119 kcal/mol) and CF-2 (−25.244 ± 0.152 kcal/mol) were prominent in
all subjects. The major contributors to the CH-11 complex were van der Waals energy and
non-polar solvation (SASA) energy. For CH-12 and CF-2, van der Waals energy, electrostatic
energy and SASA energy provided the main guarantee for the stability of the system.

According to Table 3, van der Waals energy, which dominates the good binding,
had the most prominent contribution to the binding of proteins and ligands among all
the simulated objects. SASA energy was also beneficial to the combination, although its
contribution was weak. Polar solvation energy was greater than 0 kcal/mol, which was the
main obstacle to the binding of protein and ligand, especially the binding of SnocOBP12
and symbiotic fungi volatiles. Having two sides, the functionality of electrostatic energy
may vary depending on the ligand. The values of electrostatic energy only in the CH-2
(0.001 ± 0.011 kcal/mol), CH-3 (0.027 ± 0.013 kcal/mol), CH-6 (0.357 ± 0.015 kcal/mol),
CH-7 (0.005 ± 0.017 kcal /mol) and CH-11 complexes (0.047 ± 0.008 kcal/mol) were
positive, inhibiting binding, while all other complexes were negative, promoting binding.

After calculating the binding energy of the complex as a whole, the per-residue free
energy decomposition of the 16 complexes was also completed by the MM-PBSA method,
and the specific data were visualized (Figure 5). The residues with binding energy below
−1.0 kcal/mol were individually annotated in Figure 5, including ILE6, MET10, MET53,
ILE70, ILE73, LEU74 and TYR109. It can be seen that TYR109 had the highest frequency,
followed by LEU74 and MET53. Combined with the local movement of amino acid residues,
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the RMSF values of ILE6, MET10 and TYR109 fluctuated around 1.0 Å, while the RMSF
value of MET53 was lower. They were all located in the trough region of the RMSF curve,
which was positive for stably binding the ligand. The region where LEU74 was located had
large fluctuations during the binding process, which might cause the interaction between
LEU74 and ligands to be unstable.

Table 3. The free binding energy of SnocOBP12–ligand complexes. (Energy: kcal/mol).

Complex
Code

Cluster
(ns)

Van der Waals
Energy

Electrostatic
Energy

Polar Solvation
Energy

Non-Polar
Solvation Energy Binding Energy

CH-1 10–50 −25.385 ±0.076 −0.117 ±0.014 9.079 ±0.043 −2.561 ±0.006 −18.982 ±0.082
CH-2 10–50 −24.201 ±0.074 0.001 ±0.011 6.902 ±0.036 −2.612 ±0.006 −19.910 ±0.081
CH-3 10–50 −23.029 ±0.085 0.027 ±0.013 5.221 ±0.039 −2.640 ±0.006 −20.422 ±0.085
CH-4 05–50 −24.162 ±0.076 −0.043 ±0.013 7.193 ±0.042 −2.556 ±0.006 −19.568 ±0.095
CH-5 05–50 −25.055 ±0.075 −0.055 ±0.015 7.078 ±0.038 −2.652 ±0.006 −20.680 ±0.087
CH-6 05–50 −26.901 ±0.082 0.357 ±0.015 7.476 ±0.036 −2.654 ±0.006 −21.721 ±0.084
CH-7 20–50 −22.293 ±0.095 0.005 ±0.017 5.559 ±0.052 −2.624 ±0.007 −19.353 ±0.101
CH-8 10–50 −21.251 ±0.078 −0.085 ±0.007 5.421 ±0.049 −2.608 ±0.006 −18.524 ±0.079
CH-9 20–50 −23.869 ±0.103 −0.065 ±0.017 7.257 ±0.040 −2.698 ±0.007 −19.374 ±0.103

CH-10 10–50 −24.663 ±0.080 −0.100 ±0.015 7.920 ±0.048 −2.695 ±0.007 −19.539 ±0.099
CH-11 05–50 −35.392 ±0.099 0.047 ±0.008 7.968 ±0.038 −3.198 ±0.007 −30.572 ±0.101
CH-12 10–50 −33.032 ±0.111 −0.520 ±0.023 9.155 ±0.055 −3.951 ±0.009 −28.349 ±0.119
CF-1 20–50 −25.501 ±0.108 −1.794 ±0.084 13.083 ±0.120 −2.804 ±0.008 −17.016 ±0.114
CF-2 10–50 −28.519 ±0.135 −3.812 ±0.120 10.516 ±0.128 −3.425 ±0.010 −25.244 ±0.152
CF-3 10–50 −25.389 ±0.102 −1.451 ±0.044 11.681 ±0.070 −2.889 ±0.007 −18.049 ±0.115
CF-4 10–50 −26.605 ±0.128 −2.421 ±0.123 11.270 ±0.097 −3.096 ±0.008 −20.847 ±0.113

Figure 5. Per-residue contribution to the binding free energy of SnocOBP12–ligand complexes. The
residues with binding energy below −1.0 kcal/mol were individually annotated.
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After having an overall understanding of the binding situation of the two types of
ligands, host plant volatiles and symbiotic fungi volatiles, the three systems with the lower
free binding energy were selected for the following canonical conformational analysis. The
complex conformations were clustered by constraining the range of motion of the three
complexes, and the corresponding conformations were taken as canonical conformations.
Considering the corresponding energy calculation results and the specific positions of the
residues in the protein, the specific states and interactions of the three highly active ligands
when they bound to SnocOBP12 were highlighted (Figure 6).

