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ABSTRACT: Precise estrus detection in sows is pivotal in increasing the productivity within the pork industry. Sows in estrus
exhibit exclusive behaviors when exposed to either a live boar or the steroid pheromones androstenone and androstenol. Recently, a
study employing solid-phase microextraction-gas chromatography—mass spectrometry has identified a novel salivary molecule in
boars, known as quinoline. This finding has intriguing implications as a synthetic mixture of androstenone, androstenol, and
quinoline induces estrus behaviors in sows. Nevertheless, the precise pheromonal characteristics of quinoline remain elusive. In this
study, we validate and compare the binding efficiency of androstenone, androstenol, and quinoline with porcine olfactory receptor
proteins (odorant-binding protein [OBP], pheromaxein, salivary lipocalin [SAL], and Von Ebner’s gland protein [VEGP]) using
molecular docking and molecular dynamics simulations. All protein—ligand complexes demonstrated stability, as evidenced by the
root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), radius of gyration (Ry), solvent-accessible surface area
(SASA), and hydrogen-bond (H-bond) plots. Furthermore, quinoline displayed higher binding efficiency with OBP, measured at
—85.456 + 8.268 kJ/mol, compared to androstenone and androstenol, as determined by molecular mechanics—Poisson—Boltzmann
surface area (MM-PBSA) calculations. Conversely, quinoline exhibited a lower binding efficacy when interacting with SAL,
pheromaxein, and VEGP compared to androstenone and androstenol. These findings, in part, suggest the binding possibility of
quinoline with carrier proteins and warrant further investigation to support the role of quinoline in porcine chemical communication.

H INTRODUCTION vertebrates underscore the ongoing need for a comprehensive

. . - 3
Pheromones are an important chemical signal class, regulating understanding of this fascinating field.

social behavior and reproduction across numerous vertebrate Pigs hold a prominent role in the livestock industry, and their

species. These chemical signals originate from various sources, reproduction  significantly depends on pheromones. The
including urine, feces, saliva, glandular secretions, cervical detection of estrus, a critical event determining reproductive
mucus, and so on. Pheromones constitute a diverse array of success in pigs, hinges on a combination of specific behavioral

volatile and semivolatile organic compounds, as well as

nonvolatile proteins. The detection of these pheromonal cues Received: November 18, 2023
is facilitated by a complex network of olfactory systems and Revised: ~ December 22, 2023
subsystems, which include the main olfactory system, the Accepted: December 27, 2023
vomeronasal organ (VNO), Grueneberg ganglion, and septal Published: January 17, 2024

organ,” depending on the species. The intricate chemistry and
sophisticated organization of these detection systems in
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displays and physical indicators exhibited by sows in the
presence of a live boar.* In part, these behavioral responses of
sows are elicited by pheromones secreted into boar saliva.
Notably, the boars’ submandibular gland is a major source of
steroid pheromones.” A few androstene steroids identified
within boar saliva and salivary gland extracts have been tested for
their ability to induce estrus behaviors in sows.” Among them,
two steroid pheromones, androstenone, and androstenol,
provoked high incidence of estrus behaviors.” However, these
steroid pheromones still do not fully replicate the effect of a live
boar in stimulating estrus behaviors in sows. McGlone et al.
demonstrated that quinoline (a novel molecule in boar saliva),
combined with steroid pheromones, elicited high sexual
behavioral scores in sows.” Specifically, quinoline substantially
increased the incidence of pricked ears in sows. The molecule
mixture (the combination of steroid pheromones and quinoline)
improved the estrus detection rate and the sow reproductive
performance.”” These findings profoundly impact the pork
industry, as they contribute to enhanced reproductive efliciency.

The olfactory system possesses many receptor proteins that
selectively bind to chemical molecules. Of note, odorant-binding
proteins (OBPs) in many vertebrates facilitate the binding and
release of odors and semiochemicals.'” Muthukumar et al.
attested OBP in the nasal mucus of buffalo and highlighted their
role in the binding of pheromones.'" Both boars and sows also
have OBPs, salivary lipocalin (SAL), and von Ebner’s gland
protein (VEGP) in their nasal mucosa and VNO.'? Pheromax-
ein identified in the submandibular glands of boars binds to the
steroid molecules.'”'* SAL was identified as a unique protein
with sequence similarity and functional diversity comparable to
that of rodent lipocalins. Marchese et al. reported that SAL can
bind to general odorants while specifically retaining androste-
none as the bound ligand."> The binding cavity of SAL contains
two polar residues within its active site along with several other
hydrophobic residues, implying the potential for strong
hydrogen bonding (H-bonding) and other polar interactions,
as well as the presence of a cavity to bind with larger molecules.'®
Research has unveiled a correlation between the synthesis of
pheromaxein and the functional maturities of testes. Further-
more, the concentration of pheromaxein in the submandibular
gland is closely linked to the levels of steroids.'” These receptor
proteins, distributed within the olfactory systems, facilitate the
binding of odorants and pheromones found in various
secretions, contributing to the orchestration of olfactory
signaling.

Considering the latest research on boar saliva, it is imperative
to accumulate compelling evidence to support the notion of
quinoline as a pheromone and further elucidate its role in
chemical signaling. However, the role of quinoline in porcine
chemical signaling remains relatively unexplored and warrants
further investigation.'® Several factors contribute to the
necessity for additional research in this area, as outlined below:

1 Quinoline’s limited presence: Quinoline was identified in
the saliva of only three boars from a single farm, which
raises the questions about its prevalence and significance
across different populations of boars.'”

2 Variability among boars: The absence of quinoline in
boars from different farms'” suggests potential variability
in its production and secretion among different groups of
boars.

