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Abstract: Toll-like receptor 2 (TLR2) is a major membrane-bound receptor with ligand and species
specificity that activates the host immune response. Heterodimerization of TLR2 with TLR1 (TLR2/1)
or TLR6 (TLR2/6), triggered by ligand binding, is essential to initiating the signaling pathway.
Bovine TLR2 (bTLR2) heterodimerization has not been defined yet compared with human and mouse
TLR2s (hTLR2 and mTLR2). The aim of the present study was to model bovine TLRs (TLRs 1, 2
and 6) and create the heterodimeric forms of the bovine TLR2 using molecular dynamics (MD)
simulations. We compared the intermolecular interactions in bTLR2/1-PAM3 and bTLR2/6-PAM2
with the hTLR2 and mTLR2 complexes through docking simulations and subsequent MD analyses.
The present computational findings showed that bTLR2 dimerization could have a biological function
and activate the immune response, similar to hTLR2 and mTLR2. Agonists and antagonists that
are designed for hTLR2 and mTLR2 can target bTLR2. However, the experimental approaches to
comparing the functional immune response of TLR2 across species were missing in the present study.
This computational study provides a structural analysis of the bTLR2 interaction with bTLR1 and
bTLR6 in the presence of an agonist/antagonist and reveals the three-dimensional structure of bTLR2
dimerization. The present findings could guide future experimental studies targeting bTLR2 with
different ligands and lipopeptides.

Keywords: bovine toll-like receptors; dimerization; homology modeling

1. Introduction

Toll-like receptors (TLRs) are membrane-bound proteins expressed in different types
of cells, where they are involved in recognizing pathogen-associated molecular patterns
(PAMPs) and mediating immune responses [1,2]. TLRs consist of an extracellular do-
main (ECD) that recognizes PAMPs, a transmembrane domain, and an intracellular toll-
interleukin-1 receptor (TIR) domain for signaling [3].

The activation of TLRs relies mainly on their dimerization, where they pair with
another TLR (hetero- and homodimerization). The binding of specific ligands to the ECDs of
TLRs (TLR1-6) leads to dimerization by creating stable protein–protein interactions between
TLR chains [4]. Those interactions are generated by hydrogenic bonding, non-covalent
contacts, electrostatic forces, or hydrophobic effects between defined charged residues on
the proteins [5]. TLR2 dimerization with TLR1 or TLR6 is required to initiate and mediate
intracellular signaling during different innate immune responses in mammals. Quite
recently, we reported the selective activation of the TLR2/1 heterodimer but not the TLR2/6
heterodimer to mediate the sperm-induced inflammation in the bovine uterus [6]. However,
bovine TLR2 (bTLR2) heterodimerization has not been defined yet, at the molecular level,
compared with human and mouse TLR2s (hTLR2 and mTLR2).
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All available TLR2 agonists, such as Pam3CSK4 (PAM3) for the TLR2/1 heterodimer
and Pam2CSK4 (PAM2) for the TLR2/6 heterodimer, are primarily synthetic lipoproteins
designed for targeting hTLRs and mTLRs but not bTLRs [1,7]. Nevertheless, these ag-
onists are usually used in bovine experimental models to activate the TLR2 signaling
pathway [6,8–11]. Of note, TLR2 seems to play a key role in regulating the different re-
productive events in bovines under physiological conditions [12,13]. Therefore, a better
understanding of bTLR2 signaling/dimerization is now necessary and may lead to the
development of therapeutic strategies that control the inflammatory responses in reproduc-
tive phenomena and improve fertility. Bovine immune cells showed lower responsiveness
to TLR2 ligands (i.e., PAM3) compared to human cells [8]. This difference was due to
the differences in ECDs between hTLR2 and bTLR2, while the TIR domains were similar
across the species [8]. Therefore, the current study aimed to model the three-dimensional
(3D) structure of the ECD of bovine TLRs (TLR1, 2, and 6) and design the dimeric form
of TLR2 for comprehensive computational testing. This was achieved through modeled
protein structure prediction methods, molecular dynamics (MD) simulations, and structural
alignment techniques.

2. Results
2.1. Homology Modeling and Validation of Bovine TLRs

In the present study, we applied the homology modeling method to construct a 3D
structure of bTLR2, bTLR1, and bTLR6. The available ECD structures of these TLRs, pro-
vided by the PDB, were used as templates along with the bovine constructed models.
The initial models were subjected to MD simulation to define the stability of the models.
Figure 1A illustrates the root-mean-square deviation (RMSD) of bTLRs during the MD sim-
ulation. The plot shows that all of the TLR models reached an equilibrium state after 30 ns
of simulation and kept their stability up to the end of the dynamics (100 ns) (Figure 1A).
The final snapshot obtained from the MD simulation revealed the typical horseshoe-shaped
structures of the ECDs for bTLRs with an average RMSD of 2 Å (Figure 1B).
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Figure 1. (A) RMSD plot after applying 100 ns MD simulation, confirming equilibration and structural
optimization. (B) Optimized structures of bovine TLR1, TLR2, and TLR6 obtained through homology
modeling followed by 100 ns MD simulation.

The processed bTLR structures were validated for stereochemical parameters through
the Ramachandran plot. The Ramachandran plot recorded that 100% of all residues in the
allowed region for mTLR2, hTLR1, and mTLR6 originated from X-ray crystallography; it
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was 99.8% for hTLR2. Importantly, the Ramachandran plot showed the high accuracy of
the bTLR structures that were obtained from homology modeling. It illustrated that more
than 99% of residues in all the constructed models lay in the allowed region (Figure 2 and
Supplementary Table S1). For bTLR2 and bTLR1, only one residue falls in the disallowed
region (Cys30 and Ser547, respectively). Additionally, two residues are detected in the
disallowed region for bTLR6 (Ser116 and His311) (Figure 2 and Supplementary Table S1).
We also examined the Ramachandran plot for the modeled generated structures of hTLR6
and mTLR1. Since there are no crystal structures available for these TLRs, we utilized the
structures obtained from the published UniProt database to assess them. These structures
were predicted using the AlphaFold server. The results showed that all residues of mTLR1
(Q9EPQ1) fall within the allowed regions, while for hTLR6 (Q9Y2C9), there is one residue
(Glu290) located in the disallowed region.
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In addition, the overall quality factors were computed for TLRs in all species using
the ERRAT program. This program assesses the quality of a protein’s 3D structure by
analyzing the interaction of non-bonded atoms in the amino acids. A score exceeding 50
is generally indicative of a high-quality structure [14]. The ERRAT plots show an overall
quality factor above 80% in all the TLRs of the studied species, signifying high-quality
structures in human and mouse crystal structures, as well as in the modeled designed
structures for bovines. For instance, the scores are 85.1 and 87.1 for bTLR1 and hTLR1,
respectively. Regarding TLR2, the scores are 85.8, 86.6, and 87.7 for bTLR2, hTLR2, and
mTLR2, respectively. Finally, for TLR6, the scores are 87.7 and 80.8 for bTLR6 and mTLR6,
respectively. These results clearly demonstrate the highly accurate 3D structure generated
for bovine TLRs (Supplementary Materials).