Figure 6. Canonical conformations of CH-11, CH-12 and CF-2 complexes. The residues with binding
energy below −1.0 kcal/mol were individually shown.

As shown in Figure 6, it was LEU74 and TYR109 that bound (−)-α-Cedrene tightly to
SnocOBP12. ILE6, MET10, MET53 and LEU74 bound (E)-β-farnesene tightly and MET53,
ILE70 and ILE73 bound (−)-globuol tightly to the protein. Among them, TYR109 belonged
to polar amino acids, and the rest are non-polar amino acids. These hydrophobic residues
tightly controlled the ligands in the binding cavity. At the same time, these amino acid
residues also had different interaction forms with ligands (Figure 7), van der Waals and
pi-alkyl being the most common. There are two special points worth noting. The first
is that, due to the existence of TYR109, there was a hyperconjugation effect in the CH-11
complex, which favored the stability of this system. The second is that MET53 and the
hydroxyl of (−)-globuol formed a conventional hydrogen bond to help stabilize the CF-2
complex system.
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Figure 7. Interactions in CH-11, CH-12 and CF-2 complexes.

3.5. Computational Alanine Scanning

Based on the per-residue decomposition results, the key residues in the dominant
system CH-11, CH-12 and CF-2 were targeted to perform the computational alanine scan,
and the resulting mutation energy was calculated to measure the impact (Table 4).

Table 4. Computational alanine scanning (CAS) identified key residues contributing to SnocOBP12–
ligand binding.

Complex Mutation ∆Emut (kcal/mol) Effect

CH-11
LEU74 > Ala 0.71 Destabilizing
TYR109 > Ala 1.37 Destabilizing

CH-12

ILE6 > Ala 1.04 Destabilizing
MET10 > Ala 0.95 Destabilizing
MET53 > Ala 0.38 Neutral
LEU74 > Ala 0.99 Destabilizing

MET53 > Ala 0.15 Neutral
CF-2 ILE70 > Ala −0.12 Neutral

ILE73 > Ala −0.06 Neutral

The results showed that the binding of (−)-α-cedrene to SnocOBP12 was destabilizing
after the mutation of LEU74 and TYR109 in the CH-11 complex to Ala, and for CH-11, the
mutation of ILE6, MET10 and LEU74 destabilized the SnocOBP12-(E)-β-farnesene complex.
Unusually, the mutation of MET53, ILE70, and ILE73 in CF-2 complex had no obvious
effect on the stability of the whole system. In other words, in the CH-11 complex, two
amino acid residues were identified as key residues, and in the CH-12 complex, there were
four key residues. These residues affected the binding ability of SnocOBP12 to ligands.
However, none of the three residues in the CF-2 complex were key residues, although they
contributed a lot of energy in the binding process. It was worth noting that LEU74 played
an important role in both systems. In contrast, MET53 also had a prominent contribution in
both systems, but its mutation did not affect binding stability in either binding system.
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4. Discussion

Various odor molecules scattered in the air have a certain guiding effect on the life ac-
tivities of Sirex noctilio. Under the situation that environmental problems are getting worse
and the 3R problem (resistance, resurgence and residue) of pesticides is becoming more
and more prominent, in-depth research on the mechanism of insect peripheral olfactory
system recognition of odor molecules, and the development of drugs with certain tropism
or targeting effect on insects will help to develop an efficient, green, safe, broad-spectrum
pest control agent and play a positive role in the management of harmful insects.

There are two methods of biological control based on insect olfaction: trapping and
poisoning. It is cost-effective and predictive to profile the selectivity and affinity of protein–
ligand binding, and computational methods have been to explore the potential mosquito
OBP1 inhibitors from natural products in essential oils so as to facilitate further devel-
opment of novel repellents [47]. In this study, we also used a similar method to identify
three ligands with higher binding activity that have great potential to optimize existing
attractant formulations to combine traps for more efficient killing. In addition, according
to their binding characteristics and organic structure, specific insecticide molecules can
be designed to inhibit or block the signal transmission of SnocOBP12 and interfere with
normal life activities.

Stable complexes are more favorable for OBP transport of ligands [12]. Through
homology modeling, molecular docking and molecular dynamics simulation, the binding
characteristics of SnocOBP12 and 24 ligands have been analyzed. It suggests that Sno-
cOBP12 is a classic odorant-binding protein mainly expressed in the antennae, which may
be involved in the life activities of S. noctilio in finding and locating the host plants. It is
expected that the existing attractant formulations can be optimized based on the discovery
of potential ligands such as (−)-α-cedrene. The same method was used to analyze and
reveal the molecular chemical mechanism of AlepPBP2 and AlepPBP3 in Athetis lepigone
and the phoxim, and key amino acids have been identified, which would be of great help in
the development of highly effective insecticides [48]. In contrast, when studying the mecha-
nism of AgamOBP1–ligand interaction, the hierarchical virtual screening was used to screen
potential ligands on a large scale and prioritize them [49]. For Anopheles gambiae, ligands
are recognized by the AgamOBPs homodimer and AgamOBPs can bind to multiple ligands.
The conformational changes when AgamOBP1 bound both N,N-diethyl-3-toluamide and
6-methyl-5-hepten-2-one were investigated by molecular dynamics [50]. According to the
existing research, both SnocOBP12 and SnocOBP7 [23] can bind (−)-globuol well. The
interaction between SnocOBPs remains to be explored.