3 Unexplored implications: The olfactory and neuro-
endocrinological implications of quinoline in porcine
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communication have not been thoroughly investigated,
leaving a significant gap in our understanding of its role in
chemical signaling.I

Given these considerations, a comprehensive evaluation of
the interaction of quinoline with receptor proteins in the
olfactory system becomes crucial. Therefore, we intend to
examine and compare the interactions of quinoline and steroid
pheromones with four different binding/carrier proteins:
pheromaxein, SAL, OBP, and VEGP. Computational ap-
proaches are crucial for studying molecular interactions, offering
insights into binding affinities and dynamic behaviors.
Techniques like molecular docking and molecular dynamics
simulations (MDS) allow detailed exploration of molecular—
level interactions, enhancing our understanding of complex
mechanisms.”’~>* Therefore, we perform an in silico analysis of
quinoline and steroid pheromones involving molecular docking,
molecular dynamics, and molecular mechanics-Poisson—
Boltzmann surface area calculations. This comparative analysis
holds the potential to provide valuable insights into the
pheromonal properties of quinoline and contribute to our
understanding of its role in porcine chemical signaling. By
investigating the molecular interactions between quinoline and
these key receptor proteins, we aim to shed light on the
mechanisms underlying quinoline’s effects on porcine behavior
and reproduction.

B METHODS

Proteins. The three-dimensional (3-D), crystalline struc-
tures of OBP (PDB ID:1DZK, resolution of 1.48 A),>* and SAL
(PDB ID:1GMS, resolution of 2.13 A),>* were retrieved from
the Research Collaboratory for Structural Bioinformatics—
Protein Data Bank (RCSB-PDB).”>*® Water molecules and
heteroatoms were removed from the proteins, and any missing
residues were constructed using PyMOL.”” The 3-D crystal
structure of pheromaxein and VEGP are currently unavailable;
thus, we obtained AF-Q863D3-F1 and AF-P53715-F1 from the
AlphaFold Protein Structure Database.”® Subsequently, all
protein structures underwent energy-minimization using the
GROMOS96 program in the Swiss-PDB viewer.””

Compounds (Ligands) Acquisition and Preparation.
The 3-D chemical structures of the steroidal ligands
(androstenone and androstenol) and quinoline were obtained
from the PubChem database, and polar hydrogen atoms were
added to these structures.”® Energy minimization was performed
using the Merck Molecular Force Field (MMFF94) within the
Avogadro software.”’

Identification of Active Site Residues of the Olfactory
Receptor Proteins. The active sites of the proteins were
determined using the Computed Atlas of Surface Topography of
Proteins (CASTp) server 3.0.°> The key residues identified
within the predicted binding pockets of these proteins are listed
in the Supporting Information Table 1.

Molecular Docking. Following the incorporating Kollman
charges, computing Gasteiger charges, and assigning AD4 type
atoms for each protein, we saved them individually in PDBQT
format using AutoDockTools (ADT) 4.2 (MGL tools 1.5.6).*”
In ADT, for each ligand, we navigated to “TorsionTree,” used
“Detect Root” to find the torsion tree center axis, set torsional
degrees under “TorsionTree” after selecting “Ligand,” and saved
ligand coordinates in PDBQT format.* Autogrid established
the grid box for protein active site residues with customized
dimensions for the anticipated ligand-binding site. Molecular

https://doi.org/10.1021/acsomega.3c09211
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docking analysis employed the Lamarckian genetic algorithm,
performed nine times with varied conformation levels in
triplicate using AutoDock Vina.** The automated process
concluded after 250000 energy evaluations. The resulting
binding sites were computed, and the aflinity between the ligand
and protein was measured in kcal/mol. The methodology
allowed us to assess different complexes at distinct positions,
generating nine different conformations for each compound,
based on their binding affinities. The selection of the best-
docked conformation was based on several criteria, including
binding affinity, low root-mean-square deviation (RMSD) value
(<1 A), and hydrogen bond (H-bond) interactions between the
ligand and the protein within the complex. The protein—ligand
complex structures were generated using PyMOL and two-
dimensional (2-D) ligand interactions and visualized using
Maestro—Schrodinger Suite.”

Molecular Dynamics Simulation. The binding modes and
stabilities of the protein—ligand complexes listed in Table 1 were

Table 1. List of Protein—Ligand Complexes Used in the
Docking and Dynamics Approaches

s. no complex

OBP—androstenone
OBP—androstenol
OBP—quinoline
pheromaxein—androstenone
pheromaxein—androstenol
pheromaxein—quinoline
SAL—androstenone
SAL—androstenol
SAL—quinoline
VEGP—androstenone
VEGP—androstenol
VEGP—quinoline
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investigated in a dynamic environment using the GROMACS
version 2018.2°° and CHARMM27 force field over a simulation
period of 50 ns.”” The receptor topology for the investigated
proteins was generated by the pdb2gmx module using
CHARMM?27 force fields.”” Ligand topologies for the
investigated compounds were generated using the SwissParam
servers.”® Each protein—ligand complex was then solvated
within a cubic box of the transferable intermolecular potential
with a three-point (TIP3P) water model, leaving a margin of 10
A between the protein and each side of the 3D box. To maintain
charge neutrality, Na* and Cl~ ions were added by using
GROMACS tools. A maximum of 50 000 steps of the steepest
descent minimization technique were applied to minimize the
energy in the simulation system.’” The solvent and ions were
equilibrated in two restrained phases. The reference temper-
ature for the NVT (isothermal-isochoric) ensemble was 300 K,
and for the following NPT (isothermal—isobaric) ensemble, the
reference pressure was 1.0 bar.