2.2. Generating Dimer Form of Bovine TLRs through Structural Alignment

Since the bovine TLRs have not been experimentally obtained, the crystal structures
for the human (hTLR2/1) and mouse (mTLR2/6) TLR2 dimeric forms were utilized to
align and recognize the new coordinates of bTLRs (Figure 3A) [1,2]. The new coordinates
for bovine TLRs were acquired, isolated, and then merged to generate the heterodimeric
form of bTLR2 (bTLR2/1 and bTLR2/6), followed by a 150 ns MD simulation (Figure 3B).
The bTLR2/1 dimeric proteins displayed stability immediately upon the beginning of
the simulation, with RMSD values between 0.2 and 0.4 nm (Figure 3B). In contrast, for
TLR2/6, there was an increasing trend in the RMSD up to 20 ns (rising from 0.2 nm to
0.8 nm), followed by oscillations between 0.6 nm and 0.8 nm with an amplitude of 0.2 nm
(Figure 3B). Upon validating the accuracy of the MD simulation, the trajectory was further
utilized for analysis.
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Figure 3. (A) Structural alignment of optimized bovine TLRs with their experimentally crystal-
lized human and mouse counterparts. (B) Optimized bovine TLR2/1 and TLR2/6 heterodimers
after applying 150 ns MD simulation. RMSD plots confirm the equilibration and the structural
optimization.

Additionally, we investigated the structural differences with the template modeling
score (TM-score) using the TM-align tool [15]. Two protein structures with TM-scores > 0.5
seem to have a perfect match, while those with scores > 0.8 certainly have the same
folding [16]. Interestingly, the scores obtained between bTLR2-hTLR2, bTLR1-hTLR1,
bTLR2-mTLR2, and bTLR6-mTLR6 were 0.9, 0.8, 0.8, and 0.8, respectively.
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The initial analysis involved calculating the binding free energy using the molecular
mechanics/Poisson–Boltzmann surface area (MM/PBSA) method between the two TLRs
in their dimeric forms. To accomplish this, the binding energies were computed in three
different systems (in the absence/presence of the agonist and using the initial structures
obtained from HADDOCK). The results of the MM/PBSA method are presented in Table 1
and Supplementary Table S2. In the application of protein–protein docking in the Haddock
2.4 web server [17], the residues participating in hydrogen bonding in TLR interaction were
determined through Ligplot analysis [18]. These residues were identified as active sites
at the contact interface of TLRs (Supplementary Figure S1). The HADDOCK web server
was used to obtain protein–protein complexes, enabling the examination and validation
of residues within the contact site between the two TLRs in their dimeric forms. The
best conformer (from HADDOCK) was then used as the initial structure for the MD
simulation, subsequently calculating the binding free energies. For the initialization of the
MD simulation, cluster 1 was selected as the best-docked complex based on the superior
HADDOCK score, computed using the following formula: Score = 1.0 * Evdw + 0.2 *
Eelec + 1.0 * Edesol + 0.1 * Eair. The optimal HADDOCK scores for both TLR2 dimers
are provided in Supplementary Table S3. Both van der Waals and hydrogen-bonding
interactions contribute to the interface of TLRs in their dimeric forms. However, the
MM/PBSA results unequivocally indicate a lack of significant affinity between the two
TLRs, suggesting that TLR2 dimers cannot stabilize under physiological conditions in
bovine species. The interaction energies between TLR2 and TLR1 averaged 423.7 kcal/mol
(Table 1). Similarly, the interaction energy between TLR2 and TLR6 was measured at
240 kcal/mol.

Table 1. Binding free energies (Kcal/mol) using MM/PBSA method for bTLR dimers in the last 10 ns
of the MD simulation.

TLR2–
TLR1

TLR2–
TLR6

TLR2/1–
PAM3

TLR2/6–
PAM2

TLR2–
PAM3

TLR1–
PAM3

TLR2–
PAM2

TLR6–
PAM2

bTLR2/1-PAM3
system 448.8 NA −289.9 NA −245.5 −15.4 NA NA

bTLR2/6-PAM2
system NA 339.6 NA −36.1 NA NA −28.4 −3.2

NA: not applicable.

The residues involved at the interface of the TLR2 dimers are illustrated in Supplemen-
tary Figure S1. There are notable similarities and differences between the two TLR2 dimers.
In both dimers, Asp565, Arg571, Ser566, and Arg447 of TLR2 play crucial roles, engaging
in hydrogen bonds with corresponding residues in TLR1 (Ser507, Glu535, Asn508-Gln531,
and Ser436, respectively) and TLR6 (Ser508, Asn509, Cys533, and Trp412, respectively).
However, distinct differences arise. In the TLR2/1 heterodimer, Lys490, Asn397, Arg398,
Ser445-Glu369, and Asn345 of TLR2 form hydrogen bonds with residues in TLR1 (Asp561,
Gln387, Lys385, Arg460, and Lys389, respectively). On the other hand, in TLR2/6, Glu375
and Asn534 of TLR2 establish hydrogen bonds with Arg342-Asn509 and Arg463 of TLR6,
respectively.

2.3. The Interaction of TLR2 Agonists (PAM3 and PAM2) with Bovine TLRs

To investigate the influence of agonists on bovine TLR2 dimerization, the agonists
were initially docked into the main binding site of the bTLRs (Supplementary Figure S2).
The docking details were adapted from agonist docking to human and mouse TLRs [1,2,6].
Following the docking studies, a 150 ns MD simulation was employed (Figure 4A). The
RMSD plot of the protein backbone for two systems, bTLR2/1-PAM3 and bTLR2/6-PAM2,
distinctly demonstrates the equilibration in both systems following a 150 ns MD simulation
(Supplementary Figure S3). After the initial 70 ns, the RMSD fluctuated within the range
of 0.6–0.8 nm and 0.2–0.3 nm for bTLR2/1-PAM3 and bTLR2/6-PAM2, respectively. The
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binding free energies (BFEs) obtained using MM/PBSA to predict the agonist’s binding in
the bTLRs are presented in Table 1 and Figure 4B. The MM/PBSA results underscored that
the interaction of the agonists with TLR2 is stronger than that found in TLR1 and TLR6. For
instance, the BFE for TLR2-PAM3 was −245.5 Kcal/mol, whereas for TLR1-PAM3, a BFE
of −15.4 Kcal/mol was observed. Regarding TLR2-PAM2, the BFE was −28.4 Kcal/mol,
while for TLR6-PAM2, the BFE was −3.2 Kcal/mol. Additionally, the computed BFE was
−245.5 kcal/mol for bTLR2/1-PAM3, and −36.1 kcal/mol for bTLR2/6-PAM2 (Table 1).
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Figure 4. (A) Optimized structures of bovine TLR2/1-PAM3 and bTLR2/6-PAM2 after applying
150 ns MD simulation. (B) Binding free energy calculated for PAM3 and PAM2 with the main binding
site of TLRs in the last 10 ns of MD simulation using MM/PBSA approach. (C) Center of mass (COM)
analysis for PAM3 and PAM2 with the main binding sites of TLRs, demonstrating strong affinity.
(D) Radial distribution function (RDF) of PAM3 and PAM2 with the main binding site of TLRs during
MD simulation, confirming COM result with a peak at 0.5 nm.

