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with fish dsRNA viruses: an exploratory structural model analysis
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Abstract Viral infections are one of the major challenges
in aquaculture production, and considered as the poten-
tial threat for fish farming. Toll-like receptor (TLR) 3 and
TLR22 are highly specialized innate immune receptors that
recognize double-stranded (ds)-RNA of viruses resulting in
the induction of innate immunity. The existence of TLR3
and TLR22 only in aquatic animals indicates their distinc-
tive characteristics in viral infection; however, the studies

We dedicate this work to our beloved co-author Mr. Gopal
Krushna Bhoi (12/05/1984 to 20/11/2014). A special feeling of
gratitude to my best and loving friend Mr. Gopal whose words of
encouragement and push for tenacity ring in my ears.

Electronic supplementary material The online version of this
article (doi:10.1007/s00726-014-1872-2) contains supplementary
material, which is available to authorized users.

B. R. Sahoo - G. K. Bhoi - J. Maharana - S. K. Lenka
Department of Bioinformatics, Orissa University of Agriculture
and Technology, Bhubaneswar 751001, India

B. R. Sahoo (IX)

Laboratory of Molecular Biophysics, Institute for Protein
Research, Osaka University, Osaka 5650871, Japan
e-mail: bikash.bioinformatics @ gmail.com;
bikash.bioinformatic @protein.osaka-u.ac.jp

M. R. Dikhit
Biomedical Informatics Center, Rajendra Memorial Research
Institute of Medical Sciences, Patna 800007, India

P. K. Dubey
WPI-Immunology Frontier Research Centre, Osaka University,
Osaka 5650871, Japan

D. K. Tiwari

Department of Biomolecular Science and Engineering, Institute
of Scientific and Industrial Research, Osaka University,

Osaka 5650871, Japan

in exploring their structural features and dsRNA binding
mechanism are still elusive. Here, we studied the struc-
tural and functional differentiations of TLR3 and TLR22
in zebrafish by employing comparative modeling and
molecular dynamics simulation. Comparative structural
analysis revealed a distinct spatial arrangement of TLR22
ectodomain with a flattened horseshoe-shape conforma-
tion as compared to other TLRs. Essential dynamics studies
showed that unlike TLR3, TLR22 possessed a prominent
motion, elasticity and twisting at both terminus separated
by a distance equivalent to the length of a short-sized
dsRNA. Interaction analysis of polyinosinic:polycytidylic
acid (poly I:C) and dsRNA depicted leucine-rich-repeats
(LRR)2-3 and LRR18-19 (in TLR3) and LRRNT-LRR3
and LRR22-24 (in TLR22) as the potential binding sites.
The short-sized dsRNA binds tightly across its full-length
with TLR22-monomer, and suggested that TLR22 dimer
may sense long-sized dsRNA. Binding energy (BE) cal-
culation using MM/PBSA method from the TLR3- and
TLR22-ligand complexes revealed an adequate binding
affinity between TLR22-monomer and dsRNA as like as
TLR3-dimer-dsRNA complex. Mutagenesis and BE com-
putation of key residues suggested their involvement in
dsRNA recognition. These findings can be helpful for ther-
apeutic applications against viral diseases in fish.

Keywords TLR3 - TLR22 - Molecular docking -
Molecular dynamics simulation - MM/PBSA - RNA
Introduction

Innate immunity plays the pivotal role in defending lower

eukaryotes from pathogenic invasion, and most of its com-
ponents are evolutionary conserved from lower to higher