Finally, MDS was conducted on the equilibrium systems
without controls. The leapfrog integrator was employed with a
time step of 2 femtosecond (fs). LINCS served as the constraint
algorithm for both NVT and NPT ensembles, as well as the
production MD runs.*’ A short-range van der Waals threshold of
1.2 nm was applied. Temperature and pressure coupling were
achieved by using a modified Berendsen thermostat and a
Parrinello—Rahman barostat. The simulated trajectories were
analyzed by using the GROMACS analysis tool. The programs
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gmx rms, gmx rmsf, gmx gyrate, gmx sasa, and gmx hbond were
used to determine the RMSD, root-mean-square fluctuation
(RMSF), radius of gyration (Rg), solvent-accessible surface area
(SASA), and H-bonds (intermolecular and intramolecular).
Additionally, principal component analysis (PCA) was
performed using gmx covar and gmx anaeig. Gmx sham and
gmx xpm?2 ps were employed to calculate the Gibbs free energy.
These comprehensive analyses allowed for a detailed examina-
tion of the behavior and stability of the protein—ligand
complexes during MDS.

Estimation of Binding Free Energy. The molecular
mechanics-Poisson—Boltzmann surface area (MM-PBSA)
calculations were conducted using the g_mmpbsa package in
GROMACS to determine the free binding energy of the proteins
with the ligands.*" The bonded and nonbonded interactions of
the protein—ligand complexes in a vacuum were estimated for
the binding affinity during the last 25 ns of the MD trajectories.
The binding energy was computed as the sum of the van der
Waals, electrostatic, polar solvation, and SASA energies. These
calculations provide valuable insights into the binding affinity of
the protein—ligand complexes and help assess the strength and
nature of their interactions.

B RESULTS

Molecular Docking. Molecular docking was performed
with androstenone, androstenol, and quinoline to the binding
site of OBP, pheromaxein, SAL, and VEGP using Auto Dock
Vina to explore the binding affinity. Following successful
docking runs, we identified the best-docked conformations for
each ligand against the respective proteins based on the criteria
of the lowest binding affinity (RMSD <1 A) and the number of
H-bonds formed. The binding affinities and specific amino acid
residues involved in interactions for the 12 complexes are listed
in Table 2. We observed significant variations in binding among
the ligands and different proteins, with distinct amino acid

Table 2. Docking Scores of the Complexes and the
Interacting Residues (Amino Acids) in the Binding Pocket of
the Protein

docking score

complexes (kcal mol™") interacting residues

OBP— -5.8 Phel0, Leul2, Val90, Ser91, Tyr92, Ala93
androstenone

OBP— -5.8 Asnl48, Tyr20, lle146, Leul29, Lys133
androstenol

OBP-quinoline —6.8 Leu68, PheSS, LeuS3, Met39, Phe3s,

Tyr82, Val80, Asn86, Phe88, Asnl02,
1le100

pheromaxein— -7.3 Leu77, Lys59, Val62, Phe31, Phe34, Leu35
androstenone

pheromaxein- —6.9 Leu77, Leu8l, Ile69, Ala66, Val62, Phe3l,
androstenol Phe34, Leu3$

pheromaxein— -5.1 Leu27, Ala26, Glu30, LysS9, Leu46, Phe49
quinoline

SAL—- —6.5 Leu42, lle167, Asp169, Lys164, Val154,
androstenone AsplS1, Lys150, Pro147

SAL- —6.3 Glu37, Gly36, Ala35, Lys33, Argl4l,
androstenol Ser117, Tyr116

SAL—quinoline —4.5 Phel77, Cys176, Argl75, Asp174, 1le173

VEGP— =7.7 Val25,Gly26,GIn27,Leu29,Lys89,GIn92,
androstenone Pro93, Phe94,Phe96

VEGP- -7.3 Val25,Gly26, GIn27,Leu29, Lys89, Thr90,
androstenol GIn92, Pro93, Phe94, Phe96

VEGP— —-53 GIn27, Leu29, Lys89, Thr90, GIn92,
quinoline Pro93, Phe94, Phe96

https://doi.org/10.1021/acsomega.3c09211
ACS Omega 2024, 9, 4986—5001


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A OBP-Androstenone

D Pheromaxein-Androstenone

ww
7

) Charged (negative)

) Charged (positive)
Glycine
Hydrophobic

J Mewl

B ‘OBP-Androstenol C ‘OBP-Quinoline

e

H
“on
\ 3

99 “ \r.:j o .

E Pheromaxein-Androstenol F

@

1 SAL-Quinoline

sex
P
e

116

VEGP-Androstenol L

K

VEGP-Quinoline

g‘\ a"—/”
polar Disance —e Pi-@tion
) Unspecified residue - H-bond — Saltbridge
Water = Halogen bond Solvent exposure
Hydration site — Metal mordination

X Hydration site (displaced) e— Pi-Pi stacking

Figure 1. Two-dimensional representation of molecular interaction among the receptor protein—ligand complexes: (A) OBP—androstenone, (B)
OBP—androstenol, (C) OBP—quinoline, (D) pheromaxein—androstenone, (E) pheromaxein—androstenol, (F) pheromaxein—quinoline, (G) SAL—
androstenone, (H) SAL—androstenol, (I) SAL—quinoline, (J) VEGP—androstenone, (K) VEGP—androstenol, and (L) VEGP—quinoline.
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residues participating in ligand interactions. When androste-
none was docked with OBP, a binding affinity of —5.8 kcal mol ™
was achieved, and a single H-bond was formed with Ala93.