Moreover, the center of mass (COM) analysis demonstrated the stable interaction
between the agonists and the main binding sites of the TLRs (Figure 4C). The amplitude of
COM remained consistently below 1.5 nm, with minor fluctuations over the 150 ns MD
simulation. Specifically, in the case of TLR2/1-PAM3, the distance between PAM3 and the
main binding site of TLR1 initially measured 1.4 nm, fluctuating to approximately 1.2 nm
during the simulation. A similar pattern emerged for PAM3 and the main binding site of
TLR2, beginning at 0.8 nm and oscillating around 1 nm. For TLR2/6-PAM2, the distance
between PAM2 and the main binding site of TLR6 fluctuated around 1 nm, while for TLR2,
it was approximately 0.8 nm. These data collectively affirm the substantial stability of
PAMs in proximity to the main binding sites of the TLRs.

In addition, the radial distribution function (RDF) was employed to explore the spatial
distribution of PAMs around the binding site of the TLRs (Figure 4D). Peaks in the RDF
curve signify areas of elevated PAM density in close proximity to the main binding site
of the TLRs. Notably, a distinct peak emerged at approximately 0.8 nm, signifying the
closest approach between the PAMs and the main binding site of the TLRs. These findings
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unequivocally demonstrate a robust affinity between the PAMs and the main binding site
of the TLRs throughout the MD simulation.

The MD simulation time was extended to 300 ns to confirm the stability of the TLRs
in the presence of an agonist. The COM distance between the agonist and the TLRs is
illustrated in Supplementary Figure S4. The analysis of the COM data is indicative of the
strong and stable interaction between the agonist and the TLRs over a 300 ns simulation.

Figure 5 illustrates the hydrophobic interactions between the PAMs and the TLRs
in the three different species. Due to the presence of hydrophobic residues within the
central channel of the TLRs, hydrophobic interactions occur between the acylated chains
of the PAMs and the main binding site of the TLRs. However, the peptide chain of
the PAMs can engage in various types of interactions, including electrostatic, hydrogen
bonding, and polar interactions, primarily with the polar residues in the binding sites of
the TLRs. While the residues in the main binding site of the TLRs across all three species
share a hydrophobic character, there are some differences observed. For instance, the
hydrophobicity of hTLR2 is higher in the human TLR2/1 heterodimer than in its bovine
counterpart. In addition, the hydrophilic part is larger in bTLR2/6 compared to mTLR2/6.
The residues participating in H bonds and those involved in hydrophobic contacts are
shown in Supplementary Figure S5, according to the Ligplot analysis. The types and
number of residues involved in the interaction between the TLR2 heterodimers and the
PAMs are summarized in Supplementary Table S4. The high number of polar residues
in the bovine heterodimers can explain the presence of hydrophilic parts in these dimers
when compared to humans and mice (Figure 5).
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Figure 5. Residue types in TLR dimers interacting with PAMs in bovine, human, and mouse models.
Brown denotes hydrophobic residues, while blue indicates polar or electrostatic residues. Acylated
chains of PAMs engage in hydrophobic interactions, while the peptide section engages in electrostatic,
H bonds, or polar interactions.

Additionally, a protein sequence alignment was conducted, including TLRs from
three species: humans, bovines, and mice. The findings of this alignment are presented in
Supplementary Figure S6. The analysis revealed variations in pocket site residues among
these species. Specifically, in humans, Thr335, Pro306, and Leu266 were identified as
occupying the pocket sites. In mice, these residues underwent mutations to Leu335, Leu306,
and Phe266. In the case of bovine TLR2 (bTLR2), the critical residues were determined to be
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Thr335, Leu306, and Phe266. This comparative analysis sheds light on the species-specific
variations in TLRs and their corresponding pocket site residues.

2.4. Interaction between TLR2/1 Antagonist (CU-CPT22) and TLRs of Humans, Mice, and
Bovines

Initially, the antagonist was docked to the main binding site of the TLRs using dimeric
and monomeric forms, and then a 150 ns simulation was conducted. The antagonist
effectively binds to the main binding site of TLR1 and TLR2 in their monomeric forms and
fails to bind to TLR6 across all three species (Figure 6). Furthermore, the COM analysis
affirms a strong affinity between the antagonist and TLR1 and TLR2 (Figure 7). For instance,
in the case of TLR1, the COM starts at approximately 0.5 nm (in the initial docking structure),
and the antagonist maintains this position over the simulation time. Similarly, for TLR2 in
all species, the variation in COM is minimal and reaches a stability state around 0.4 nm
after approximately 40 ns. On the other hand, there is an absence of interaction between
the antagonist and the main binding site of bovine and human TLR6, with a sharp increase
in the COM plot after 20 ns.
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of TLRs in monomeric forms. The data indicate a strong interaction between the antagonist and the
main binding sites of TLR2 and TLR1. However, for TLR6, the antagonist cannot remain at the main
binding site and occupies another pocket.

To provide further clarity on the interaction between the antagonist and the bovine
TLRs, we conducted RMSD calculations for both the bound and unbound states of the
antagonist and the TLRs [19]. The results are illustrated in Supplementary Figure S7.
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The RMSD analysis indicated a lower deviation in the bound states compared to the
unbound states, underscoring the interaction between the antagonist and TLR2 and TLR1.
However, this difference was not significant for TLR6–antagonist complex structures,
as expected. Additionally, we calculated the distance between an oxygen atom of the
ligand and a carbon alpha of the main residue in the binding site. The distance analysis
aligns with the COM analysis between the antagonist and the main binding site of the TLRs,
highlighting a strong affinity between the antagonist and TLR2 and TLR1, but not with TLR6
(Supplementary Figure S8).

Moreover, the RDF analysis for the antagonist and the main binding site of the TLRs in
their monomeric forms aligns with the COM results (Supplementary Figure S9). Regarding
TLR1 and TLR2 in all species, the first peak occurs approximately at 0.5 nm, signifying a
strong interaction between the antagonist and the main binding site of TLR1 and TLR2
across all species. Conversely, for TLR6, the initial peak occurs at approximately 2 and
2.5 ns (in bovines and mice, respectively), confirming the absence of interaction between
CU-CPT22 and TLR6.

Additionally, we docked CU-CPT22 to TLR2/1 and TLR2/6 dimers in all species and
applied a 150 ns MD simulation (Figure 8). The antagonist engages with specific residues
from both TLRs in their dimeric forms after docking simulation. However, following the
150 ns MD simulation, the antagonist migrates towards the main binding site of TLR2
(Figure 8). The Ligplot results indicate that, after the MD simulation, the residues of TLR2
are involved in the interaction with the antagonist in the TLR2/6 dimers in the bovine and
mouse species, as well as in the TLR2/1 dimer in the human species. This implies that
the antagonist effectively blocks the TLR2 main binding site to a greater extent than TLR1
or TLR6 in their dimeric forms. However, in the case of bovine TLR2/1, it appears that
certain residues of TLR1 are also involved (His344 and Val343). For the TLR2/1 dimer and
antagonist, the COM distance is smaller in TLR2 compared to TLR1. Interestingly, in bovine
TLR2/1, the antagonist is positioned at the interface of the TLR dimer, and over time, the
COM for TLR2 decreases. Meanwhile, the COM distance becomes notably higher for TLR6
after 70 ns compared with TLR2 (Figure 9). The reverse trend of the COM for TLR1 or TLR6
indicates the binding preference of the antagonist to the main binding site of TLR2 in its
dimeric form. Moreover, the RDF analysis affirms a strong affinity between the antagonist
and TLR2 relative to TLR1 and TLR6 across all species (Supplementary Figure S10).