OBPs have different binding affinities with different odor molecules, although they
have a broad spectrum of ligand binding [51]. The ligand preference also exists in Sno-
cOBP12. The protein prefers host plant volatiles, followed by symbiotic fungi volatiles,
and the tendency towards pheromones is the weakest. The overall amount of volatiles
released by the stressed host pine trees was significantly higher than that of the healthy
pine trees. Plant-derived attractants consisting of stressed host plant volatiles were studied
and used in some trapping experiments. For example, eight kinds of substances ((+)-α-
Pinene (12.5%), (−)-α-Pinene (12.5%), (−)-β-Pinene (25.0%), 3-Carene (30.0%), Camphene
(5.0%), β-Myrcene (10.0%), (−)-Limonene (2.5%), (+)-Limonene (2.5%)) were mixed as the
main ingredients of lure core [52]. The forest trapping experiments using the volatiles
from the ring-cut of Pinus sylvestris var. mongolica confirmed that α-pinene, β-pinene and
3-carene and others have strong attraction to S. noctilio. This is why they are always used in
current attractant formulations. This is consistent with the results of molecular docking
and molecular dynamics simulations in this paper. The binding energy of the complexes
formed by the above volatiles combined with SnocOBP12 is relatively low [53].

What is more, three ligands with higher binding affinity were successfully screened out,
two of which were host plant volatiles and the other was from symbiotic fungi. Currently,
it is unclear what message (−)-α-cedrene conveys to S. noctilio, but it cannot be ignored
that the affinity of SnocOBP12 for this odorant molecule is so pronounced. It may be
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a potential key to optimizing formulations and increasing lure rates. Thus, it is worth
studying how (−)-α-cedrene will affect the physiological behavior of S. noctilio. For another
host plant volatile, (E)-β-farnesene, there are few reports on its attraction to insects, but it
has been reported that (E)-β-farnesene is an alarm signal in aphids [54]. It is speculated
that (E)-β-farnesene might have an avoidance effect on S. noctilio. When the presence of
(E)-β-farnesene is detected, they would choose to stay away. The volatile (−)-Globuol, of
the symbiotic fungus, Amylostereum areolatum, may convey to S. noctilio that eggs have been
laid on the plants and the hosts have been damaged, which is helpful for the female to
locate the host plants with low growth vigor and lay eggs. Relevant experiments have
confirmed that it has a significant attracting effect on the female. While for the male, the
discovery of eucalyptol means that there may be female S. noctilio nearby, so as to carry out
mating behavior [55].

From a microscopic point of view, the binding of ligands to proteins occurs in a
hydrophobic binding cavity mainly surrounded by three α-helices, in which some residues,
such as LEU74 and TYR109, contribute indispensably to complex formation strength.
Making an outstanding contribution, TYR109 is located on the α6 helix, which may be
the key to locking the ligand into the binding cavity. This is also one of the reasons why
(−)-α-cedrene binds best to SnocOBP12. In both CH-11 and CH-12 complexes, LEU74 was
identified as a key amino acid residue and it is speculated that the other key residues, such
as ILE6 and MET10, might change the active conformation of the protein to distinguish
(−)-α-cedrene from (E)-β-farnesene. It is reported that the strong hydrophobic environment
formed by multiple leucine residues represented by LEU79 lays a very favorable foundation
for the stable binding of AmalOBP8 from Agrilus mali to (Z)-3-hexenyl hexanoate [56].
When analyzing protein–ligand interactions (Figure 7), multiple leucines can be found. For
SnocOBP12, the leucine residues represented by LEU79 may be essential for the formation
of a hydrophobic environment. In the binding process of SnocOBP12 and ligands, van der
Waals force is the main driving force. Due to its existence, the ligands can stably bind to the
protein and reach the receptor through the sensory lymph, and the olfactory nerve begins
to interpret the information contained in the molecule. Similar to SnocOBP12, AmalOBP8
also had a larger ligand binding profile. However, it was hydrogen bonds rather than van
der Waals forces that stabilized the complex between AmalOBP8 and geranyl formate [56].

Although the research on the binding characteristics of SnocOBP12 in this paper is
fruitful, there is still room for improvement. First, this study only studies and analyzes the
binding of proteins to parts of substance from S. noctilio pheromones, host plant volatiles
and symbiotic fungi volatiles. The choice of ligands has certain limitations, and other
ligands that can bind well to proteins may be available. Second, this study only analyzes
the binding characteristics from the perspective of computational simulation to help guide
and explain physiological experiments. The widely used amber99sb-ildn force field was
chosen by our team for molecular dynamics simulations. However, different force fields
(amber99sb force field and residue-specific force field) were used during simulations of
AlepOBP2 binding to chlorpyrifos and phoxim. It was shown that the residue-specific force
field can make calculations more efficient and reliable, providing favorable conditions for
the subsequent systematic analysis of the binding of AlepOBPs to various molecules [57].
Besides, the fluorescence competitive binding assay was also widely used to analyze
the binding capacity of proteins to ligands from an experimental point of view, such as
BminOBP9 to 11 citrus volatiles [58]. These targeted changes and experimental verification
that are beneficial to experiments are worth learning and exploring in investigations.