Interestingly, androstenol exhibited a similar binding affinity
(—5.8 kcal mol™") when docked with OBP, but an H- bond was
formed with the Lys133 residue. In contrast, quinoline displayed
alower binding affinity of —6.8 kcal mol ™! when docked with the
OBP, without H-bond interactions. Pheromaxein docking with
androstenone, androstenol, and quinoline yielded binding
affinities of —7.3 kcal mol™, —6.9 kcal mol™!, and —5.1 kcal
mol™!, respectively. Quinoline did not form an H-bond with
pheromaxein. Docking of SAL with androstenone generated a
binding affinity of —6.5 kcal mol ™" without H-bond interactions.
Conversely, androstenol formed a H-bond with the Glu37
residue of SAL but with less binding affinity (—6.3 kcal mol™").
Interestingly, quinoline formed an H-bond with the Argl7$
residue of SAL, but the binding energy was the highest among all
complexes in this study at —4.5 kcal mol™". Lastly, when docking
with VEGP, androstenone and androstenol exhibited a binding
affinity of —7.7 kcal mol™" and —7.3 kcal mol ™" without H-bond
interactions. In contrast, quinoline displayed a lower binding
affinity of —5.3 kcal mol™" without H-bond interactions. The
docking experiments were conducted in triplicate, and the
resulting docked complexes were visualized by using the
Maestro-Schrodinger Suite. The 2-D representations of each
complex were generated using the Maestro-Schrodinger Suite
(Figure 1).

Molecular Dynamics Simulations. We conducted MDS
to assess the internal dynamics, conformational alterations, and
overall stability of both steroidal and putative quinoline ligands
when interacting with various receptor proteins at an atomistic
level. The MDS-generated trajectories for 12 protein—ligand
complexes were subsequently analyzed for the following:
RMSD, RMSEF, R,, SASA, and H-bonds (intramolecular and
intermolecular). When binding at the active sites of the protein,
the ligands may have produced conformational changes in their
structures, and their respective average values are given in Table
3.

Root-Mean-Square Deviation. We conducted RMSD
analyses for all simulated systems, focusing on the active sites
of each protein when the ligands were bound. For OBP, the
average RMSD values are ~0.12, ~0.12, and ~0.11 nm when
bound with androstenone, androstenol, and quinoline,

Table 3. Analysis of MDS Trajectories and the Respective
Average Values of RMSD, RMSF, R, and SASA

RMSD RMSF Rg SASA
complexes (nm) (nm) (nm (nm?)
OBP—androstenone ~0.12 ~0.08 ~1.48 ~85.59
OBP—androstenol ~0.12 ~0.07 ~1.48 ~85.96
OBP—quinoline ~0.11 ~0.07 ~1.48 ~84.64
pheromaxein— ~0.29 ~0.12 ~1.45 ~63.70
androstenone
pheromaxein— ~0.23 ~0.16 ~1.37 ~62.81
androstenol
pheromaxein—quinoline ~0.29 ~0.13 ~1.39 ~64.16
SAL-androstenone ~0.15 ~0.09 ~1.49 ~85.49
SAL-androstenol ~0.15 ~0.08 ~1.49 ~87.15
SAL-quinoline ~0.10 ~0.08 ~1.49 ~85.23
VEGP—androstenone ~0.18 ~0.11 ~1.55 ~96.13
VEGP—androstenol ~0.16 ~0.09 ~1.53 ~94.14
VEGP—quinoline ~0.16 ~0.09 ~1.52 ~93.11
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respectively, indicating the stability of the protein structure in
the presence of these ligands (Figure 2A). In pheromaxein, the
average RMSD values of androstenone, androstenol, and
quinoline are ~0.29, ~0.23, and ~0.29 nm, respectively (Figure
2B). Analyzing SAL, the average RMSD values are ~0.15, ~0.15,
and ~0.10 nm when interacting with androstenone, androste-
nol, and quinoline, respectively (Figure 2C). VEGP’s average
RMSD values are ~0.18, ~0.16, and ~0.16 nm with
androstenone, androstenol, and quinoline, respectively (Figure
2D). Overall, the RMSD values range from ~0.10 to ~0.29 nm,
with the OBP, SAL, and VEGP complexes demonstrating
relatively greater stability than the pheromaxein-ligand com-
plexes, as indicated by their lower RMSD values.

Root-Mean-Square Fluctuation. RMSF graphs for the
simulated complexes are depicted in Figure 3. RMSF values of
the complexes of OBP—androstenone, OBP—androstenol, and
OBP—quinoline were ~0.08, ~0.07, and ~0.07 nm, respectively.
Androstenone and androstenol increased the flexibility of the
beta-strands (residues 30—40, S8—62, and 108—115) (Figure
3A). RMSF value of pheromaxein—androstenol was ~0.16 nm
higher than that of pheromaxein—androstenone and pheromax-
ein—quinoline complexes (~0.12 and ~0.13 nm) (Figure 3B).
By contrast, RMSF value for SAL—androstenone (~0.09 nm)
was higher compared to SAL—androstenol and SAL—quinoline
(~0.08 and ~0.08 nm) (Figure 3C). Interestingly, the RMSF
value for VEGP—androstenone (~0.11 nm) was moderately
increased than that of other complexes (VEGP—androstenol
and VEGP—quinoline), (which were ~0.09 and ~0.09 nm,
respectively) (Figure 3D).

Rg- The overall R, values were between 1.37 and 1.55 nm for
all the proteins, with moderate variation in individual proteins.
The R, values for OBP—androstenone, OBP—androstenol, and
OBP—quinoline complexes were similar (~1.48 nm) (Figure
4A), thus representing no significant alterations. The R, values
for the pheromaxein—androstenone, pheromaxein—androste-
nol, and pheromaxein—quinoline complexes were ~1.45, ~1.37,
and ~1.39 nm, respectively (Figure 4B). The low R, value of
androstenol with pheromaxein indicates the high compactness
of the complex. Similar to those of the OBP—ligand complexes,
the average R, values for the SAL—androstenone, SAL—
androstenol, and SAL—quinoline complexes remain unchanged
(~1.49 nm for all the complexes) (Figure 4C). Nevertheless, R,
values for VEGP with ligands showed a moderate variation
(~1.55,~1.53,and ~1.52 nm for VEGP-androstenone, VEGP—
androstenol, and VEGP—quinoline, respectively) (Figure 4D).