2.5. Prediction of Glycosylation Sites in Bovine TLRs

The glycosylation patterns of proteins play a pivotal role in their functions. How-
ever, these glycosylation patterns remain unknown in bTLRs due to the absence of crystal
structures. To address this knowledge gap, we employed structural models of bTLRs
from human and mouse TLRs. Initially, we conducted an in-depth analysis of glyco-
sylated residues within the established crystal structures of human and mouse TLR2s
(Supplementary Figure S11). Subsequently, we utilized a comprehensive structural align-
ment to clarify equivalent residues within the bTLR2 sequence that could potentially be
glycosylated sites. Of note, the three Asn residues in human TLR2 have equivalent counter-
parts in bovine TLR2 (Asn199, Asn414, and Asn442) that are candidates for glycosylation
(Figure 10A). Similarly, out of the four Asn residues in human TLR1, two residues (Asn51
and Asn429) find their equivalents in bovine TLR1 (Asn55 and Asn433). In the case of TLR6,
out of the eight Asn residues in mouse TLR6, four have equivalent Asn residues in bovine
TLR6 (Asn253, Asn285, Asn359, and Asn434). Following glycosylation of these equivalent
Asn residues, the structural models of bovine TLR2 heterodimers were refined through
a 150 ns MD simulation. The resulting structures in their dimeric forms are indicated in
Figure 10B. The glycosylation sites apparently occur away from the main binding pocket in
the 3D structure of all TLRs. Additionally, the optimized pdb structures are made available
for researchers interested in further investigation.
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Figure 9. Center of mass (COM) plot for the main antagonist (CU-CPT22) and the main binding site
of TLRs in dimeric forms. The data clearly indicate a strong interaction between the antagonist and
the main binding sites of TLR2. However, for TLR1 and TLR6, the antagonist cannot remain at the
main binding site and instead occupies the main binding site of TLR2.
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3. Discussion

This study demonstrated the molecular basis of bovine TLR2/1 and TLR2/6 het-
erodimers and reported the response of these receptors to their agonists/antagonists com-
pared to human and mouse structural models. Generally speaking, bovine TLR2 responded
to lipopeptides in the same way as that of humans and mice. We showed the specific
differences in the conserved residues in the heterodimerization interface across species.

TLR2 is associated with inflammation, apoptosis, and angiogenesis in various patho-
physiological conditions in cattle (i.e., mastitis, endometritis, and enteritis) [20–23]. Quite
recently, we reported the physiological function of TLR2 heterodimerization in the bovine
uterus and the formation of the TLR2/1 dimer, but not TLR2/6, in response to sperm [6]
via experimental and computational studies. In our previous investigations, we employed
modeled modeling to construct the protein structure specific to bovine species [6]. Within
this study, we identified the first predicted binding pockets in TLR1, TLR2, and TLR6
that were consistently located in the same positions across bovines, humans, and mice.
Furthermore, it was revealed that the physicochemical characteristics of these pockets
exhibited high similarities among all species. From these findings, we concluded that the
process of dimerization is likely similar in humans, mice, and bovines [6]. However, the
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mechanism of interaction between agonists and antagonists with the main binding site of
bovine TLRs remains unknown.

TLR2 monomers have previously been crystallized in complexes with their specific
legend to mediate the heterodimerization process in humans and mice [1,2,24]. The binding
of the tri-acylated lipopeptide, Pam3CSK4, to TLR ectodomains induced the formation of
the TLR2/1 heterodimer, whereas the binding of the di-acylated lipopeptide, Pam2CSK4,
activated the TLR2/6 heterodimer. Moreover, species-specific responses of TLR2 to lipopro-
teins have been reported [25] and explained by the structural variations observed in the
TLR2 pocket [1]. For instance, Jin et al. [1] reported a significant difference in the sequences
and structures of binding pockets in human and mouse TLR2s. In humans, Thr335, Pro306,
and Leu266 occupy the pocket sites, whereas in mice, these residues are mutated to Leu335,
Leu306, and Phe266. In the current study, these three crucial residues in bTLR2 were defined
as Thr335, Leu306, and Phe266. Such differences can impact the sensitivity of the TLR2
response to their ligands across these three species. It is worth noting that we previously
challenged the bovine endometrial epithelia with different TLR2 agonists/antagonists to
induce/block a pro-inflammatory response [6,26]. However, bTLR2 heterodimers have no
representative structures, which is a pre-requisite for understanding their function and
mechanism of action.

In the present study, we employed homology modeling, structural alignment, and
subsequent modeling of TLR2 dimeric forms for bovine species. Moreover, we conducted
docking simulations of PAM3 and PAM2 into these binding pockets, revealing a notable
affinity between the ligands and the main binding sites of TLRs.

This study revealed similarities among TLRs across the three species, emphasizing
the presence of conserved regions and loops in the homologous TLR structures. Similar to
human and mouse models, a lack of interaction between bovine TLRs in their dimeric forms
was recorded in this study. These findings indicate that the process of TLR2 dimerization is
not spontaneous in bovine physiology [6]. Previous studies have suggested that the dimeric
form of TLR2 pre-exists, but the specific nature of this form remains unknown [1,2,27]. It
has been proposed that bridging ligands, such as PAM3 and PAM2, can reconfigure the
pre-existing forms and stabilize TLR2 dimeric structures in human and mouse models, as
the pre-existing form exhibits weak inter-multimer binding [1,2]. In agreement with our
results, the functional similarity of the TLR2 gene across vertebrates (including bovines)
was established [28–30]. However, Turner et al. reported that, unlike mouse or human cells,
the bovine endometrial cell responses to the diacylated lipopeptide involved TLR1, as well
as TLR2 and TLR6. Such a difference may be due to using a different lipopeptide (FSL-1
instead of PAM2) [22].

In light of the unknown pre-formed TLR2 dimeric forms, our study assessed the
antagonist’s effect on TLRs in both monomeric and dimeric states. Computational analyses
unequivocally revealed that TLR2 antagonists effectively penetrate the main binding site
of TLR2 across the human, mouse, and bovine species. Consequently, they obstruct and
occupy this critical site and interfere with the dimerization process in the presence of
agonists. Interestingly, the antagonist exhibits a blocking effect on TLR1 in both human and
bovine models. However, our data did not indicate any interaction between the antagonist
and the main binding site of TLR6. In dimeric forms, it becomes evident that antagonists
exhibit a noticeable affinity for the main binding site of TLR2 across all species, surpassing
their interaction with TLR1 and TLR6. This suggests that CU-CPT22 is able to antagonize
TLR2 activation by both agonists (PAM3 and PAM2). Similar to our findings, Grabowski
et al. demonstrated that CU-CPT22 robustly suppresses human TLR2/6 and mouse TLR2/1
via experimental and computational studies [31].

The prediction of protein–protein (or protein–ligand) interactions is greatly influenced
by the accuracy of the structural models of the proteins. In this study, MD simulation was
employed to refine the protein structures, and an overall quality factor was computed to
assess the accuracy of these structures. The processed bTLR structure has been validated
with a Ramachandaran plot having >99% residues in the allowed region and an overall
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quality factor exceeding 80% using the ERRAT tool. However, in real-world scenarios, pro-
teins, as small biological structures, have abundant time to access their lowest free-energy
ensembles. Hence, the computational approaches to predicting the proteins’ structure and
their interactions are limited and must be experimentally tested.