@ Springer


http://dx.doi.org/10.1007/s00726-014-1872-2

382

B. R. Sahoo et al.

eukaryotes (Kimbrell and Beutler 2001). The family of innate
immune signaling molecules includes various members viz,
cluster of differentiation (CD)14, toll-like receptors (TLRs),
nucleotide binding receptors (NLRs), peptidoglycan recogni-
tion proteins (PGRPs), retinoic acid inducible gene (RIG)-
I-like receptors, C-type lectin receptors (CLRs) etc. (Takeda
and Akira 2005; Medzhitov and Janeway 2000; Kumar
et al. 2011). The distinct structurally indispensable micro-
bial components such as peptidoglycan (PGN), lipoteichoic
acid (LTA), zymosan, ribonucleic acid (RNA), deoxyribo-
nucleic acid (DNA) etc. are recognized by various types of
TLRs and other pattern recognition receptors (Yu et al. 2010;
Duthie et al. 2011). TLRs are expressed on the cell surface
and endosomal membranes to recognize extracellular as
well as infectious pathogens or their derivatives. Among
various TLRs, TLR22 is unique to be present only in lower
eukaryotes like fish, and shares significant resemblance with
TLR3 of lower and higher eukaryotes in relation to cellular
localization and molecular function (Pietretti and Wiegertjes
2014). TLR3 is a well-characterized innate immune recep-
tor that senses double-stranded RNA (dsRNA), endogenous
cellular mRNA, and sequence-independent small interfering
RNAs (Bell et al. 2005; Liu et al. 2008; Sahoo et al. 2012;
Wang et al. 2010). Although, the exact role of TLR22 is still
elusive, recent studies evoked its involvement in dsSRNA rec-
ognition and innate immune signal transduction in response
to viral infections (Chen et al. 2013; Pietretti and Wiegertjes
2014). TLR22 gene has been identified and characterized in
many fishes that include zebrafish, rohu, rainbow trout etc.
(Samanta et al. 2014; Su et al. 2012; Matsuo et al. 2008). In
rainbow trout, two different mRNA copies of TLR22 have
been identified that are highly homologues (Su et al. 2012).
Recently several workers also reported comparative expres-
sion of fish TLR22 gene against different ligands stimula-
tion among fish species (Matsuo et al. 2008; Su et al. 2012;
Samanta et al. 2014).

Structurally, all TLRs are characterized by an extracellu-
lar/ectodomain (ECD) followed by a small transmembrane
(TM) and cytoplasmic toll/interleukin-1 receptor (TIR)
domain (Kang and Lee 2011; Botos et al. 2011). TLR3
(from structural evidence) and TLR22 (from sequence
level comparison) also shared similar domain architec-
ture with the above-described distinct domains. The ECD
senses dsSRNA and transmits signal to the TIR domain via
TM, and activates down-stream signaling by TIR-TIR
interaction with its adapter molecules. In TLR3, homo-
dimerization is essential to sense dsSRNA molecules as evi-
denced from the structural analysis (Liu et al. 2008; Wang
et al. 2010). TLR3 dimerizes during dsRNA binding, and
the key binding sites of dsSRNA or poly I:C (a synthetic
dsRNA analog) interaction has been well-studied in TLR3
crystal structure (Wang et al. 2010; Pirher et al. 2008a, b).
The ORF (open reading frame) of TLR22 is longer than
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TLR3, and it has also been proposed that TLR22 can sense
long-sized dsRNA as compared to TLR3. However, no
studies yet reported for the molecular basis of interaction
between TLR22 and long-sized or short-sized dsSRNA due
to the structural inadequacy. Despite of enormous impor-
tance of TLR3 and TLR22, there is no structural and func-
tional comparison available yet to understand their exact
contributions in protecting the aquatic animals against
viral infections. A structural comparison highlighting the
dsRNA binding mechanism in both receptors will be help-
ful to interpret the distinctive structural scaffolds and bind-
ing affinities in response to viral infections. Moreover, it is
essential to explore the differential functions of these two
receptors in fishes that are highly exposed to viral infec-
tions which affect the aquaculture production.