Solvent Accessible Surface Area. The average SASA
values of the OBP—androstenone, OBP—androstenol, and
OBP—quinoline complexes were ~85.59, ~85.96, and ~84.64
nm?, respectively (Figure SA), thus affirming no significant
structural differences upon binding of OBP with the ligands.
However, the SASA for the OBP—quinoline complex was lower
than that for other complexes. The average SASA values of the
pheromaxein—androstenone, pheromaxein—androstenol, and
pheromaxein—quinoline complexes were ~63.70, ~62.81, and
~64.16 nm?, respectively (Figure SB), wherein pheromaxein—
androstenol showed lower values compared to other complexes.
SASA values of SAL—androstenone (~85.49 nm?) and SAL—
quinoline (~85.23 nm?) complexes were comparatively lower
than those of SAL—androstenol (~87.15 nm”) (Figure 5C).
Conversely, SASA values for VEGP—ligand complexes were the
highest. SASA values were ~96.13, ~94.14, and ~93.11 nm?,
respectively, for VEGP—androstenone, VEGP—androstenol,
and VEGP—quinoline complexes (Figure SD).
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Intramolecular and Intermolecular H-Bonding. The
intramolecular H-bonds formed in the 12 complexes were
calculated over SO ns (Table 4; Figure 6). We found 114

Table 4. Number of Intramolecular and Intermolecular H-
Bonds Formed in the Complexes

number of number of intermolecular
complexes intramolecularH-bonds H-bonds
OBP—androstenone ~114 0-2
OBP—androstenol ~114 0-2
OBP—quinoline ~117 0—-1
pheromaxein— ~62 0-1
androstenone
pheromaxein- ~57 0-2
androstenol
pheromaxein— ~60 0-1
quinoline
SAL—androstenone ~117 0—-1
SAL—androstenol ~117 0-2
SAL—quinoline ~125§ 0-1
VEGP—androstenone ~107 0-2
VEGP—androstenol ~107 0-2
VEGP—quinoline ~107 0-2

intramolecular H-bonds for OBP—androstenone and OBP—
androstenol, which are similar but less than those of OBP—
quinoline (Figure 6A). Of note, the least number of intra-
molecular H-bonds was found in pheromaxein—androstenone
(62), pheromaxein—androstenol (57), and pheromaxein—
quinoline (60) (Figure 6B). The number of intramolecular H-

bonds found in SAL—androstenone, SAL—androstenol, and
SAL-quinoline was 117, 117, and 125, respectively (Figure 6C).
VEGP—androstenone, VEGP—androstenol, and VEGP—quino-
line were found to have an average of 107 intramolecular H-
bonds (Figure 6D).

Next, we calculated the intermolecular H-bonds in the
complexes (Table 4; Figure 7). OBP—androstenone, OBP—
androstenol, and OBP—quinoline complexes had 0—2, 0—2, and
0—1 H-bonds, respectively (Figure 7A). The number of H-
bonds was 0—1, 0—2, and 0—1 H-bonds in pheromaxein—
androstenone, pheromaxein—androstenol, and pheromaxein—
quinoline complexes, respectively (Figure 7B). Interestingly, the
number of H-bonds for SAL-ligand complexes was the same as
pheromaxein—ligand complexes in that SAL—androstenone,
SAL—androstenol, and SAL—quinoline complexes had 0—1, 0—
2, and 0—1 H-bonds, respectively (Figure 7C). The VEGP—
androstenone, VEGP—androstenol, and VEGP—quinoline
complexes had an invariable number of H-bonds (0—2 for all
of the complexes) (Figure 7D).

PCA and Gibbs Free Energy. We found the OBP—
quinoline complex to be more stable and exhibit lower
correlated motions than those of the OBP—androstenone and
OBP—androstenol (Figure 8A). Figure 8B shows that
pheromaxein-androstenone occupied less correlated motions
than the pheromaxein—androstenol and pheromaxein—quino-
line complexes. Concurrently, the SAL—androstenone and
SAL—androstenol complexes exhibited less correlated move-
ments than SAL—quinoline (Figure 8C). Unlike other
complexes, all VEGP—ligand complexes exhibited varied
correlated motions (Figure 8D).
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The Gibbs free energy for principal components 1 and 2 of all
12 complexes is illustrated in Figure 9. The Gibbs free energies
for the OBP—androstenone, OBP—androstenol, and the OBP—
quinoline complexes were 0—10.5 kJ mol ™", 0—10 k] mol ™/, and
0—9.4 k] mol™". The Gibbs free energies were 0—10.6 kJ mol ",
0—11.6 kJ mol™, and 0—10.5 kJ mol™" for pheromaxein—
androstenone, pheromaxein—androstenol, and pheromaxein—
quinoline, respectively. SAL—androstenone, SAL—androstenol,
and SAL—quinoline showed Gibbs free energy values of 0—10.8
kJ mol ™", 0—10.9 k] mol ™, and 0—12 kJ mol ™", respectively. The
Gibbs free energies for VEGP—androstenone, VEGP—andros-
tenol, and VEGP—quinoline complexes were 0—10.9 kJ mol ™/,
0—10.3 kJ mol™', and 0—12.2 kJ mol™’, respectively. Many
complexes (OBP—quinoline, pheromaxein—quinoline, SAL—
androstenone, SAL—androstenol, and VEGP—androstenol) had
an intense, blue-colored area in the heatmap, indicating a lower
energy and thermodynamically stable complex.