Overall, this computational study provides structural analysis and predicts the
protein–protein interactions of bTLR2 with bTLR1 and bTLR6 in the presence of an ago-
nist/antagonist. It also reveals the three-dimensional structure of bTLR2 dimerization. The
present findings could guide future experimental studies for a better understanding of the
biological functions of bTLR2.

4. Materials and Methods
4.1. Phase I: Homology Modeling and Validation of Bovine TLRs

To obtain modeled generated structures of TLRs in bovine species, the protein se-
quences (amino acid sequences) were sourced from the UniProt database. Specifically, for
TLR1, the code B5TYW4 (encompassing residues 25–544 (the extracellular domain)) was
utilized. For TLR2, the code Q95LA9 (encompassing residues 27–579 (the extracellular
domain)) was employed, and for TLR6, the code Q704V6 (encompassing residues 33–557
(the extracellular domain)) was selected. Subsequently, these sequences were input into
SWISS-MODEL, an automated protein structure homology-modeling server renowned for
its proficiency in this field [32]. SWISS-MODEL automatically identifies an appropriate
template protein with a known 3D structure closely related to the target protein. It then
aligns the target sequence with the template structure, utilizing this alignment to generate
a 3D model of the target protein [32]. After obtaining the 3D structure, each structure was
optimized using MD simulation.

Backbone conformation and stereochemical quality of our models were validated by
analyzing Ramachandran plots derived from PROCHECK (version 3.5.) [33,34]. Moreover,
the overall quality score was evaluated using the ERRAT program [35].

To identify the most accurate protein structure prediction, we utilized two well-known
machine tools, SWISS-MODEL and AlphaFold. Both programs were employed to generate
the structures of bovine TLRs. Subsequently, the generated structures were compared by
assessing the overall quality score and analyzing the Ramachandran plot. The findings are
presented in Supplementary Figure S12. The overall quality score unequivocally favored
the structures obtained from SWISS-MODEL, surpassing those from AlphaFold. However,
a structural alignment revealed strikingly similar folding patterns in TLRs between SWISS-
MODEL and AlphaFold (Supplementary Figure S12). Consequently, despite the comparable
structural alignment, our choice for computational analyses in this study leans towards
SWISS-MODEL due to its higher overall quality score, acknowledging the potency of
AlphaFold as well.

4.2. Phase II: Structural Alignment

The optimized structures obtained in Phase I were employed to generate the dimeric
form of TLR2 in bovine species. To achieve this, each bovine TLR, along with its respective
counterparts from humans and mice (forming the dimeric form), was subjected to structural
alignment using TM-align [15]. Subsequently, the PDB file of TLR2 was merged with that
of TLR1 and TLR6, resulting in the creation of the dimeric form of TLR2. Finally, each TLR2
heterodimer was further optimized through molecular dynamics (MD) simulations.

4.3. Phase III: Docking Simulation

The structures obtained in Phase II were utilized to conduct further investigations
into the effects of TLR2 ligands (PAM3, PAM2, and CU-CPT22) on bovine TLR2 dimer-
ization. For this study, docking parameters for bovine models were carefully selected,
mirroring those used in human and mouse models (Supplementary Table S5). In order
to warrant the accuracy of the selected docking parameters for bovine models, the ago-
nist coordinates extracted from the human and mouse crystal structures were adopted to
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bovine TLR2 dimeric forms; subsequently, the docking structures were superimposed on
the co-crystal structure coordinates. The superimposed structure with RMSD is depicted
in Supplementary Figure S13. The minimal RMSDs (0.72 and 0.52 Å for docking PAM3
and PAM2, respectively) obtained affirm the accuracy of the docking parameters for this
study in the bovine model. In detail, the structures of hTLR2/1, hTLR2, hTLR1, mTLR2/6,
mTLR2, mTLR6, bTLR2/1, bTLR2/6, bTLR2, bTLR1, and bTLR6 were designated as re-
ceptors for TLR2 ligands. For both human and mouse TLRs, monomeric and dimeric
models were acquired from the RCSB Protein Data Bank (PDB) using the crystal structure
of human TLR2/1 (PDB: 2Z7X) and mouse TLR2/6 (PDB: 3A79). Specific grid box details
were defined and applied to the main binding sites of TLRs in both monomeric and dimeric
forms (Supplementary Table S4).

In the present study, we assessed the accuracy of the docking methods by utiliz-
ing PAMs, as they are well-established benchmarks for ligand-TLR2 interactions. The
docking procedure was conducted using Autodock VINA and Autodock 4.2 with default
parameters [36]. The obtained RMSD values of 0.51 Å (PAM3-TLR2/1) and 0.37 Å (PAM2-
TLR2/6) using Autodock 4.2 confirmed the accuracy of our docking procedure. Notably,
the outcomes from both docking programs were almost identical.

For the docking procedure, Autodock 4.2, coupled with a genetic algorithm (GA),
was employed to investigate and predict the binding orientations of ligands to the main
binding sites of the receptors [37]. The parameters included an initial population of random
individuals with a size of 150 individuals, a maximum of 2.5 × 106 energy evaluations, a
maximum of 27,000 generations, a mutation rate of 0.02 (the probability of a gene under-
going a random change), and a crossover rate of 0.80 (the probability of two individuals
undergoing crossover). Prior to docking, non-polar hydrogens and Gasteiger charges were
added using AutoDockTools package version 1.5.6 [37]. Ligands were not permitted to
freely rotate (non-rotatable bonds). Subsequently, 150 GA runs were performed for each
docking run.

To validate our docking procedures, a binding energy of −28.36 and −4.75 kcal/mol
and an RMSD of 0.5 and 0.38 Å were obtained for PAM3-TLR2/1 and PAM2-TLR2/6,
respectively. The RMSDs of the two ligands were calculated through LigRMSD [38]. The
superimposition of these conformers is illustrated in Supplementary Figure S14. The
remarkably low RMSD value (below 2 Å, a widely accepted criterion) affirmed the appro-
priateness of our parameter selection for the docking procedure in this study [39].

After obtaining the structures from the docking simulation, each structure was opti-
mized using MD simulation.

4.4. MD Simulation and MM/PBSA Calculations

MD simulations for free molecules consisted of four steps (minimization, NVT, NPT,
and MD production) within a water box supplemented with Na+ and Cl− ions to achieve an
ionic strength of 140 mM [40]. The entire system was initially minimized using the steepest
descent algorithm for 50,000 cycles without any positional restrictions. This was followed
by an equilibration process consisting of a 100 ps NVT set of MD runs and, subsequently, a
100 ps NPT set with restrictions on TLRs and ligands at a 1000 kJ.mol−1.nm−2 harmonic
force constant in the NPT phase. In the production step, 150 ns MD simulations were
performed without any positional restraints for optimizing all molecules and TLRs/ligands.
However, to ensure that the chosen simulation time was correct, the simulation time was
extended for the two main systems (TLR2/1-PAM3 and TLR2/6-PAM2) in this study to
300 ns. The results are depicted in Supplementary Figure S4, and they strongly affirm
the correctness of the simulation time selected in this study. The TIP3P water model was
employed in this study to define the solvation box for the molecules, with a minimum
distance of 1.5 nm between the solute and the box walls. The simulations were conducted
at a temperature of 300 K, employing a time step of 2 fs and using the LINCS algorithm [41].
The periodic boundary condition (PBC) was considered in both the equilibration and
production processes. The simulations were carried out using GROMACS 2020 with
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CHARMM 27 force field parameters [42,43]. The SwissParam website was utilized to
obtain complete topologies of ligands based on CHARMM force field parameters [44].
Additionally, CHARMM-GUI was employed to model the N-glycan of TLRs (as illustrated
in Supplementary Figure S11) [45]. In order to ensure the reproducibility of the MD
simulation production data, two replicas for bovine TLRs and antagonist systems were
conducted. The outcome of the MD simulation is depicted in Supplementary Figure S15.
Consistent findings were observed across all replicates, affirming the strong reproducibility
of the data.

