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Abstract Toll-like receptors (TLRs) are transmembrane re-
ceptors composed of extra cellular leucine rich repeats
(LRRs) that identify specific pathogen associated molecular
patterns triggering a innate immune cascade. The LRR re-
gions of TLR 1-10 proteins of goat (Capra hircus), sheep
(Ovis aries), buffalo (Bubalus bubalis) and bovine (Bos
taurus) were modeled using MODELLER 9v7 tool and
validated. The similarities and variations of these 10 TLRs
extracellular regions of each species were compared using
online servers like FATCAT, SSM and SSAP. It was evident
that the LRRs of TLRs like 1, 2, 3 and 6 showed structural
convergence with <1 % RMSD deviation while TLRs like 5,
7, 8 and 9 had high divergence. Docking analysis showed
that TLR 2, 3 and 7 of all the selected four ruminant species
were able to bind with their corresponding ligands like
Peptidoglycan (PGN), Poly I:C, Resiquimod (R-848) and
Imiquimod. However, there were variations in the active site
regions, interacting residues and the number of bonded in-
teractions. Variations seen among TLR structures and their
ligand binding characteristics is likely to be responsible for
species and breed specific genetic resistance observed
among species or breeds.
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Introduction

Toll-like receptors (TLRs) are evolutionarily conserved in-
nate receptors expressed in various immune and non-
immune cells of the mammalian host [1]. As pattern recog-
nition receptors (PRRs), TLRs interact with molecular com-
ponents of bacterial, viral and fungal organisms that
collectively are called pathogen-associated molecular pat-
terns (PAMPs) [2]. These PRRs recognize various PAMPs
in various cell compartments and trigger the release of
inflammatory cytokines and type I interferons for host
defense [1].

Different classes of TLRs, recognize distinct microbial
components. TLR2 is the receptor for bacterial lipopeptides,
TLR4 detects bacterial lipopolysaccharide, TLR3 double
stranded RNA, wherecas TLR7/8 and TLR9 recognize
single-stranded RNA and unmethylated DNA with CpG
motifs respectively [3]. The ligand recognition regions of
TLR3, 7, 8 and 9, are located in the endosomal compartment
within the cytoplasm whereas the bacterial and fungal ligand
recognition regions on TLR1, 2, 4, 5, 6 and 10 are found on
the cell surface [4].

TLRs which are type I membrane glycoproteins consist
of extracellular leucine rich repeats (LRRs) that are required
for PAMP recognition, and a cytoplasmic toll/interleukin-1
receptor (TIR) domain, required for downstream signaling.
TLRs have a unique horseshoe, or “m” shaped architecture
[5]. All TLR extracellular domain (ECDs) are constructed of
tandem copies of LRRs, which is typically 22-29 residues
in length and contains hydrophobic residues spaced at dis-
tinctive intervals. To date, the structures of ECDs of TLRs 1,
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2,3, 4 and 6 (human or mouse) has been reported [6]. TLR
ligands represent all known pathogens and bind by diverse
modes to overall structurally similar receptor extracellular
domains, leading to the recruitment of adaptors that initiate
signaling cascades [7].

There is a lack of extensive structural knowledge regarding
the ECDs of important TLRs like 5, 7, 8, and 9 [6]. In the
absence of experimental structures, computational methods
are used to predict 3D protein models to provide insight into
the structure and function of these proteins. To date, homology
modeling has been successfully used to identify hits using
high-throughput docking (HTD), to suggest accurate binding
modes and ligand: receptor interactions, aid in mutagenesis
experiments, rationalize SAR data and guide to identify po-
tential ligands [8]. The basis of homology modeling is that
two evolutionarily related proteins share a common structure.
This approach has been further extended, noting that related
proteins bind similar ligands. Frequently, the ligands bound by
related proteins are different, but often share a common core
substructure [9]. Based on this concept, this study focuses on
establishing the LRR structure of TLR 1-10 in few animal
species like goat (Capra hircus), sheep (Ovis aries), buffalo
(Bubalus bubalis) and bovine (Bos taurus) through computa-
tional homology modeling and also to find their ligand recog-
nition using HTD.