To sum up, as a classic OBP, SnocOBP12 highly expressed in the antennae takes on
the responsibility of transporting molecules, and is closely involved in locating hosts and
finding mates, etc. The relevant findings deserve further exploration. As a new strategy,
the reverse chemical ecology approach was used to find an effective oviposition attractant
acetaldehyde to Culex quinquefasciatus through the studies on the structure and function
of olfactory proteins [59]. From the perspective of this idea, two research directions are
proposed: (1) to optimize attractant formula, more potential ligands can be found with
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the help of hierarchical virtual screening or other methods, and their attractant effect
can be tested in forests. (2) The amino acid residues in insect OBPs can be occupied by
antagonists so that the protein cannot bind suitable ligands, thereby disrupting the normal
behavior of insects to achieve control effects. In the future, fluorescence competition binding
experiments, electrophysiology, gene silencing and other means are needed to verify our
results, and to comprehensively and systematically understand the role of this protein
in the life activities of S. noctilio in order to better control their population and reduce
economic and ecological losses.

5. Conclusions

In this paper, the binding properties of SnocOBP12 were explored and analyzed by
computational simulation methods including homology modeling, molecular docking,
molecular dynamics and computational alanine scanning. We also determined the ba-
sic biological characteristics of SnocOBP12 through bioinformatics analysis to increase
understanding of this protein. The discovery of (−)-α-cedrene, (E)-β-farnesene and (−)-
globuol will facilitate the optimization of existing attractants for enhanced control and
monitoring of the S. noctilio population. Key amino acid residues discovered will also
facilitate the antagonist development. As mentioned above, this study provides effective
insights for explaining the binding properties and interaction mechanisms of OBPs and
odorant molecules, and provides a theoretical basis and reliable reference for integrated
pest management and biological control.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12040861/s1, Figure S1: Quality evaluation of the OBP12 model.

Author Contributions: Conceptualization, E.H. conceptualized and proposed the study idea; investi-
gation, H.R. carried out the required biochemical experiments with the help of Y.L.; H.R. and Y.L.
carried out the bioinformatics, molecular docking, and molecular dynamics experiments; methodol-
ogy, H.R. and P.L.; formal analysis, H.R. and Y.L.; resources, P.L., H.Q. and X.Y.; software, E.H. and
X.Y.; writing—original draft preparation, H.R. and Y.L.; writing—review and editing, H.R., P.L. and
H.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant
No. 31570643, 81774015), the National Key R&D Program of China (2017YFD0600103), and the Na-
tional Undergraduate Training Programs for Innovation and Entrepreneurship (202010022239). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article and its Supplementary Materials.

Acknowledgments: We thank anonymous reviewers and editors for their comments and suggestions
on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zwiebel, L.J.; Takken, W. Olfactory regulation of mosquito–host interactions. Insect Biochem. Mol. Biol. 2004, 34, 645–652.

[CrossRef] [PubMed]
2. Hua, J.F.; Zhang, S.; Cui, J.J.; Wang, D.J.; Wang, C.Y.; Luo, J.Y.; Lv, L.M. Identification and binding characterization of three

odorant binding proteins and one chemosensory protein from Apolygus lucorum (Meyer-Dur). J. Chem. Ecol. 2012, 38, 1163–1170.
[CrossRef] [PubMed]

3. Brito, N.F.; Moreira, M.F.; Melo, A.C.A. A look inside odorant-binding proteins in insect chemoreception. J. Insect Physiol. 2016,
95, 51–65. [CrossRef] [PubMed]

4. Vogt, R.G.; Riddiford, L.M. Pheromone binding and inactivation by moth antennae. Nature 1981, 293, 161–163. [CrossRef]
5. Zhang, Y.L.; Fu, X.B.; Cui, H.C.; Zhao, L.; Yu, J.Z.; Li, H.L. Functional characteristics, electrophysiological and antennal

immunolocalization of general odorant-binding protein 2 in tea geometrid, Ectropis obliqua. Int. J. Mol. Sci. 2018, 19, 875.
[CrossRef]

https://www.mdpi.com/article/10.3390/agronomy12040861/s1
https://www.mdpi.com/article/10.3390/agronomy12040861/s1
http://doi.org/10.1016/j.ibmb.2004.03.017
http://www.ncbi.nlm.nih.gov/pubmed/15242705
http://doi.org/10.1007/s10886-012-0178-7
http://www.ncbi.nlm.nih.gov/pubmed/23053914
http://doi.org/10.1016/j.jinsphys.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27639942
http://doi.org/10.1038/293161a0
http://doi.org/10.3390/ijms19030875


Agronomy 2022, 12, 861 16 of 18

6. Sandler, B.H.; Nikonova, L.; Leal, W.S.; Clardy, J. Sexual attraction in the silkworm moth: Structure of the pheromone-binding-
protein–bombykol complex. Chem. Biol. 2000, 7, 143–151. [CrossRef]

7. Pelosi, P.; Iovinella, I.; Felicioli, A.; Dani, F.R. Soluble proteins of chemical communication: An overview across arthropods. Front.
Physiol. 2014, 5, 320. [CrossRef] [PubMed]

8. Li, J.; Wang, X.; Zhang, L. Sex pheromones and olfactory proteins in Antheraea moths: A. pernyi and A. polyphemus (Lepidoptera:
Saturniidae). Arch. Insect Biochem. Physiol. 2020, 105, e21729.