To address these issues, in absence of experimental struc-
tural reports on TLR3 and TLR22 in fishes, we generated the
3D coordinates for TLR3-ECD and TLR22-ECD in zebrafish
by employing comparative modeling. Zebrafish is considered
as a model organism to investigate various biological path-
ways for its significant similarities with higher vertebrates
including human (Meeker and Trede 2008). The structural
dynamics of both receptors were investigated for a long time
scale by using an all-atom molecular dynamics (MD) simu-
lation. Principal component and normal mode analysis were
performed in apo and holo conformations to explore the dis-
tinguishable structural information in both receptors. The
protein motions were analyzed and characterized to disclose
their conformational dynamics in atomic levels, and the rel-
evance of these motions towards the innate immune signal-
ing was probed. The binding free energy between protein
(TLR3-ECD and TLR22-ECD) and ligand (poly I:C and
dsRNA) was computed from the complex MD trajectories
using MM/PBSA method (Luo et al. 2002). The GROMACS
(Pronk et al. 2013) in-built programs and APBS commands
(Baker et al. 2001) were combined using shell-script files to
calculate the binding free energy for all complexes.

Materials and methods
Multiple sequence alignment and domain prediction

The amino acid sequences of zebrafish TLR3; UniProt ID:
BS8JIL3 (zTLR3) and TLR22; UniProt ID: B3DJL6 (zTLR22)
were retrieved from the UniProt database (http://www.uniprot.
org/uniprot/). Computations of various physical and chemi-
cal parameters in both proteins were carried out using Prot-
Param (Gasteiger et al. 2003). Domain and signal peptide
prognosis was analyzed in SMART (Letunic et al. 2012),
Pfam (Finn et al. 2010) and CD-search (Marchler-Bauer
et al. 2011) web servers. The zTLR3, zTLR22 and human
TLR3 amino acid sequences were aligned using PRALINE
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(http://www.ibi.vu.nl/programs/pralinewww/) program
with default parameters. The N-glycosylation sites and
cysteine residues forming disulfide bridges were predicted
from the amino acid sequences using NetNGlyc 1.0 (Gupta
and Brunak 2002) and DiANNA (Ferre and Clote 2005)
servers, respectively. Secondary structure prediction was
performed using DSSP (Joosten et al. 2011) and PSIPRED
programs (Buchan et al. 2013).

Structure modeling

The 3D coordinates of zTLR3-ECD and zTLR22-ECD
were assigned using comparative modeling approach
by identifying the closet homologous templates in pro-
tein databank (PDB) (http://www.pdb.org) through PSI-
BLAST (http://blast.ncbi.nlm.nih.gov/BLAST.cgi) (Alts-
chul et al. 1990). A total of 500 hypothetical 3D structures
of zTLR3-ECD and zTLR22-ECD were built using the
MODELLER v9.12 (Eswar et al. 2007), and manual con-
straints in alignment were implemented to minimize the
gaps. Among these generated models, the structure pos-
sessing lowest discrete optimized protein energy (DOPE)
was subjected for loop refinement using ModLoop (Fiser
and Sali 2003). The disorder loops were noted based on
sequence alignment gaps and target-template superimposi-
tion. The corresponding positions were inputted to Mod-
Loop successively (from N-terminus towards C-terminus)
to generate a refined structure. The refined structure was
energy minimized using GROMACS 4.5.5 (Pronk et al.
2013) in Gromos53a6 (Oostenbrink et al. 2004) force filed
(ff), and verified using PROCHECK (Laskowski et al.
1993), Verify3D (Liithy et al. 1992) and ERRAT (Colovos
and Yeates 1993) at SAVeS (http://nihserver.mbi.ucla.edu/
SAVES), WHAT IF (Vriend 1990), MolProbity (Chen
et al. 2010), ProSA (Wiederstein and Sippl 2007) and
ProQ (Wallner and Elofsson 2003) servers. The validation
scores were analyzed, and the homology models were fur-
ther refined by minimizing the structural ambiguity using
WHAT IF and 3Drefine (Bhattacharya and Cheng 2013)
programs.