MM-PBSA Calculation and Analysis of Binding
Affinity. The sum of all the nonbonded interactions is the
binding free energy, which was calculated using the MM-PBSA
approach for all the complexes over the last 25 ns of MDS (Table
5). The binding free energies for the OBP—androstenone,
OBP—androstenol, and OBP—quinoline complexes were
—69.793 + 14.564, —72.308 + 13.875, and —85.456 + 8.268
kJ mol™’, respectively (Figure 10A). Pheromaxein—androste-
none, pheromaxein—androstenol, and pheromaxein—quinoline
complexes revealed binding free energies of —81.256 + 11.373,
—86.224 + 28.933, and —10.836 + 26.782 k] mol !, respectively
(Figure 10B). We found highly variable binding free energies for
SAL—androstenone, SAL—androstenol, and SAL—quinoline
complexes (—48.590 + 15.181, —70.690 + 18.377, and

Remarkably, VEGP— androstenone and VEGP—androstenol
complexes exhibited the highest binding energy than any other
complexes of the present study (—133.622 + 10.854 and
—145.491 + 35.151 kJ mol™') and was threefold higher than
VEGP—quinoline complex (—30.188 + 18.352 kJ mol™")
(Figure 10D).

—26.744 + 21.500 kJ mol™, respectively) (Figure 10C).

B DISCUSSION

The chemical properties of the ligands play a critical role in
determining their binding efficiency with proteins, which, in
turn, initiates the neuroendocrine cascade during chemical
signaling. In silico assessment of the likelihood of protein—ligand
complex formation can be achieved through docking scores
representing energy values. Our study evaluated the docking
scores of three ligands in boar saliva (androstenone,
androstenol, and quinoline) with four different proteins (OBP,
pheromaxein, SAL, and VEGP). Our findings revealed that the
steroidal ligands exhibited the best energy scores when binding
with pheromaxein, SAL, and VEGP. Conversely, the OBP—
quinoline complex displayed a lower energy value, indicating the
possibility of effective binding. However, other quinoline
complexes (pheromaxein—quinoline, SAL—quinoline, and
VEGP—quinoline) showed higher energy values, suggesting
that quinoline may be less effective in binding with pheromaxein,
SAL, and VEGP compared to the steroidal ligands. In other
studies, ligand-binding assays have revealed high-aflinity
interactions, such as the binding of oleic acid and p-cresol
with buffalo nasal OBPs and lauric acid with Fel d1.""** The
docking score of p-cresol with B-lactoglobulin and OBP revealed
the high-affinity binding of p-cresol with OBP.*’ It is not
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surprising that p-cresol is an estrus-specific pheromone
identified in many body fluids.**”*® Docking of mice
pheromones (farnesol and 2-isobutyl-3-methoxypyranize) with
estrus urinary lipocalin protein revealed high binding energy.*”
These studies underscore the importance of specific ligand—
protein interactions in chemical communication. Moreover, the
docking of mouse pheromones and the binding of (z)-7-
dodecynyl acetate with African elephant trunk OBP further
support the pheromonal nature of these compounds.”® Our
docking analysis suggests that steroidal ligands indeed exhibit
pheromonal properties. However, quinoline could also be a
partial component of the boar saliva, as evidenced by its low
binding scores, albeit mainly with the OBP. Nevertheless,
quinoline may have limited roles in inducing consummatory
sexual behaviors in sows.

Next, we delved into the interactions between the ligands and
proteins by examining the amino acid residues involved."’
Quinoline exhibited interaction with 11 amino acid residues
(Leu68, PheSs, LeuS3, Met39, Phe3S, Tyr82, Val80, Asn86,
Phe88, Asn102, and Ile100) of the OBP, supporting our docking

4995

results. It has been demonstrated that odorants of unrelated
chemical structures can bind to pOBP with similar aflinities by
interacting with different amino acid residues in the binding
pocket.”” In contrast, SAL interacted with quinoline through
only five residues (Phel77, Cysl76, Argl7S, Aspl74, and
Ile173), fewer than the steroid ligands. VEGP interacted with
quinoline through eight residues with lower binding affinity
(GIn27, Leu29, Lys89, Thr90, GIn92, Pro93, Phe94, and
Phe96), compared to the steroid ligands. These findings imply
that quinoline displays a strong interaction primarily with OBP
but exhibits weaker interactions with other proteins compared to
steroidal ligands. Hydrophobic amino acids appeared to play a
significant role in these interactions, in line with previous studies
highlighting the hydrophobic nature of odorants and binding
pockets in carrier proteins.51’52

While docking analysis provided discernible information,
assessing the conformational flexibility of protein—ligand
complexes through MDS is equally important. In our study,
we conducted an RMSD analysis to gauge the conformational
flexibility of these complexes, which revealed interesting
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Figure 9. Gibbs free energy of various receptor protein—ligand complexes. The color bar indicates Gibbs free energies (in kJ/mol) corresponding to
conformational states, ranging from minimum (blue) to maximum (red) energy levels. (A) OBP—androstenone, (B) OBP—androstenol, (C) OBP—
quinoline, (D) pheromaxein—androstenone, (E) pheromaxein—androstenol, (F) pheromaxein—quinoline, (G) SAL—androstenone, (H) SAL—
androstenol, (I) SAL—quinoline, (J) VEGP—androstenone, (K) VEGP—androstenol, and (L) VEGP—quinoline.

findings.”” The RMSD of six ligands with buffalo nasal OBP
(bunOBP) attained equilibrium at around three ns and
remained relatively constant throughout the simulation,
suggesting that bunOBP binds to the odors (ligands) and
facilitates sexual communication in buffalo.'! However, it is
worth noting that we observed highly fluctuating RMSD values
for some of the protein—ligand complexes during the simulation.
Nonetheless, the complexes involving OBP, SAL, and VEGP
appeared relatively stable, as evidenced by their RMSD values.