9. Fan, J.; Francis, F.; Liu, Y.; Chen, J.L.; Cheng, D.F. An overview of odorant-binding protein functions in insect peripheral olfactory
reception. Genet. Mol. Res. 2011, 10, 3056–3069. [CrossRef]

10. Wu, Z.Z.; Qu, M.Q.; Pu, X.H.; Cui, Y.; Xiao, W.Y.; Zhao, H.X.; Bing, S.Y.; Lin, J.T. Transcriptome sequencing of Tessaratoma papillosa
antennae to identify and analyze expression patterns of putative olfaction genes. Sci. Rep. 2017, 7, 3070. [CrossRef]

11. Rihani, K.; Ferveur, J.F.; Briand, L. The 40-Year Mystery of Insect Odorant-Binding Proteins. Biomolecules 2021, 11, 509. [CrossRef]
[PubMed]

12. Laughlin, J.D.; Ha, T.S.; Jones, D.N.; Smith, D.P. Activation of pheromone-sensitive neurons is mediated by conformational
activation of pheromone-binding protein. Cell 2008, 133, 1255–1265. [CrossRef] [PubMed]

13. Rihani, K.; Fraichard, S.; Chauvel, I.; Poirier, N.; Delompré, T.; Neiers, F.; Tanimura, T.; Ferveur, J.-F.; Briand, L. A conserved
odorant binding protein is required for essential amino acid detection in Drosophila. Commun. Biol. 2019, 2, 425. [CrossRef]
[PubMed]

14. Sun, Y.L.; Huang, L.Q.; Pelosi, P.; Wang, C.Z. Expression in antennae and reproductive organs suggests a dual role of an
odorant-binding protein in two sibling Helicoverpa species. PLoS ONE 2012, 7, e30040. [CrossRef] [PubMed]

15. Bautista, M.A.M.; Bhandary, B.; Wijeratne, A.J.; Michel, A.P.; Hoy, C.W.; Mittapalli, O. Evidence for trade-offs in detoxification
and chemosensation gene signatures in Plutella xylostella. Pest Manag. Sci. 2015, 71, 423–432. [CrossRef] [PubMed]

16. Diallo, S.; Shahbaaz, M.; Makwatta, J.M.; Muema, J.M.; Masiga, D.; Christofells, A.; Getahun, M.N. Antennal enriched odorant
binding proteins are required for odor communication in Glossina f. fuscipes. Biomolecules 2021, 11, 541. [CrossRef] [PubMed]

17. Zhang, F.; Merchant, A.; Zhao, Z.; Zhang, Y.; Zhang, J.; Zhang, Q.; Wang, Q.; Zhou, X.; Li, X. Characterization of MaltOBP1, a
minus-C odorant-binding protein, from the Japanese pine sawyer beetle, Monochamus alternatus hope (Coleoptera: Cerambycidae).
Front. Physiol. 2020, 11, 212. [CrossRef] [PubMed]

18. Wang, W.; Donini, O.; Reyes, C.M.; Kollman, P.A. Biomolecular simulations: Recent developments in force fields, simulations of
enzyme catalysis, protein-ligand, protein-protein, and protein-nucleic acid noncovalent interactions. Annu. Rev. Biophys. Biomol.
Struct. 2001, 30, 211–243. [CrossRef] [PubMed]

19. Hassan, S.A.; Gracia, L.; Vasudevan, G.; Steinbach, P.J. Computer Simulation of Protein-Ligand Interactions. In Protein-Ligand
Interactions; Humana Press: Totowa, NJ, USA, 2005; pp. 451–492.

20. Bai, Q.; Shao, Y.; Pan, D.; Zhang, Y.; Liu, H.; Yao, X. Search for β2 adrenergic receptor ligands by virtual screening via grid
computing and investigation of binding modes by docking and molecular dynamics simulations. PLoS ONE 2014, 9, e107837.
[CrossRef]

21. Yi, X.; Zhang, Y.; Wang, P.; Qi, J.; Hu, M.; Zhong, G. Ligands binding and molecular simulation: The potential investigation of a
biosensor based on an insect odorant binding protein. Int. J. Biol. Sci. 2015, 11, 75. [CrossRef] [PubMed]

22. Liu, J.; Li, R.; Zhou, T.; Cheng, S.; Li, C.; Ye, X.; Li, Y.; Tian, Z. Structural evidence for pheromone discrimination by the pheromone
binding protein 3 from Plutella xylostella. Int. J. Biol. Macromol. 2021, 169, 396–406. [CrossRef]

23. Li, Y.N.; Hao, E.H.; Li, H.; Yuan, X.H.; Lu, P.F.; Qiao, H.L. Computational Interaction Analysis of Sirex noctilio Odorant-Binding
Protein (SnocOBP7) Combined with Female Sex Pheromones and Symbiotic Fungal Volatiles. Agronomy 2021, 11, 2461. [CrossRef]

24. Ciesla, W.M. European woodwasp: A potential threat to North America’s conifer forests. J. For. 2003, 101, 18–23.
25. Yemshanov, D.; Koch, F.H.; Ducey, M.; Koehler, K. Trade-associated pathways of alien forest insect entries in Canada. Biol.