The ECD of human TLRs 7, 8 and 9 has been modeled,
based on the crystal structure of TLR 3, to identify function-
ally important residues [3] and their LRR regions, using the
template segment assembly approach [10]. Other TLRs like
TLR 8 from rodent and non rodents were modeled using
comparative homology modeling and its docking interactions
were studied with R-848 compound to understand the species
specific signaling pathway. A protein model for hTLR 10
structure was developed using hTLR1 as template and its
binding activity with ligands like Pam3CSK4 and
PamCysPamSK4 were analyzed [11]. Ectodomain models of
human TLRS, TLR6, TLR7, TLR8, TLR9, TLR10 and mouse
TLR1, TLR11, and TLR12 were done through Leucine-rich
repeat assembly approach [12]. While most of the modeling
and docking studies were based on human and mouse TLRs,
this is the first report to be on rumen TLRs.

Methodology
Retrieval of sequences

TLR 1-10 full length protein sequences of goat (Capra
hircus), sheep (Ovis aries), buftalo (Bubalus bubalis) and
bovine (Bos taurus) were retrieved from NCBI protein data-
base (http://www.ncbi.nlm.nih.gov/). SMART tool (http://
smart.embl-heidelberg.de) was used to find the domain archi-
tecture, signal peptides and LRR repeats in the query sequence.

@ Springer

Since the objective is to model the LRR structure of TLRs, the
LRR sequences were alone separated from the whole protein
sequence. This sequence was then subjected to Blastp (version
2.2.17) to obtain the template for modeling the 3D structure of
TLRs LRR. The search was performed against Protein Data
Bank (PDB) using default parameters. Based on high sequence
similarity and lower E-value, the best templates were selected
for each TLR. The accession numbers for individual TLR’s
and their corresponding suitable templates are mentioned in the
Supplementary File 1. The template structures were obtained
from the PDB database (http://www.rcsb.org).

Generation of 3D structures through homology modeling

MODELLER 9v7 was used to perform the homology
modeling. MODELLER tool implements comparative pro-
tein structure modeling by satisfaction of spatial restraints.
The spatial constraints include distances, angles, dihedral
angles, pairs of dihedral angles and other spatial features
defined by atoms and pseudo atoms [13]. ClustalW [14] was
used to align the target and template sequences and the
resultant alignment was stored as PIR format. The alignment
file, template file (pdb format) and the supported python
script files were given as input to the MODELLER 9v7
software. For each TLR of a single animal species, five
templates were selected to obtain the best modeled 3D
LRR structure. Hence the modeler tool was run 200 times
(40 proteins x5 templates) to obtain good models for the 40
TLR structures, i.e., 10 TLR proteins in four animal species.
3D optimized models are generated at the end of modeling
through molecular probability density function (molpdf).

Evaluation of homology modeled proteins

The generated models were evaluated using five different
tools like Procheck, ERRAT, Verify 3D (http://
nihserver.mbi.ucla.edu/SAVES/), WHATIF server (http://
swift.cmbi.ru.nl/servers/html/index.html) and ProQ (http://
www.sbc.su.se/~bjornw/ProQ/ProQ.html). The stereochem-
ical quality and the overall structural geometry of the gen-
erated models were evaluated by the Ramachandran plot of
Procheck [15]. Other factors like the statistical parameters of
non bonded interactions and the structural error values are
checked by the ERRAT tool [16]. The compatibility of the
3D homology models with its amino acid sequence are
scored by the Verify 3D tool [17]. Furthermore, the Z-
score of What if server is used to calibrate the quality check
of Ramachandran plots [18]. ProQ is used to predict the
accurate models based on the LGscore [19]. The homology
modeled TLR LRR proteins were considered as ‘good
models’ only if it satisfied the threshold criteria of at-least
three different tools. Discovery Studio software v2.5 was
used for optimizing and simulating the validated protein
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Fig. 1 Docking view ( A)

(C) Resiquimod binding with Buffalo TLR7 (D)

models. The best validated TLR structures were submitted
to the Protein Model Database (http://mi.caspur.it/PMDBY/)
[20].

Comparison of TLR LRR modeled proteins

Comparative modeling is capable of producing accurate
structural models for many protein sequences [21]. The
modeled LRR structures are compared against the four
different animal species by implementing tools like
FATCAT (http://fatcat.burnham.org/), SSM server (http://
www.ebi.ac.uk/msd-srv/ssm/) and SSAP (http://
protein.hbu.cn/cath/cathwww.biochem.ucl.ac.uk/cgi-bin/
cath/GetSsapRasmol.html). The structures are compared
based on RMSD deviation and other statistical probability
scores. Further, the structural superimpositions of the
modeled proteins are done using DS Visualizer and the
differences in the species level are identified (Figs. 1, 2).