We also examined the RMSF, which implies the structural
flexibility of the proteins, by analyzing fluctuations in protein
residues.”* Interestingly, the RMSF values of pheromaxein—
ligands and VEGP-ligands were comparatively higher than
those of the OBP-ligands and SAL-ligands complexes,
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indicating the higher flexibility of pheromaxein and VEGP. In
particular, pheromaxein-androstenol exhibited the highest
RMSEF value, suggesting pronounced flexibility. Furthermore,
the RMSF of VEGP—androstenone was relatively higher than
that of the VEGP—androstenol and VEGP—quinoline com-
plexes, indicating the high flexibility of VEGP. Quinoline
exhibited a higher RMSF and greater flexibility when interacting
with pheromaxein compared to other proteins (OBP, SAL, and
VEGP). OBP-p-cresol complex revealed a high fluctuation of 20
residues at both alpha termini of OBP, as judged by the high
RMSF values, rendering support for OBP in contrast to our
results.””> Nevertheless, the RMSF of many protein—ligand
complexes is highly correlated with RMSD. Zhao et al. suggest
high RMSF as an indicator of increased flexibility of the residues
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Table S. Calculation of Binding Free Energy of the Complexes

electrostatic ener:
(£SD) kJ mol~

—14.459 + 23.333

van der Waals energy
(£SD) kJ mol™*

—83.359 + 14.932

complexes

OBP—androstenone

polar solvation energy
(£SD) kJ mol™*

38.559 + 14.322

SASA energy
kJ mol~

—10.533 + 1.297

Total Binding energy
(£SD) kJ mol™!

—69.793 + 14.564

g-'_-SD)

OBP—androstenol —86.731 + 11.477 —3.026 + 8.863 27.675 + 11.689 —10.226 + 1.259 —72.308 + 13.875
OBP—quinoline —84.120 + 9.300 —=7.872 + 7475 16.331 + 2.562 —9.795 + 0.769 —85.456 + 8.268
pheromaxein— —79.538 + 9.294 —4.637 + 18.444 13.725 + 19.305 —10.806 + 0.802 —81.256 + 11.373
androstenone
pheromaxein— —98.669 + 13.887 —15.034 + 13.091 39.375 + 18.667 —11.897 £ 1.151 —86.224 + 28.933
androstenol
pheromaxein— —8.241 + 13.448 —0.993 + 3.088 —0.064 + 24.604 —1.538 +2.059 —10.836 + 26.782
quinoline
SAL—androstenone —86.634 + 9.082 —1.941 + 3.428 50.309 + 18.026 —10.324 + 0.677 —48.590 + 15.181
SAL—androstenol —89.087 + 11.994 —4.214 + 6.897 31.827 + 16.298 —9.216 + 1.257 —70.690 + 18.377
SAL—quinoline —28.658 + 19.064 —9.403 + 9.696 15.168 + 19.284 —3.852 +2.593 —26.744 + 21.500
VEGP— —143.716 + 11.246 —14.864 + 5.660 40.529 + 6.155 —15.571 + 0.81 —133.622 + 10.854
androstenone
VEGP—androstenol —150.073 + 25.933 —2.782 + 4.331 23.556 + 10.759 —16.191 + 1.297 —145.491 + 35.151
VEGP—quinoline —26.411 + 21.163 —6.958 + 8.358 7.297 + 25.669 —4.115 + 2.984 —30.188 + 18.352
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Figure 10. Binding free energy of the receptor protein—ligand complexes exhibited by various energy forms. (A) OBP—androstenone (grass green
color), OBP—androstenol (azure color), and OBP—quinoline (mustard color); (B) pheromaxein—androstenone (lilac color), pheromaxein—
androstenol (clay color), and pheromaxein—quinoline (sea foam color); (C) SAL—androstenone (navy blue color), SAL—androstenol (royal purple
color), and SAL—quinoline (pear color); (D) VEGP—androstenone (red color), VEGP—androstenol (crystal blue color), and VEGP—quinoline

(green color).

that bind with the ligands.® In agreement with this and based on
RMSD and RMSF, we propose pheromaxein and VEGP as the
most flexible proteins and androstenol and androstenone as the
favorable ligands.

The compactness of the protein—ligand complexes was
assessed through R, values, which we found to be highly
correlated to the RMSD values. Ligands exhibiting elevated R,
values tend to possess greater flexibility, rendering them more
prone to instability. Conversely, lower R, values signify
conformations that are tightly packed and densely structured.
This analysis aids in discerning the stability and flexibility of
ligands within the molecular system under investigation.”” The
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R, values remain constant for stable proteins but fluctuate for
relatively unstable proteins, thus denoting the loss of compact-
ness.’®”” In our study, pheromaxein—ligand complexes
exhibited the lowest R, values, implying the high compactness
of pheromaxein compared to that of other proteins. This
suggests that pheromaxein is the most stable protein among the
complexes. Although the R, values differed for the other three
protein—ligand complexes, they did not vary considerably. R,
values indicate that pheromaxein is the only stable protein. The
VEGP-ligand complexes exhibited the highest R, values,
indicating low compactness, contrary to RMSF data but in
concert with RMSD results. Given the R, values, it is highly
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plausible to attribute pheromaxein to a key protein in porcine
chemical communication. Indeed, pheromaxein is found only in
the submandibular gland of boars and is secreted into saliva
along with steroids.'” The high SASA values were inferred to
contribute to the flexibility and extended conformation.*’
However, SASA analysis provided contrasting results with the
lowest SASA values for pheromaxein—ligand complexes. In
contrast, SASA values for other protein—ligand complexes were
high, aligning with the RMSD data. These conflicting results
from RMSD, RMSF, R;, and SASA analyses suggest that the
behavior of these complexes is complex and may be influenced
by multiple factors.