Invasions 2012, 14, 797–812. [CrossRef]
26. Li, D.; Shi, J.; Lu, M.; Ren, L.; Zhen, C.; Luo, Y. Detection and identification of the invasive Sirex noctilio (Hymenoptera: Siricidae)

fungal symbiont, Amylostereum areolatum (Russulales: Amylostereacea), in China and the stimulating effect of insect venom on
laccase production by A. areolatum YQL03. J. Econ. Entomol. 2015, 108, 1136–1147. [CrossRef] [PubMed]

27. Hurley, B.P.; Slippers, B.; Wingfield, M.J. A Comparison of Control Results for the Alien Invasive Woodwasp, Sirex noctilio, in the
Southern Hemisphere. Agric. For. Entomol. 2007, 9, 159–171. [CrossRef]

28. Thompson, B.M.; Bodart, J.; Mcewen, C.; Gruner, D.S. Adaptations for symbiont-mediated external digestion in Sirex noctilio
(Hymenoptera: Siricidae). Ann. Entomol. Soc. Am. 2014, 107, 453–460. [CrossRef]

29. Bao, M.; Qiao, H.; Shi, J.; Luo, Y.; Lu, P. Research progress in reproductive behavior and chemical ecological regulation of the
European woodwasp (Sirex noctilio), a severe invasive pest. Sci. Silvae Sin. 2020, 56, 127–141. (In Chinese)

30. Sun, X.; Tao, J.; Ren, L.; Shi, J.; Luo, Y. Identification of Sirex noctilio (Hymenoptera: Siricidae) using a species-specific cytochrome
Coxidase subunit I PCR assay. J. Econ. Entomol. 2016, 109, 1424–1430. [CrossRef]

31. Cooperband, M.F.; Böröczky, K.; Hartness, A.; Jones, T.H.; Zylstra, K.E.; Tumlinson, J.H.; Mastro, V.C. Male-produced pheromone
in the European woodwasp, Sirex noctilio. J. Chem. Ecol. 2012, 38, 52–62. [PubMed]

32. Gao, C.Y. Study on the Associated Semiochemicals and TRAPPING Techniquesin Forest of Sirex noctilio Fabricius and S nitobei.
Master’s Thesis, Beijing Forestry University, Beijing, China, 2019. (In Chinese)

http://doi.org/10.1016/S1074-5521(00)00078-8
http://doi.org/10.3389/fphys.2014.00320
http://www.ncbi.nlm.nih.gov/pubmed/25221516
http://doi.org/10.4238/2011.December.8.2
http://doi.org/10.1038/s41598-017-03306-7
http://doi.org/10.3390/biom11040509
http://www.ncbi.nlm.nih.gov/pubmed/33808208
http://doi.org/10.1016/j.cell.2008.04.046
http://www.ncbi.nlm.nih.gov/pubmed/18585358
http://doi.org/10.1038/s42003-019-0673-2
http://www.ncbi.nlm.nih.gov/pubmed/31799428
http://doi.org/10.1371/journal.pone.0030040
http://www.ncbi.nlm.nih.gov/pubmed/22291900
http://doi.org/10.1002/ps.3822
http://www.ncbi.nlm.nih.gov/pubmed/24796243
http://doi.org/10.3390/biom11040541
http://www.ncbi.nlm.nih.gov/pubmed/33917773
http://doi.org/10.3389/fphys.2020.00212
http://www.ncbi.nlm.nih.gov/pubmed/32296339
http://doi.org/10.1146/annurev.biophys.30.1.211
http://www.ncbi.nlm.nih.gov/pubmed/11340059
http://doi.org/10.1371/journal.pone.0107837
http://doi.org/10.7150/ijbs.9872
http://www.ncbi.nlm.nih.gov/pubmed/25552932
http://doi.org/10.1016/j.ijbiomac.2020.12.119
http://doi.org/10.3390/agronomy11122461
http://doi.org/10.1007/s10530-011-0117-5
http://doi.org/10.1093/jee/tov072
http://www.ncbi.nlm.nih.gov/pubmed/26470239
http://doi.org/10.1111/j.1461-9563.2007.00340.x
http://doi.org/10.1603/AN13128
http://doi.org/10.1093/jee/tow060
http://www.ncbi.nlm.nih.gov/pubmed/22246521


Agronomy 2022, 12, 861 17 of 18

33. Guignard, Q.; Bouwer, M.; Slippers, B.; Allison, J. Biology of a putative male aggregation-sex pheromone in Sirex noctilio
(Hymenoptera: Siricidae). PLoS ONE 2020, 15, e0244943. [CrossRef] [PubMed]

34. Hurley, B.P.; Garnas, J.; Cooperband, M.F. Assessing trap and lure effectiveness for the monitoring of Sirex noctilio. Agric. For.
Entomol. 2015, 17, 64–70. [CrossRef]

35. Liu, R. Identification of Pheromone Components of Sirex noctilio and Trapping Technology in Forest. Master’s Thesis, Beijing
Forestry University, Beijing, China, 2019. (In Chinese)

36. Bashford, R. The development of static trapping systems to monitor for wood-boring insects in forestry plantations. Aust. For.
2008, 71, 236–241. [CrossRef]

37. Bashford, R.; Madden, J.L. The use of kairomone lures for the detection of Sirex noctilio in susceptible Pinus radiata plantations in
Australia. In The Sirex Woodwasp and Its Fungal Symbiont; Springer: Dordrecht, The Netherlands, 2012; pp. 159–166.