Docking analysis

In order to perform docking, standard analog ligand structures
like Peptidoglycan (SID: 4145), Poly I:C (CID: 32744),
Resiquimod (R-848) (CID: 159603), Imiquimod (CID:
57469) (Fig. 3) were obtained from Pubchem compound
database (http://www.ncbi.nlm.nih.gov/pccompound) and

Peptidoglycan binding with Goat TLR 2 (B)

POLY I:C binding with Sheep TLR 3

@@Q% |

KEGG ligand database (http://www.genome.jp/kegg/
ligand.html). The modeled LRR TLR protein structures were
considered as receptors. Docking was carried out using
Autodock Vina 1.1.5 software. Graphical User Interface pro-
gram “AutoDock Tools” was used to prepare, run, and analyze
the docking simulations. Polar hydrogens were added into the
receptor protein and also Gasteiger-Marsili charges were in-
corporated prior to the docking process. The ligands are
modified and saved as PDBQT file. The active binding site
was unknown so in order to cover the entire protein and
facilitate flexible ligand binding the grid box of x, y, and z-
axes were set as 126x126x126 A. Lamarckian genetic algo-
rithm was chosen to find the ideal conformers. The docked
protein complex was analyzed using Molegro molecular
viewer (http://www.clcbio.com/products/molegro/) and DS
Visualizer (http://accelrys.com/).

Results

TLR LRR sequence retrieval

Toll like receptor 1-10 complete protein sequence from four
species goat, sheep, buffalo and bovine was retrieved from the

NCBI protein database. The length of the TLR sequences
varied from 400-803 amino acids, the highest being TLR 7.
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Fig. 2 Best docked structures
of TIr 2, 3 And 7 with their
respective ligands

(C) Binding Interactions of Buffalo TLR 7 with
Resiquimod

The TIR domain, transmembrane (TM), N-terminal LRR, C-
terminal LRR regions were identified using SMART tool.
Since the objective is to model the LRR protein structure,
the sequences specific to LRR were used from the whole
sequence using SMART tool. Blast similarity search was
performed to obtain suitable templates. The templates having

Peptidoglycan Structure-TLR 2 Ligand

Poly IC Structure-TLR 3 Ligand

Imiquimod Structure-TLR 7 Ligand Resiquimod Structure-TLR 7 Ligand

Fig. 3 TLR ligand structures
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(A) Binding Interactions of Goat TLR 2 with Peptidoglycan (B) Binding Interactions of Sheep TLR 3 with Poly I:C
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maximum identity and sequence coverage with lesser E-value
were considered for further analysis. The templates were
downloaded from the PDB database.

Homology modeling using MODELLER 9v7:

To obtain the best model for each TLR sequence, five
templates were selected which had high level of sequence
identity. Homology modeling was performed for all 10
TLRs in four animal species using MODELLER 9v7 tool.
The refined homology modeled proteins were selected
depending on lowest molpdf energy values. These models
were subjected to validation using Procheck, ERRAT, Verify
3D, WHATTF server and ProQ tools. Most of the generated
models satisfied the Ramachandran plot stereo-chemical
constraints. However on subsequent checking with other
tools out of 40 TLR LRR proteins, only 32 protein struc-
tures were validated as ‘good models’ and the remaining
eight were rejected based on the threshold criteria. The
template selection and the protein model validation values
are mentioned in the Supplementary File 1. The validated
stereo-chemically fit models were submitted to protein mod-
el database. Goat, sheep, buffalo and bovine TLR 1-10
modeled proteins can be accessed via the PMDB ID
(Supplementary File 1).

Comparison of LRR structures in TLRs

The comparison of TLR LRR proteins was done using tools
like SSM [22], SSAP [23] and FATCAT [24]. All ten TLR
LRR structures were compared across species, for example,
TLR 1 modeled protein of buffalo was compared with TLR
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1 modeled protein of goat, sheep and bovine. This
species level comparison was repeated with the other
nine TLRs. Table 1 illustrates the relative comparison
values of TLR 1-10 modeled proteins in the four animal
species.