MD simulation

MD simulation in explicit solvent was used for the repre-
sentative structures of zZTLR3-ECD (total 69,782 atoms;
54,028 solvent) and zTLR22-ECD (total 51,187 atoms;
47,636 solvent) models. Simulation was performed using
the Grmos53a6-ff and SPC water models in GROMACS
with water density of 1039.06 and 1044.85 g/l for zZTLR3-
ECD and zTLR22-ECD, respectively. Both MD systems
were neutralized by adding 0.15 M NacCl ionic concentra-
tion. Energy minimization was conducted using conjugate
gradient algorithm. The MD parameters and methodologies

were followed from the previous reports (Sahoo et al. 2012,
2013a, b; Maharana et al. 2013). Particle mesh Ewald sum-
mation method was considered to restrain the long-range
electrostatic interactions, and non-bonded interactions cut-
off radius was set to 12 A. A production MD run of 50 ns
was carried out for both models to restrain the structural
ambiguities. The final structures were extracted from the
stable backbone regions of the MD trajectory. These struc-
tures were further validated in different protein validation
servers as described above to analyze their biophysical
properties.

Docking simulations

The 2D structure of poly I:C (CID: 213546) was obtained
from PubChem database (http://pubchem.ncbi.nlm.nih.
gov/), and 3D coordinates were generated subject-
ing to chirality, full charge and energy minimization
in PRODRG2 server (http://davapcl.bioch.dundee.ac.
uk/cgi-bin/prodrg). The dsRNA structure of grass carp
reovirus (GCRV), infectious hematopoietic necrosis virus
(IHNV), and viral hemorrhagic septicemia virus (VHSV)
were constructed as described in previous report (Sahoo
et al. 2012). Gasteiger charges were applied to the recep-
tor structures, and the non-polar hydrogens were merged.
AutoDock Tools 1.5.6 (Morris et al. 2009) was used to set
up rotatable bonds in poly I:C. The energy affinity maps
for ligand atom types, de-solvation energies, and elec-
trostatic potentials were pre-calculated using AutoGrid4.
The binding sites of zZTLR3-ECD were assumed from
the multiple sequence alignment of zebrafish, human
and rohu along with literature review. A grid system of
(x, y, 2) = (80-point, 80-point, 80-point) and grid spac-
ing of 0.375 A was considered for docking calculations.
For zTLR22-ECD, binding sites were predicted using
LIGSITEcsc (Huang and Schroeder 2006) and Q-site
finders (Laurie and Jackson 2005), and also speculated
from multiple sequence analysis. Both blind docking
embedding the whole protein with grid system of (x, y,
z) = (126-point, 126-point, 126-point), and position spe-
cific grid size was generated. Docking simulations were
carried out using Autodock4 (Morris et al. 2009) allowing
both receptor and poly I:C as flexible (Sahoo et al. 2014;
Maharana et al. 2014). The best docked conformations
were clustered according to the docking scores. To fortify
and cross-check the AutoDock4 predictions, docking cal-
culation was also carried out using ArgusLab 4.0.1 pro-
gram (http://www.arguslab.com). Preparation of the poly
I:C was done using ArgusLab 4.0.1, addition of missing
hydrogen atoms and fidelity of all bonds were checked.
Grid was generated at predicted poly I:C binding sites by
AutoDock4, LIGSITEcsc, Q-site, and full grid experiment
was also performed.
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Protein-RNA docking

The zTLR22-ECD model was docked with dsRNA struc-
tures of GCRV, IHNV and VHSV using HADDOCK
(Dominguez et al. 2003), ZDOCK (Pierce et al. 2014) and
ClusPro 2.0 (Comeau et al. 2004) programs. The binding
site information for complex formation were assumed from
the crystal structure of mouse TLR3 at 3.41 A complexed
with dsRNA (PDB ID: 3CIY; Liu et al. 2008), multiple
sequence analysis and binding site prediction results by the
above-mentioned servers.