In this study, the MM/PBSA method was chosen to compute the binding free energy
between molecules using the MD production trajectories. The frames for generating the
binding mode image were selected from the last 10 ns of the simulation (from 140 to 150 ns).
This timeframe was chosen as the system had reached equilibrium, as confirmed by RMSD
analysis. In the MM/PBSA approximation, snapshots were collected every 50 ps from
trajectories after equilibration. Consequently, during 10 ns in total, 200 frames were used to
calculate binding free energies. MM/PBSA calculates electrostatic, van der Waals, polar
solvation, solvent accessible surface area (SASA), solvent accessible volume (SAV), and
Weeks−Chandler−Andersen (WCA) energies. The binding free energy is the summation
of these energies [46]. To validate the results derived from MD simulation and MM/PBSA,
a comparative analysis was conducted by aligning our calculated binding free energy
with established experimental data (Kd and KD) from previous studies [47]. Further, we
investigated quantitative correlations between these three parameters (Kd, KD, and binding
free energy) [47]. The compounds with experimental data (extracted from experimental
research) were docked to the main binding site of human TLR2. The assessment of binding
free energy involved MD simulation and the MM/PBSA method. Notably, the outcomes
revealed a strong correlation coefficient (R2) between the binding free energy (determined
via MM/PBSA) and the experimental KD (R2 = 0.77) and Kd (R2 = 0.60) data. The results
are illustrated in Supplementary Figure S16.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25031496/s1.

Author Contributions: Conceptualization, A.M. (Alireza Mansouri), M.S.Y. and A.M. (Akio Miyamoto);
methodology, A.M. (Alireza Mansouri) and M.S.Y.; software, A.M. (Alireza Mansouri); validation,
A.M. (Alireza Mansouri), M.S.Y., R.K. and A.M. (Akio Miyamoto); formal analysis, A.M. (Alireza
Mansouri); writing—original draft preparation, A.M. (Alireza Mansouri) and M.S.Y.; writing—review
and editing, A.M. (Alireza Mansouri), M.S.Y. and R.K.; supervision, A.M. (Akio Miyamoto). All
authors have read and agreed to the published version of the manuscript.

Funding: The present research work was funded by a Grant-in-Aid for Scientific Research (23H02356)
of the Japan Society for the Promotion of Science (JSPS).

Data Availability Statement: Data available on request from the author.

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

References
1. Jin, M.S.; Kim, S.E.; Heo, J.Y.; Lee, M.E.; Kim, H.M.; Paik, S.G.; Lee, H.; Lee, J.O. Crystal Structure of the TLR1-TLR2 Heterodimer

Induced by Binding of a Tri-Acylated Lipopeptide. Cell 2007, 130, 1071–1082. [CrossRef]
2. Kang, J.Y.; Nan, X.; Jin, M.S.; Youn, S.J.; Ryu, Y.H.; Mah, S.; Han, S.H.; Lee, H.; Paik, S.G.; Lee, J.O. Recognition of Lipopeptide

Patterns by Toll-like Receptor 2-Toll-like Receptor 6 Heterodimer. Immunity 2009, 31, 873–884. [CrossRef]
3. Godfroy, J.I., III; Roostan, M.; Moroz, Y.S.; Korendovych, I.V.; Yin, H. Isolated Toll-like Receptor Transmembrane Domains Are

Capable of Oligomerization. PLoS ONE 2012, 7, e48875. [CrossRef]
4. Berglund, N.A.; Kargas, V.; Ortiz-Suarez, M.L.; Bond, P.J. The Role of Protein-Protein Interactions in Toll-like Receptor Function.

Prog. Biophys. Mol. Biol. 2015, 119, 72–83. [CrossRef]
5. De Las Rivas, J.; Fontanillo, C. Protein–Protein Interactions Essentials: Key Concepts to Building and Analyzing Interactome

Networks. PLoS Comput. Biol. 2010, 6, e1000807. [CrossRef]
6. Mansouri, A.; Yousef, M.S.; Kowsar, R.; Usui, N.; Akthar, I.; Miyamoto, A. Sperm Activate TLR2/TLR1 Heterodimerization to

Induce a Weak Proinflammatory Response in the Bovine Uterus. Front. Immunol. 2023, 14, 1158090. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25031496/s1
https://www.mdpi.com/article/10.3390/ijms25031496/s1
https://doi.org/10.1016/j.cell.2007.09.008
https://doi.org/10.1016/j.immuni.2009.09.018
https://doi.org/10.1371/journal.pone.0048875
https://doi.org/10.1016/j.pbiomolbio.2015.06.021
https://doi.org/10.1371/journal.pcbi.1000807
https://doi.org/10.3389/fimmu.2023.1158090


Int. J. Mol. Sci. 2024, 25, 1496 17 of 18

7. Wang, Y.; Zhang, S.; Li, H.; Wang, H.; Zhang, T.; Hutchinson, M.R.; Yin, H.; Wang, X. Small-Molecule Modulators of Toll-like
Receptors. Acc. Chem. Res. 2020, 53, 1046–1055. [CrossRef] [PubMed]

8. Willcocks, S.; Offord, V.; Seyfert, H.-M.; Coffey, T.J.; Werling, D. Species-Specific PAMP Recognition by TLR2 and Evidence for
Species-Restricted Interaction with Dectin-1. J. Leukoc. Biol. 2013, 94, 449–458. [CrossRef] [PubMed]

9. Roussel, P.; Cunha, P.; Porcherie, A.; Petzl, W.; Gilbert, F.B.; Riollet, C.; Zerbe, H.; Rainard, P.; Germon, P. Investigating the
Contribution of IL-17A and IL-17F to the Host Response during Escherichia Coli Mastitis. Vet. Res. 2015, 46, 56. [CrossRef]
[PubMed]

10. Conejeros, I.; Gibson, A.J.; Werling, D.; Muñoz-Caro, T.; Hermosilla, C.; Taubert, A.; Burgos, R.A. Effect of the Synthetic Toll-like
Receptor Ligands LPS, Pam3CSK4, HKLM and FSL-1 in the Function of Bovine Polymorphonuclear Neutrophils. Dev. Comp.
Immunol. 2015, 52, 215–225. [CrossRef] [PubMed]

11. Farhat, K.; Riekenberg, S.; Jung, G.; Wiesmüller, K.-H.; Jungi, T.W.; Ulmer, A.J. Identification of Full Length Bovine TLR1 and
Functional Characterization of Lipopeptide Recognition by Bovine TLR2/1 Heterodimer. Vet. Res. 2010, 41, 34. [CrossRef]