Docking analysis

Docking analysis was carried out in TLR2, TLR 3 and TLR
7 modeled proteins of goat, sheep, buffalo and bovine.
Autodock Vina 1.1.5 software was used to perform the
flexible binding analysis. Except with sheep TLR2, pepti-
doglycan ligand bound with other three TLR 2 proteins.
However, only a single hydrogen bond interaction was
observed on docking PGN with goat, buffalo and bovine
TLR 2 structures. The number of binding sites in the TLR 3
modeled protein varied from 14—19, while in TLR 7 binding
sites ranged from 16-29. Poly I:C ligand bound with the
modeled protein of goat, sheep, buffalo and bovine with
different binding energy values ranging from —7.3 to
—8.0 kcal mol™'. Sheep TLR 3-Poly I:C bound complex had
the maximum no of hydrogen bonds, i.e., ten while the goat
and buffalo Poly I:C complex had a minimal of eight hydro-
gen interactions. Bovine TLR 3 modeled protein had nine
interactions with the ligand (Table 2).

Resiquimod (R-848) is known as a standard ligand com-
pound for TLR 7 protein. Hence docking was carried out
with the modeled TLR 7 animal protein against R-848. TLR
7 protein had varied number of binding sites with respect to
individual animal species. All the TLR 7 proteins were able
to bind with R-848 ligand with lower binding energy values.
Goat and sheep TLR 7 had the same binding energy values
as —7.1 kcal mol!, whereas buffalo and bovine had —7.3 and
—6.8 kcal mol™! respectively. The number of hydrogen bond
interactions with buffalo TLR 7 R-848 complex was 6, goat
TLR 7 R-848 complex was 4, sheep and bovine TLR 7 R-
848 complex had 3 bonded associations. In TLR 7 of goat,
sheep, bovine about 12 interacting amino acids participated
toward the binding of R-848 ligand. The binding pattern of
TLR 7 was also observed with Imiquimod. The binding
energy values of sheep TLR 7 with Imiquimod was
—8.1 kcal mol'; goat and bovine TLR 7 had —7.8 kcal
mol™'; buffalo TLR 7 Imiquimod ligand complex displayed
with —7.3 kcal mol™ binding energy respectively. On com-
parison with Resiquimod, Imiquimod showed only 2-3
hydrogen bond associations with TLR 7 complex. Since
TLR 8 signaling was found to be activated with synthetic
ligand like resiquimod [11], insilico analysis was also
performed to confirm the binding with rumen TLR 8 pro-
teins. R-848 compound bound against all the TLR 8 proteins
of goat, sheep, buffalo and bovine. However, the docking
was observed in different binding sites. This may account
for variations between TLR structures (Table 2).

Discussion

There is minimal knowledge about the LRR structural in-
formation on animal TLRs. To date, only the structures of
ECDs of TLRs 1, 2, 3, 4 and 6 (human or mouse) has been
reported [6] and no structure has yet been reported for any
member of the TLR 7, 8, and 9 subfamily. Among mam-
mals, members of the TLR gene family carry out a funda-
mental role in the recognition of PAMPs from bacteria,
viruses, protozoa, and fungi, thereafter provoking the mod-
ulation of an innate immune response. The LRR-containing
ectodomains of the TLR proteins have been hypothesized to
facilitate detection of invading PAMPs [25]. To understand
this aspect of PAMP recognition in animal TLRs, LRR
regions in TLR proteins were modeled in a few animal
species like goat, sheep, buffalo and bovine and their rec-
ognition with bacterial/viral constituents was observed by
computational docking with already established ligand
structures.

The LRR motifs are found in many proteins in animals,
plants and microorganisms, including many proteins involved
in immune recognition [6]. SMART tool was used to detect
the presence of these LRRs specific to animal TLR sequences.
The result from SMART tool led to the understanding that the
TLRs like 3, 7, 8, 9 had consistently high number of LRRs
ranging from 13-21, while TLRs like 1, 5, 10 had relatively
fewer numbers of LRRs ranging from 6-13. Except goat
species, TLR 7 and TLR 9 from sheep, buffalo and bovine
did not have a transmembrane domain region. Low-
complexity regions are completely absent in TLR7, 8 and
TLRO. On analyzing TLRs from 1 to 10 in four animal species,
it was found that sheep had the highest number of LRRs
followed by buffalo, bovine and goat.