38. Guo, B.; Hao, E.; Qiao, H.; Wang, J.; Wu, W.; Zhou, J.; Lu, P. Antennal transcriptome analysis of olfactory genes and characteriza-
tions of odorant binding proteins in two woodwasps, Sirex noctilio and Sirex nitobei (Hymenoptera: Siricidae). BMC Genom. 2021,
22, 172. [CrossRef]

39. Chou, K.C.; Shen, H.B. Cell-PLoc 2.0: An improved package of web-servers for predicting subcellular localization of proteins in
various organisms. Nat. Sci. 2010, 2, 1090. [CrossRef]

40. Wang, H.; Xu, F.; Wang, X.; Kwon, W.S.; Yang, D.C. Molecular discrimination of Panax ginseng cultivar K-1 using pathogenesis-
related protein 5 gene. J. Ginseng Res. 2019, 43, 482–487. [CrossRef] [PubMed]

41. Webb, B.; Sali, A. Comparative protein structure modeling using MODELLER. Curr. Protoc. Bioinform. 2016, 54, 5–6. [CrossRef]
[PubMed]

42. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]

43. Wang, G.; Yang, M.L.; Duan, Z.L.; Liu, F.L.; Jin, L.; Long, C.B.; Zhang, M.; Tang, X.P.; Xu, L.; Li, Y.C.; et al. Dalbavancin binds
ACE2 to block its interaction with SARS-CoV-2 spike protein and is effective in inhibiting SARS-CoV-2 infection in animal models.
Cell Res. 2021, 31, 17–24. [CrossRef]

44. Decherchi, S.; Berteotti, A.; Bottegoni, G.; Rocchia, W.; Cavalli, A. The ligand binding mechanism to purine nucleoside phospho-
rylase elucidated via molecular dynamics and machine learning. Nat. Commun. 2015, 6, 6155. [CrossRef]

45. Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert Opin. Drug Discov.
2015, 10, 449–461. [CrossRef] [PubMed]

46. Paudel, P.; Wagle, A.; Seong, S.H.; Park, H.J.; Jung, H.A.; Choi, J.S. A new tyrosinase inhibitor from the red alga Symphyocladia
latiuscula (Harvey) Yamada (Rhodomelaceae). Mar. Drugs 2019, 17, 295. [CrossRef] [PubMed]

47. da Costa, K.S.; Galúcio, J.M.; da Costa, C.H.S.; Santana, A.R.; Carvalho, V.d.S.; Nascimento, L.D.d.; Lima, A.H.L.e.; Cruz, J.N.;
Alves, C.N.; Lameira, J. Exploring the potentiality of natural products from essential oils as inhibitors of odorant-binding proteins:
A structure-and ligand-based virtual screening approach to find novel mosquito repellents. ACS Omega 2019, 4, 22475–22486.
[CrossRef]

48. Zhang, Y.N.; Xu, J.W.; Zhang, X.C.; Zhang, X.Q.; Li, L.L.; Yuan, X.; Mang, D.Z.; Zhu, X.Y.; Zhang, F.; Dewer, Y.; et al. Organophos-
phorus insecticide interacts with the pheromone-binding proteins of Athetis lepigone: Implication for olfactory dysfunction.
J. Hazard. Mater. 2020, 397, 122777. [CrossRef] [PubMed]

49. do Bomfim, M.R.; Araújo, J.S.C.; Macêdo, W.J.C.; Santos, C.B.R.D.; Leite, F.H.A. Identification of potential modulator of Anopheles
gambiae odorant binding protein 1 by hierarchical virtual screening and molecular dynamic. J. Biomol. Struct. Dyn. 2021, 39,
6031–6043. [CrossRef]

50. Tzotzos, G.; Iley, J.N.; Moore, E.A. New insights on repellent recognition by Anopheles gambiae odorant-binding protein 1. PLoS
ONE 2018, 13, e0194724. [CrossRef] [PubMed]

51. Wu, F.; Feng, Y.; Han, B.; Hu, H.; Feng, M.; Meng, L.; Ma, C.; Yu, L.; Li, J. Mechanistic insight into binding interaction between
chemosensory protein 4 and volatile larval pheromones in honeybees (Apis mellifera). Int. J. Biol. Macromol. 2019, 141, 553–563.
[CrossRef]

52. Sarvary, M.A.; Cooperband, M.F.; Hajek, A.E. The importance of olfactory and visual cues in developing better monitoring tools
for Sirex noctilio (Hymenoptera: Siricidae). Agric. For. Entomol. 2015, 17, 29–35. [CrossRef]