12. Ma, D.; Marey, M.A.; Shimada, M.; Miyamoto, A. Toll-like Receptor 2 Is Involved in Calcium Influx and Acrosome Reaction to
Facilitate Sperm Penetration to Oocytes During in Vitro Fertilization in Cattle. Front. Cell Dev. Biol. 2022, 10, 810961. [CrossRef]
[PubMed]

13. Akthar, I.; Suarez, S.S.; Morillo, V.A.; Sasaki, M.; Ezz, M.A.; Takahashi, K.I.; Shimada, M.; Marey, M.A.; Miyamoto, A. Sperm Enter
Glands of Preovulatory Bovine Endometrial Explants and Initiate Inflammation. Reproduction 2020, 159, 181–192. [CrossRef]
[PubMed]

14. Sunil, L.; Vasu, P. In Silico Designing of Therapeutic Protein Enriched with Branched-Chain Amino Acids for the Dietary
Treatment of Chronic Liver Disease. J. Mol. Graph. Model. 2017, 76, 192–204. [CrossRef]

15. Zhang, Y.; Skolnick, J. TM-Align: A Protein Structure Alignment Algorithm Based on the TM-Score. Nucleic Acids Res. 2005, 33,
2302–2309. [CrossRef] [PubMed]

16. Xu, J.; Zhang, Y. How Significant Is a Protein Structure Similarity with TM-Score = 0.5? Bioinformatics 2010, 26, 889–895. [CrossRef]
[PubMed]

17. van Zundert, G.C.P.; Rodrigues, J.P.G.L.M.; Trellet, M.; Schmitz, C.; Kastritis, P.L.; Karaca, E.; Melquiond, A.S.J.; van Dijk, M.; de
Vries, S.J.; Bonvin, A.M.J.J. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. J.
Mol. Biol. 2016, 428, 720–725. [CrossRef] [PubMed]

18. Wallace, A.C.; Laskowski, R.A.; Thornton, J.M. LIGPLOT: A Program to Generate Schematic Diagrams of Protein-Ligand
Interactions. Protein Eng. 1995, 8, 127–134. [CrossRef]

19. Thakkar, R.; Upreti, D.; Ishiguro, S.; Tamura, M.; Comer, J. Computational Design of a Cyclic Peptide That Inhibits the CTLA4
Immune Checkpoint. RSC Med. Chem. 2023, 14, 658–670. [CrossRef]

20. Bai, X.; Wang, X.; Lin, T.; Dong, W.; Gao, Y.; Ji, P.; Zhang, Y.; Zhao, X.; Zhang, Q. Toll-like Receptor 2 Is Associated with the
Immune Response, Apoptosis, and Angiogenesis in the Mammary Glands of Dairy Cows with Clinical Mastitis. Int. J. Mol. Sci.
2022, 23, 10717. [CrossRef]

21. Yang, Z.; Fu, Y.; Gong, P.; Zheng, J.; Liu, L.; Yu, Y.; Li, J.; Li, H.; Yang, J.; Zhang, X. Bovine TLR2 and TLR4 Mediate Cryptosporidium
Parvum Recognition in Bovine Intestinal Epithelial Cells. Microb. Pathog. 2015, 85, 29–34. [CrossRef]

22. Turner, M.L.; Cronin, J.G.; Healey, G.D.; Sheldon, I.M. Epithelial and Stromal Cells of Bovine Endometrium Have Roles in Innate
Immunity and Initiate Inflammatory Responses to Bacterial Lipopeptides In Vitro via Toll-like Receptors TLR2, TLR1, and TLR6.
Endocrinology 2014, 155, 1453–1465. [CrossRef]

23. Ezz, M.A.; Mansouri, A.; Akthar, I.; Yousef, M.S.; Kowsar, R.; Miyamoto, A. Hyaluronan Regulates Sperm-Induced Inflammatory
Response by Enhancing Sperm Attachment to Bovine Endometrial Epithelial Cells via CD44: In-Silico and In-Vitro Approaches.
Front. Endocrinol. 2023, 14, 1134868. [CrossRef] [PubMed]

24. van de Graaff, M.J.; Oosenbrug, T.; Marqvorsen, M.H.S.; Nascimento, C.R.; de Geus, M.A.R.; Manoury, B.; Ressing, M.E.; van
Kasteren, S.I. Conditionally Controlling Human TLR2 Activity via Trans-Cyclooctene Caged Ligands. Bioconjug. Chem. 2020, 31,
1685–1692. [CrossRef] [PubMed]

25. Grabiec, A.; Meng, G.; Fichte, S.; Bessler, W.; Wagner, H.; Kirschning, C.J. Human but Not Murine Toll-like Receptor 2 Discrimi-
nates between Tri-Palmitoylated and Tri-Lauroylated Peptides. J. Biol. Chem. 2004, 279, 48004–48012. [CrossRef] [PubMed]

26. Ezz, M.A.; Marey, M.A.; Elweza, A.E.; Kawai, T.; Heppelmann, M.; Pfarrer, C.; Balboula, A.Z.; Montaser, A.; Imakawa, K.; Zaabel,
S.M.; et al. TLR2/4 Signaling Pathway Mediates Sperm-Induced Inflammation in Bovine Endometrial Epithelial Cells In Vitro.
PLoS ONE 2019, 14, e0214516. [CrossRef]

27. Triantafilou, M.; Gamper, F.G.J.; Haston, R.M.; Mouratis, M.A.; Morath, S.; Hartung, T.; Triantafilou, K. Membrane Sorting of
Toll-like Receptor (TLR)-2/6 and TLR2/1 Heterodimers at the Cell Surface Determines Heterotypic Associations with CD36 and
Intracellular Targeting. J. Biol. Chem. 2006, 281, 31002–31011. [CrossRef] [PubMed]

28. Batool, K.; Wajid, A.; Ain, Q.; Shahid, S.; Namat, T.; Batool, A.; Hussain, T.; Babar, M.E. Sequence-Based Structural and Evolution
of Polymorphisms in Bovine Toll-Like Receptor2 Gene in Dhanni and Jersey Cattle Breeds. Genetic Polymorphisms in Bovine
TLR2. Russ. J. Genet. 2020, 56, 1484–1495. [CrossRef]

29. Subhash, V.; Monika, S.; Richa, S.; Chander, S.; Geetanjali, S.; Mandeep, S. Distribution of Single Nucleotide Polymorphisms and
Protein Domain Architecture of Toll-like Receptor-2 in Pahari Cattle (Indian Non-Descript Indigenous Breed). Res. Vet. Sci. 2018,
117, 144–149. [CrossRef]