It has been widely reported that LRR family proteins
have ligand binding sites on the concave side of their protein
structure [26, 27]. In deletion mutagenesis experiments, the
N-terminal LRR modules which was deleted contained nei-
ther the ligand-binding nor the dimerization region of TLR2
[28]. It has also been observed that TLR2 pocket is formed
at the domain boundary between the central and C-terminal
regions. The binding of triacylated lipopeptide to TLR2
occurs in a lipid-binding pocket that is formed at the convex
face of the junction between the central and C-terminal
LRR domains [29]. The docking on rumen TLR 2 with
peptidoglycan also showed binding between the central
and C-terminal domains.

With respect to TLR3, The dsRNA interacts with both N-
terminal and C-terminal sites on the lateral side of the
convex surface of TLR3 [30]. Further mutagenesis studies
on TLR 3 ECD also revealed a single binding site near the
non-glycosylated surface of C terminal region with impor-
tant residues like H539 and other asparagines which are
found to be essential for TLR3 activation [31, 32]. Despite
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Table 1 (continued)

Superimposed (S) OR
not superimposed (N)

FATCAT tool

SSAP tool

SSM tool

TLR type

RMSD P value RMSD No of twists

Score

Sequence identity (%)

P score  Zscore RMSD Overlap (%)

Q score

N -dissimilar

3.1

6.87 ~0
11

67.84
58.66

68

4.38
4.77

0 33
2.2

0

0.074
0.069

Buffalo, sheep

N -dissimilar

3.07

10

55

Buffalo, bovine

TLR 10

S - similar

1.03
3.09
1.19

1.1

92.91

89

87
84
99

75.3 26.2 0.72
3.74
0.72

0.78
0.19

091

Buffalo, goat

N -dissimilar

5.24
0.85

73.7

48

8.3
28

Buffalo, sheep

S - similar

94.91

95

86.1

Buffalo, bovine

the binding site near the C terminal region, there is another
dsRNA binding site near the N terminal side with histidine
residues [31]. In our study, goat, sheep and buffalo TLR 3
showed poly I:C binding in the central ECD while bovine
TLR 3 alone showed ligand binding near the C-terminal
region.

Biochemical studies on TLR 7 and TLR 8 reveals that the
N-terminal portion of TLR7 is necessary for function but not
ligand binding. Also, ligand binding and signal transduction
are likely to be separate events for both TLR9 and TLR7
[33]. Docking studies with TLR 7 of goat, buffalo and
bovine showed R-848 binding near the N-terminal region,
while in sheep TLR 7 showed binding toward the other
C-terminal domain. In case of TLR8-R848 complex, goat,
sheep and bovine showed binding region in the central ECD
region, while buffalo TLR 8 showed binding pocket in the
C-terminal side. The docking results analyzed on TLR7 and
TLR 8 with resiquimod showed varied binding site regions.
TLR 7 of rumen showed different active sites with
imiquimod ligand.

Among many techniques, homology modeling is the
most successful method for predicting three-dimensional
protein structure [9]. Given an experimentally established
protein structure (template), models can be generated for a
homologous sequence (target) that shares with either the
template significant sequence or structural similarity
[8]. This approach of homology modeling was applied to
model the LRR structures of animal TLRs 1-10 using
MODELLER 9v7 tool. On template selection using
Blastp, it was found that most of the templates which satis-
fied the similarity criteria were from Homo sapiens (PDB
Id: 277X, 2A0Z, 2766, 1ZIW, 2763, 3J0A, 3ULU), Mus
musculus (PDB 1d: 2Z81, 3A79, 2764) and Eptatretus bur-
ger (PDB 1d: 277X, 2781, 2266, 3A79, 2263, 3 V44).
Exceptionally few TLRs like TLR 8 and TLR 9 in goat
showed similarity with Bos taurus template structure (PDB
Id: 1XKU) and bovine TLR 5 had similarity with a protein
structure from Zebra fish (PDB Id: 3 V44). The template
structures like 2Z7X (human), 2Z81 (mouse), 2A0Z
(human), 3A79 (mouse) were constantly repeated to model
the TLR LRRs of 1, 2, 3, 6 structures respectively. This
denotes that there might be a high level of structural simi-
larity in the TLRs LRR of 1, 2, 3, 6 in the four animal
species.