53. Bao, M.; Ren, L.L.; Liu, X.B.; Liu, R.; Ao, T.G.; Bai, S.N.; Lu, P.F. Mating behavior and attractiveness of male cuticle extracts based
on electroantennogram and behavioral assay in Sirex noctilio Fabricius. J. Environ. Entomol. 2018, 40, 324–332. (In Chinese)

54. Ahmed, N.; Darshanee, H.L.C.; Khan, I.A.; Zhang, Z.F.; Liu, T.X. Host selection behavior of the green peach aphid, Myzus persicae,
in response to volatile organic compounds and nitrogen contents of cabbage cultivars. Front. Plant Sci. 2019, 10, 79. [CrossRef]
[PubMed]

55. Wang, L.X.; Ren, L.L.; Liu, X.B.; Shi, J.; Wang, J.Z.; Luo, Y.Q. Effects of endophytic fungi in Mongolian pine on the selection
behavior of woodwasp (Sirex noctilio) and the growth of its fungal symbiont. Pest Manag. Sci. 2019, 75, 492–505. [CrossRef]
[PubMed]

56. Li, D.; Li, C.; Liu, D. Analyses of structural dynamics revealed flexible binding mechanism for the Agrilus mali odorant binding
protein 8 towards plant volatiles. Pest Manag. Sci. 2021, 77, 1642–1653. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0244943
http://www.ncbi.nlm.nih.gov/pubmed/33382841
http://doi.org/10.1111/afe.12081
http://doi.org/10.1080/00049158.2008.10675041
http://doi.org/10.1186/s12864-021-07452-1
http://doi.org/10.4236/ns.2010.210136
http://doi.org/10.1016/j.jgr.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31308820
http://doi.org/10.1002/cpbi.3
http://www.ncbi.nlm.nih.gov/pubmed/27322406
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1038/s41422-020-00450-0
http://doi.org/10.1038/ncomms7155
http://doi.org/10.1517/17460441.2015.1032936
http://www.ncbi.nlm.nih.gov/pubmed/25835573
http://doi.org/10.3390/md17050295
http://www.ncbi.nlm.nih.gov/pubmed/31108882
http://doi.org/10.1021/acsomega.9b03157
http://doi.org/10.1016/j.jhazmat.2020.122777
http://www.ncbi.nlm.nih.gov/pubmed/32388456
http://doi.org/10.1080/07391102.2020.1796807
http://doi.org/10.1371/journal.pone.0194724
http://www.ncbi.nlm.nih.gov/pubmed/29614080
http://doi.org/10.1016/j.ijbiomac.2019.09.041
http://doi.org/10.1111/afe.12077
http://doi.org/10.3389/fpls.2019.00079
http://www.ncbi.nlm.nih.gov/pubmed/30930910
http://doi.org/10.1002/ps.5146
http://www.ncbi.nlm.nih.gov/pubmed/30070049
http://doi.org/10.1002/ps.6184
http://www.ncbi.nlm.nih.gov/pubmed/33202109


Agronomy 2022, 12, 861 18 of 18

57. Zhang, Y.N.; Zhang, X.C.; Zhu, R.; Yao, W.C.; Xu, J.W.; Wang, M.; Ren, J.Y.; Xu, C.Z.; Huang, Z.R.; Zhang, X.W.; et al.
Computational and experimental approaches to decipher the binding mechanism of general odorant-binding protein 2 from
Athetis lepigone to chlorpyrifos and phoxim. J. Agric. Food Chem. 2020, 69, 88–100. [CrossRef] [PubMed]

58. Yao, R.; Zhao, M.; Zhong, L.; Li, Y.; Li, D.; Deng, Z.; Ma, X. Characterization of the binding ability of the odorant binding protein
BminOBP9 of Bactrocera minax to citrus volatiles. Pest Manag. Sci. 2021, 77, 1214–1225. [CrossRef] [PubMed]

59. Choo, Y.M.; Xu, P.; Hwang, J.K.; Zeng, F.; Tan, K.; Bhagavathy, G.; Chauhan, K.R.; Leal, W.S. Reverse chemical ecology approach
for the identification of an oviposition attractant for Culex quinquefasciatus. Proc. Natl. Acad. Sci. USA 2018, 115, 714–719.
[CrossRef] [PubMed]

http://doi.org/10.1021/acs.jafc.0c05389
http://www.ncbi.nlm.nih.gov/pubmed/33356208
http://doi.org/10.1002/ps.6132
http://www.ncbi.nlm.nih.gov/pubmed/33034940
http://doi.org/10.1073/pnas.1718284115
http://www.ncbi.nlm.nih.gov/pubmed/29311316

	Introduction 
	Materials and Methods 
	Verification of the SnocOBP12 Sequence 
	Sequence Analysis 
	Homology Modeling and Molecular Docking 
	Molecular Dynamics Simulation of the SnocOBP12-Ligand Complexes 
	Binding Free Energy Calculations and Per-Residue Free Energy Decomposition 
	Computational Alanine Scanning (CAS) 

	Results 
	Sequence Analysis and Homology Modeling 
	Molecular Docking and Binding Affinities for SnocOBP12 with Ligands 
	MD and Conformational Stability of SnocOBP12–Ligand Complexes 
	Energy Calculation and Binding Modes Analysis 
	Computational Alanine Scanning 

	Discussion 
	Conclusions 
	References