H-bonds are involved in protein folding and stability,
contributing to the intrinsic flexibility of proteins.”' Intermo-
lecular H-bonds and intramolecular H-bonds serve different
functions, with intermolecular H-bonds improving the enthalpic
term of the free energy of binding, while intramolecular H-bonds
stabilize the interface between the molecule and proteins.”> In
our analysis, we observed a high number of intramolecular H-
bonds in the SAL—ligand and the OBP—ligand complexes, with
quinoline exhibiting the highest number of intramolecular H-
bonds. Conversely, the fewest intramolecular H-bonds were
observed in pheromaxein—ligands, whereas VEGP—ligands had
a moderate number. Remarkably, SAL—quinoline and OBP—
quinoline complexes exhibited a higher number of H-bonds
compared with other protein-steroid complexes. This observa-
tion contrasts with a study by Durairaj et al., which reports
increased H-bonds between Fel d1 and certain ligands (proven
feline pheromones) but decreased H-bonds between Fel d1 and
androstenone.®® However, in our study, androstenone showed
many H-bonds only with pheromaxein. The analysis of
intramolecular H-bonds reveals two significant findings. First,
it supports the established role of androstenone as a porcine
pheromone. Second, it provides evidence that quinoline may
indeed be a salivary molecule with potential pheromonal
properties. We anticipate similar findings for the intermolecular
H-bonds. However, it is worth noting that intermolecular H-
bonds for quinoline appeared to be lower when interacting with
three proteins (OBP, pheromaxein, and SAL).

Finally, we calculated the free binding energies of the
protein—ligand complexes. The lowest free binding energy
was attributed to effective binding, in that pyrido-fused
imidazo[4,5-c]quinoline derivative binds effectively with
phosphoinositide 3-kinase.”* In our study, pheromaxein—
quinoline, SAL—quinoline, and VEGP—quinoline complexes
exhibited low free binding energies. However, the free energy of
the OBP—quinoline was higher than those of the OBP—
androstenone and OBP—androstenol. Given this notion and
taking support from intramolecular H-bonds, we suggest
quinoline as a putative molecule owing to its low binding free
energy with the three receptor proteins.

Lastly, the compounds’ solubility and size can influence their
binding efficiency to receptor proteins. For instance, a study by
Moitrier et al. showed that the pyrazine analogs exhibited low-
level nonspecific binding with mouse OBPS, whereas odorants
of different chemical classes showed increased binding affinity.”'
Our study consistently observed a strong binding affinity for the
high molecular weight steroid ligands. In contrast, quinoline is a
relatively low molecular weight heterocyclic compound, which
may contribute to its distinct binding with receptor proteins.

Our study aligns with and further supports the findings of
Guiraudie et al. and provides several key spoints to consider in the
context of porcine chemical signaling:6~
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1 Guiraudie et al. proposed VEGP as a potential receptor for
steroids, especially testosterone. Our data aligns with this
proposal, as limited evidence supports VEGP’s role as a
receptor protein.65

2 SAL isoform identified in the VNO revealed a high
binding affinity toward progesterone and oleic acid,
suggesting structural similarities between progesterone
and androstenone/androstenol. Our study partially
supports this idea, as we found evidence of SAL’s
interaction with androstenone and androstenol.

3 Our study provides convincing evidence that pheromax-
ein binds to steroids and quinoline, reinforcing its
significance in porcine chemical signaling.

4 Itis conceivable that the perception and discrimination of
different odor molecules (ligands studied here) in pigs
could be achieved by synergistic or sequential activation
of different proteins in both the nasal mucosa and the
VNO. This concept has already been demonstrated in
mice, where the main olfactory szstem and the VNO
synergistically detect pheromones.®®

Finally, the studies by Manikkaraja et al. on buffaloes and Zhu
et al. on giant pandas highlight the diversity of OBPs and their
differential affinities for various ligands.*>®” These findings
suggest that different isoforms of OBPs and potentially other
receptor proteins may also exist in the Suidae family. These
isoforms could serve as carriers for various ligands, enhancing
the efficiency of chemical communication in pigs.

B CONCLUSIONS

The study highlights quinoline’s superior binding efliciency with
OBP, supporting its potential role in the boar pheromone
mixture based on MM-PBSA calculations. Overall, the results
offer valuable insights into the molecular dynamics of
pheromone binding, advancing our understanding of potential
olfactory cues in boars. Though the mechanistic insights into the
binding of various ligands with different receptor proteins are
revealed in silico, the function of quinoline is still obscure. To
establish quinoline as a pheromone, a more extensive sampling
of boars from diverse populations is required to determine its
frequency and variability, and thereby to understand the factors
influencing quinoline production and its role in chemical
communication. Research should delve deeper into how
quinoline interacts with the porcine olfactory system and the
resulting behavioral and physiological responses in sows. Our
data offer partial support for the potential binding of quinoline
with receptor proteins, shedding light on its involvement in
chemical communication. Furthermore, we present empirical
evidence of the significance of salivary molecules in boars, which
play a crucial role in inducing estrus behaviors and hold
commercial importance. However, it is important to note that
this proof-of-principle study warrants further in vivo inves-
tigation to validate our findings. This research serves as a
foundational step for future experimental studies, offering a
platform for a deeper exploration of the broader spectrum of
porcine pheromones and their functional roles. In summary,
while the presence of quinoline in boar saliva is intriguing,
further research is essential to determine its prevalence,
variability, and precise role in porcine chemical signaling.
Addressing these questions will contribute significantly to our
understanding of this putative molecule (quinoline) and its
potential impact on pigs’ behavior and reproductive success.
Eventually, a more comprehensive understanding of porcine
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chemical signaling can affect various aspects of pig husbandry,
reproduction, and the pork industry.
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