Based on stereo chemical quality, structural similarity
and fold quality, MODELLER was found to render better
results than other homology modeling tools like MOE,
Insightll-Homology and Swiss-PdbViewer (SPV) for
modeling membrane proteins [34]. A similar study
conducted by a different group concluded that modeler
performed marginally better than five different homology
tools for overall protein modeling [35]. Due to high effi-
ciency, MODELLER 9v7 was used to model the animal

@ Springer
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Table 2 (continued)

No of hydrogen Binding

Interacting residues

Total no of

Total no of

Species TLR Ligand
Type

No

S.

energy(kcal mol™)

bonds

interacting residues

binding sites

R-848
TLR 8 Resiquimod

—6.2

Arg 317, Leu 316, Ser 346, Phe 345, Glu 315, Gln 314,

Asn 377, His 374, Gln 373

14

sheep

16

R-848
TLR 8 Resiquimod

=7.7

5

Glu 536, Ser 541, Thr 537, Leu 512, Ile 515, Val 508, Ile 505,

14

8

buffalo

17

Phe 485, Asp 482, Phe 503, Arg 504, Asp 530, Leu 534, Thr 533

R-848
TLR 8 Resiquimod

-7.1

3

Leu 396, Thr 399, Thr 446, Asp 384, Leu 434, Gly 427, Ser 435,

Asn 433, Leu 432, Asn 428, Ile 429

11

17

bovine

18

R-848

TLR LRR structures. Each animal TLR was modeled with a
minimum of five different templates. The alignment be-
tween the 3D coordinates of the template structure and the
target sequence was saved in PIR format using Clustalw.
This alignment was then submitted as input to the modeler
9v7 tool. Python scripts were used to generate at-least three
protein models. For comparative modeling MODELLER
automatically derives restraints from the given related struc-
tures and their alignment with the target sequence [36].
MODELLER builds loops by optimizing a series of ‘prob-
ability density functions’ describing backbone geometry
based on amino-acid type, and then refined with an energet-
ic minimization procedure [35]. The three dimensional (3D)
model is obtained by optimally satisfying spatial restraints
derived from the alignment and expressed as probability
density functions (pdfs) for the features restrained [13].
From the 3 modeled proteins, the model with the least
probability density function value was selected for further
analysis (Fig. 1, Supplementary File 2). For optimizing the
modeled TLR LRR proteins molecular dynamic simulations
were carried out using CHARMm forcefied from Discovery
Studio software.

The structurally refined model are validated using different
tools like PROCHECK, WHATTF server, ProQ, Verify 3D and
ERRAT. The percentage of residues in most favored regions
and additional allowed regions were considered by the
Ramachandran plot of Procheck. If the overall percentage falls
above 95 % then the protein model is considered as a good
structure. In the WHATIF server, output for a protein is a
Ramachandran Z-score, expressing the quality of the
Ramachandran plot relative to current state-of-the-art struc-
tures [37]. An experimental study conducted on assessing the
quality of proteins on 144142 PDB structures with mean Z
score value showed values as —0.58 for X-ray diffraction,
—1.19 for NMR and —2.0 for EM[38]. So Z-value of —2 or
lower is kept as the threshold for this study. According to this
criterion, only 16 out of 40 models satisfied these structural
constraints. ProQ, a neural network based method was used to
predict the quality of a protein model that extracts structural
features, such as frequency of atom—atom contacts, and pre-
dicts the quality of a model, as measured either by LGscore or
MaxSub. Correct models should have LGscore>1.5 and
MaxSub>0.1, whereas incorrect models should have
LGscore<1.5 and MaxSub<0.1 [18]. In this study, except for
sheep TLR 7 and buffalo TLR 8 all other TLR LRR protein
models satisfied the ProQ LGscore threshold. Another protein
validation tool named Verify 3D compares the protein model to
its own amino-acid sequence, using a 3D profile [39]. On
submission of the protein model, this tool automatically com-
putes whether the protein model is passed or failed depending
upon the percentage of residues with >0.2 3D-1D score.
ERRAT tool works on the statistics of non-bonded interactions
between different atom types and calibrates the error function
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of'the protein model. The reliability of the modeled protein was
checked by this tool. Based on the results of these different
tools, 36 models were found to be stereo-chemically efficient
models while the remaining models like sheep TLR 5, sheep
TLR 7, sheep TLR 8 and buffalo TLR 8 did not satisfy the
constraints imposed by the validation tools. The validated TLR
LRR animal protein models were submitted to PMDB
database.