https://doi.org/10.1021/acs.accounts.9b00631
https://www.ncbi.nlm.nih.gov/pubmed/32233400
https://doi.org/10.1189/jlb.0812390
https://www.ncbi.nlm.nih.gov/pubmed/23787127
https://doi.org/10.1186/s13567-015-0201-4
https://www.ncbi.nlm.nih.gov/pubmed/26062913
https://doi.org/10.1016/j.dci.2015.05.012
https://www.ncbi.nlm.nih.gov/pubmed/26026246
https://doi.org/10.1051/vetres/2010006
https://doi.org/10.3389/fcell.2022.810961
https://www.ncbi.nlm.nih.gov/pubmed/35281105
https://doi.org/10.1530/REP-19-0414
https://www.ncbi.nlm.nih.gov/pubmed/31794421
https://doi.org/10.1016/j.jmgm.2017.06.015
https://doi.org/10.1093/nar/gki524
https://www.ncbi.nlm.nih.gov/pubmed/15849316
https://doi.org/10.1093/bioinformatics/btq066
https://www.ncbi.nlm.nih.gov/pubmed/20164152
https://doi.org/10.1016/j.jmb.2015.09.014
https://www.ncbi.nlm.nih.gov/pubmed/26410586
https://doi.org/10.1093/protein/8.2.127
https://doi.org/10.1039/D2MD00409G
https://doi.org/10.3390/ijms231810717
https://doi.org/10.1016/j.micpath.2015.05.009
https://doi.org/10.1210/en.2013-1822
https://doi.org/10.3389/fendo.2023.1134868
https://www.ncbi.nlm.nih.gov/pubmed/37234812
https://doi.org/10.1021/acs.bioconjchem.0c00237
https://www.ncbi.nlm.nih.gov/pubmed/32510940
https://doi.org/10.1074/jbc.M405311200
https://www.ncbi.nlm.nih.gov/pubmed/15342637
https://doi.org/10.1371/journal.pone.0214516
https://doi.org/10.1074/jbc.M602794200
https://www.ncbi.nlm.nih.gov/pubmed/16880211
https://doi.org/10.1134/S1022795420120030
https://doi.org/10.1016/j.rvsc.2017.12.003


Int. J. Mol. Sci. 2024, 25, 1496 18 of 18

30. Banerjee, P.; Gahlawat, S.K.; Joshi, J.; Sharma, U. Sequencing, Characterization and Phylogenetic Analysis of TLR Genes of
Bubalus Bubalis. DHR-IJBLS 2012, 3, 137–159.

31. Grabowski, M.; Murgueitio, M.S.; Bermudez, M.; Wolber, G.; Weindl, G. The Novel Small-Molecule Antagonist MMG-11
Preferentially Inhibits TLR2/1 Signaling. Biochem. Pharmacol. 2020, 171, 113687. [CrossRef] [PubMed]

32. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.; Bordoli,
L.; et al. SWISS-MODEL: Homology Modelling of Protein Structures and Complexes. Nucleic Acids Res. 2018, 46, W296–W303.
[CrossRef]

33. Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. PROCHECK: A Program to Check the Stereochemical Quality of
Protein Structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]

34. Laskowski, R.A.; Rullmannn, J.A.; MacArthur, M.W.; Kaptein, R.; Thornton, J.M. AQUA and PROCHECK-NMR: Programs for
Checking the Quality of Protein Structures Solved by NMR. J. Biomol. NMR 1996, 8, 477–486. [CrossRef] [PubMed]

35. Colovos, C.; Yeates, T.O. Verification of Protein Structures: Patterns of Nonbonded Atomic Interactions. Protein Sci. 1993, 2,
1511–1519. [CrossRef]

36. Thangavel, N.; Albratty, M. Benchmarked Molecular Docking Integrated Molecular Dynamics Stability Analysis for Prediction of
SARS-CoV-2 Papain-like Protease Inhibition by Olive Secoiridoids. J. King Saud Univ. Sci. 2023, 35, 102402. [CrossRef]

37. 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]

38. Velázquez-Libera, J.L.; Durán-Verdugo, F.; Valdés-Jiménez, A.; Núñez-Vivanco, G.; Caballero, J. LigRMSD: A Web Server for
Automatic Structure Matching and RMSD Calculations among Identical and Similar Compounds in Protein-Ligand Docking.
Bioinformatics 2020, 36, 2912–2914. [CrossRef]

39. Ravindranath, P.A.; Forli, S.; Goodsell, D.S.; Olson, A.J.; Sanner, M.F. AutoDockFR: Advances in Protein-Ligand Docking with
Explicitly Specified Binding Site Flexibility. PLoS Comput. Biol. 2015, 11, e1004586. [CrossRef]

40. Mansouri, A.; Mahnam, K. Designing New Surfactant Peptides for Binding to Carbon Nanotubes via Computational Approaches.
J. Mol. Graph. Model. 2017, 74, 61–72. [CrossRef] [PubMed]

41. Hess, B. P-LINCS: A Parallel Linear Constraint Solver for Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 116–122.
[CrossRef] [PubMed]

42. Brooks, B.R.; Brooks, C.L., 3rd; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; et al. CHARMM: The Biomolecular Simulation Program. J. Comput. Chem. 2009, 30, 1545–1614. [CrossRef] [PubMed]

43. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1–2, 19–25. [CrossRef]

44. Zoete, V.; Cuendet, M.A.; Grosdidier, A.; Michielin, O. SwissParam: A Fast Force Field Generation Tool for Small Organic
Molecules. J. Comput. Chem. 2011, 32, 2359–2368. [CrossRef]

45. Lee, J.; Cheng, X.; Swails, J.M.; Yeom, M.S.; Eastman, P.K.; Lemkul, J.A.; Wei, S.; Buckner, J.; Jeong, J.C.; Qi, Y.; et al. CHARMM-GUI
Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36
Additive Force Field. J. Chem. Theory Comput. 2016, 12, 405–413. [CrossRef]

46. Kumari, R.; Kumar, R.; Lynn, A. g_mmpbsa—A GROMACS Tool for High-Throughput MM-PBSA Calculations. J. Chem. Inf.
Model. 2014, 54, 1951–1962. [CrossRef]

47. Durai, P.; Shin, H.J.; Achek, A.; Kwon, H.K.; Govindaraj, R.G.; Panneerselvam, S.; Yesudhas, D.; Choi, J.; No, K.T.; Choi, S.
Toll-like Receptor 2 Antagonists Identified through Virtual Screening and Experimental Validation. FEBS J. 2017, 284, 2264–2283.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bcp.2019.113687
https://www.ncbi.nlm.nih.gov/pubmed/31678495
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1007/BF00228148
https://www.ncbi.nlm.nih.gov/pubmed/9008363
https://doi.org/10.1002/pro.5560020916
https://doi.org/10.1016/j.jksus.2022.102402
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1093/bioinformatics/btaa018
https://doi.org/10.1371/journal.pcbi.1004586
https://doi.org/10.1016/j.jmgm.2017.02.016
https://www.ncbi.nlm.nih.gov/pubmed/28359959
https://doi.org/10.1021/ct700200b
https://www.ncbi.nlm.nih.gov/pubmed/26619985
https://doi.org/10.1002/jcc.21287
https://www.ncbi.nlm.nih.gov/pubmed/19444816
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.21816
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1021/ci500020m
https://doi.org/10.1111/febs.14124

	Introduction 
	Results 
	Homology Modeling and Validation of Bovine TLRs 
	Generating Dimer Form of Bovine TLRs through Structural Alignment 
	The Interaction of TLR2 Agonists (PAM3 and PAM2) with Bovine TLRs 
	Interaction between TLR2/1 Antagonist (CU-CPT22) and TLRs of Humans, Mice, and Bovines 
	Prediction of Glycosylation Sites in Bovine TLRs 

	Discussion 
	Materials and Methods 
	Phase I: Homology Modeling and Validation of Bovine TLRs 
	Phase II: Structural Alignment 
	Phase III: Docking Simulation 
	MD Simulation and MM/PBSA Calculations 

	References