Since buffalo (Bubalus bubalis) contributes immensely to
the Indian agricultural economy, other animal TLR LRRs
were compared with respect to buffalo. The LRR regions of
TLR 1 to 10 were compared within inter species level. This
comparison was feasible by using online tools like SSM,
SSAP and FATCAT. In the SSM tool, the Q-score represents
the quality function of Ca-alignment, maximized by the
SSM alignment algorithm and the P-score represents minus
logarithm of the P-value. The Z-score measures the statisti-
cal significance of a match in terms of Gaussian statistics;
the root mean square deviation (RMSD) was calculated
between Ca-atoms of matched residues at best 3D superpo-
sition of the query and target structures. In the FATCAT tool,
the P value signifies the probability of structural similarity
between the two protein structures and the no of twists
denotes the transformations of the 3D proteins to obtain
better alignment. In the SSAP server the overlap of struc-
turally similar regions are denoted as the percentage of
overlap.

Root-mean square deviation (RMSD) of the Ca atoms of
the model structures compared to the native structure, in a
globally optimized superposition of the two structures, as one
of the measures of similarity to assess the models. Improper
modeling of a small region of the protein can sometimes lead
to large variation in RMSD [33]. Based on this aspect, the
LRR regions from TLRs like 1, 2, 3 and 6 were found to be
highly similar in inter species level since their RMSD devia-
tion is less than 2 A with high relevance in statistical values.
Further, the structural superimposition of these TLR’s showed
only marginal variations among each other. On the other hand,
the TLRs like 5, 7, 8, and 9 were found to be highly dis-similar
with respect to each other having higher RMSD deviation and
inconsistent statistical scores. The structural overlay of TLR 5,
7, 8 and 9 showed prominent variations in their horse shape
shoe structure. In few TLRs like TLR 4 structural dis-
similarity exists only with respect to buffalo and goat; while
in TLR 10 structural dissimilarity exhibits only with buffalo
and sheep.

From the results (Table 2) and the structural view (Fig. 2, 3,
4) given as Supplementary material, it can be concluded that
similar TLR LRR structures had a RMSD value of less than 2
angstrom and the dissimilar LRRs had greater RMSD devia-
tion. A characteristic feature of TLR-ECDs in TLR 7, 8 and 9
is that frequent occurrence of LRRs forms substantially larger
regions which are often represented as loops that protrude

@ Springer

from the TLR-ECD horseshoe structure, usually on the as-
cending or convex side of the LRR [6]. This extra loop
projection can also be seen in the TLR 7, 8 and 9 modeled
structures of sheep, buffalo and bovine. The structural super-
imposition of TLR 2, 3 and 7 demonstrates that TLR 2, 3 have
species conservation since the 3D overlay differs only by a
minimal variation. But TLR 7 shows prominent differences in
the structural level across the four animal species. It has been
widely reported that TLR agonists are lipopolysaccharide
(LPS) from gram negative bacteria (TLR4), lipoprotein and
peptidoglycan from gram positive bacteria (TLR1, 2 and 6),
flagellin (TLRS), double stranded RNA, Poly I:C (TLR3),
unmethylated CpG dinucleotide motifs (TLR9), single strand-
ed uridine rich RNA (TLR7) and the synthetic antiviral com-
pound R-848 (TLR7 and TLRS).

A previous study conducted by our group indicated that upon
stimulation with peptidoglycan, Toda buffaloes produced sig-
nificantly increased levels of IFN v and TNF oo mRNAs. TLR 3
ligand poly I:C showed significantly increased expression in the
IL 1 3, IFN v and TNF | o« mRNA levels in Toda buffaloes and
imiquimod resulted in a significant increase of TNF o« mRNAs
levels [40]. Due to this established cytokine increased expres-
sion levels in TLR 2, 3 and 7 molecular docking studies was
carried out with these TLRs against known ligand compounds
like Peptidoglycan ((C32H48N60O18R2)n), Poly I:C
(C19H27N7016P2), Resiquimod (C17H22N402) and Imlqulmod
(C14H 6Ny). The peptidoglycan ligand from KEGG ligand da-
tabase was also verified as a glycosaminoglycan structure
through Chemical entity database (ChEBI: 8005). Also, the
poly I:C compound (CID: 32744) was found to be the interferon
inducer consisting of a synthetic, mismatched double-stranded
RNA with one strand each of polyinosinic acid and
polycytidylic acid (MeSH db, http://www.ncbi.nlm.nih.gov/
mesh/68011070). The increased expression of IL-36y cytokines
in skin was induced upon activation with polyinosinic -
polycytidylic acid (Poly I:C) which is the analogue structure
for dsRNA [41]. Therefore this compound was chosen to per-
form the binding analysis with TLR 3. Agonists resiquimod
(CHEMBL383322) and imiquimod (CHEBI:36704) was also
found to be associated with increased cytokine secretion
(PMID: 21780996) and can be subsequently used as vaccine
adjuvants (PMID: 17931162).

All the modeled proteins of TLR 2, 3 and 7 bound
with their respective ligand structures. However the
binding site, the number of hydrogen bonds and electrostatic
bonds varied consistently. In the human TLR3/dsRNA com-
plex the protein-protein interactions occur only at the LRR-
CT. This concept was verified in animal TLR 3 poly IC
binding. While sheep and bovine TLR 3 do show interactions
in the LRR-CT end, the goat and buffalo TLR 3 showed Poly
IC binding in the middle of the horse shoe structure, i.e., in
between LRR-NT and LRR-CT. Electrostatic and hydropho-
bic interactions were observed around the ligand binding site.
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In Fig. 2, the bond distance and the interacting amino acids are
labeled, the carbon atoms are represented as green, nitrogen as
blue and oxygen as red colored type. On analyzing the
docking results of TLR 2, 3, and 7 the number of hydrogen
bonds varies between the TLR ligand complexes. Hydrogen
bonding and optimized hydrophobic interactions help to sta-
bilize the ligands at the target site, and enable for better
binding affinity and drug efficacy [42]. Based on this phe-
nomenon, TLR 3-poly I:C complex had better binding affinity
with highest number of bond interactions than other TLRs.
Further, the bond energy was found to be in the range of —2.5
to —0.01 kcal mol™" and the bond distance were in the range of
2.7t03.57 A.

Amino acid sequences of the TLR 7-9 family suggest
that they may differ from other TLRs in both structure and
mode of ligand recognition [6]. This statement holds true
because most of the associations of TLR 7 LRR protein
(goat, buffalo and bovine) against Resiquimod and
Imiquimod are shown toward the N terminal end. Sheep
TLR 7 being the exceptional case. Buffalo TLR 7 docked
against Resiquimod showed the most stable structure with
minimal energy (Fig. 2). A study reveals that PGN can bind
to the C-terminus, 572—-586 end of TLR-2 [43]. In this study,
peptidoglycan was found to bind between the C-terminal
and N-terminal region of rumen TLR 2. While animal TLR
2 and 3 shows binding associations toward the LRR-CT end,
TLR 7 alone showed binding regions around N terminal
region.

Binding energy between TLR 2 of goat, buffalo, bovine
with Peptidoglycan showed energy variations between —8.4
to —9.8(kcal mol™). This being the highest, other associa-
tions of TLR 3 and 7 showed ligand binding energy ranging
from —6.8 to —8.1 (kcal mol™"). The TLR LRRs with mini-
mal binding energy are shown in Fig.l. The number of
hydrogen bonds were lowest in the TLR 2 Peptidoglycan
complex and highest in the TLR 3 Poly I:C complex.
Asparagines in the motif make continuous hydrogen bonds
with neighboring strands and constitute an “Asparagine
ladder”. Often Asparagines are replaced with other residues
to form H2 bonds [44]. This study also shows that TLR 2, 3
and TLR 7 showed active participation with Asparagine
(Asn) toward hydrogen bond formations. While this
docking study has been done insilico, performing thermo-
dynamics on inclusion of water molecules are also found to
be essential for ligand-receptor interactions. Future studies
involving molecular dynamic simulations are needed to
access the stability of the complex.

Conclusions

Detailed understanding of the structural basis for PAMP rec-
ognition and signaling by TLRs could lead to the development

of adjuvants that specifically bind to TLR-ECDs and activate
TLRs for anti-inflammatory drugs that block TLR mediated
signaling [6]. Since there are no structural models available for
TLR LRR in animal species like goat, sheep, buffalo and
bovine, this study will be useful to understand the underlying
PAMP recognition mechanism in animal TLRs. Species level
conservation of TLR 1-10 ectodomains illustrates the simi-
larities and dissimilarities of these protein structures across the
four animal species. This analysis showed that TLR 1, 2, 3 and
6 had structural convergence while TLR 5, 7, 8 and 9 had
structural divergence among the selected rumen species.
Computational docking studies on TLR 2, 3 and 7 highlights
the mode of ligand recognition and their bonding interactions.
In summary, this work gives an insight about the structural
information of animal TLRs, their species conservation and
ligand recognition.
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