MD simulation of complex

The receptor and poly I:C complexes were selected con-
sidering the best ligand efficiency, docking score and
inter atomic bonding patterns. The best posed zTLR22-
dsRNA complexes were considered based on the serv-
ers rank and scores. The receptor-poly I:C and receptor-
dsRNA complexes were simulated using Gromos53a6 and
CHARMM36 force fields, respectively. The MD simulation
procedures and parameters were adopted from previous
studies (Sahoo et al. 2014; Maharana et al. 2014). Position
restraint dynamics of 0.2 ns were applied to each MD sys-
tems for equilibration in NVT and NPT conditions sepa-
rately. Production MD simulations of 10 ns were conducted
for each complexes, and the MD trajectory files were ana-
lyzed to gain insight into their structural characteristics.

Essential molecular dynamics

To investigate the prominent dynamic regions in ZTLR3-ECD
and TLR22-ECD receptors in apo and holo conformations,
principal component analyses (PCA) (Amadei et al. 1993)
of the backbone atoms were performed using g_covar and
g_anaeig programs. From the top eigenvectors, 100 numbers
of frames were extracted and analyzed in ProDy (Bakan et al.
2011) to identify the eminent dynamic regions. Normal mode
analyses (NMA) (Hinsen 1998) was performed using aniso-
tropic network model (ANM) (Eyal et al. 2006) to render the
elastic network modes in apo and holo conformational states
and were compared. MD trajectory analysis was performed
by GROMACS and VMD v1.9.1 programs (Humphrey et al.
1996). Molecular visualization was done using PyMOL (aca-
demic license), Discovery Studio Visualizer 3.5, and VMD.
Two dimensional (2D) plots were generated using Grace
5.1.23 (http://plasma-gate.weizmann.ac.il/Grace/).

Binding energy (AG) computation from MD trajectory
The binding free energy calculation between zTLR3-

ECD-poly I:C, zTLR22-ECD-poly I:C and zTLR22-
ECD-dsRNA were carried out using MM/PBSA method
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implemented in GMXAPBS tool (Spiliotopoulos et al.
2012; Sahoo et al. 2014). A total of 500 structures were
extracted for protein, ligand and complex from the MD tra-
jectory at equal time intervals. The electrostatic properties
of these structures were computed using APBS. The ener-
getic parameters in bound and unbound states were calcu-
lated for the complex, protein and ligand in each snapshot.
In addition to total binding energy calculation, the contri-
bution of potential bonded amino acids was computed to
identify the consistent and crucial residues during the simu-
lation. The final AG value was computed as follows:
AGBinding
+ Gpoly .crasrNA)-
The detailed parameters for calculating BE in each com-
plex were described in previous reports (Spiliotopoulos
et al. 2012; Sahoo et al. 2014; Maharana et al. 2014).

GComplex (GZTLR3—ECD/ZTLR22—ECD

Results and discussion
LRR-domain identification

The zTLR3 and zZTLR?22 receptors are comprised of 903 and
947 amino acids (aa), respectively. Signal peptide prediction
analysis identified a 26 and 23 aa long peptide in zZTLR3 and
ZTLR22, respectively. The mature ZTLR3 have comparatively
low molecular weight (99.57 kD) than the ZTLR22 (106.26
kD). The zTLR22 receptor contained more numbers of posi-
tive amino acids (96 aa) than negative residues (79 aa); on the
other hand, zZTLR3 receptor presented equal numbers of posi-
tive and negative residues. The net positive charge in ZTLR22
(pI = 8.98) indicated its superlative degree of binding to the
negatively charged dsRNA molecules as compared to zZTLR3
(pI = 7.70) receptor. Instability index analysis showed both
proteins were in stable nature with an instability index value
of 37.31 and 38.45 for zZTLR3 and zTLR22, respectively.
The domain analysis in different servers (See “Materials and
methods”) showed the presence of three putative domains
such as ECD, TM and TIR (Fig. 1). The available domain
finding servers identified few conserved LRR domains in the
ECD of both receptors, and few were not distinguished due
to the complexity and variability of the conserved motif seq
uence“XLxxLxLxxNxLxxLxxxxFxxLx” (where L = leucine/
isoleucine/valine/phenylamine; x = any amino acid residue;
N = asparagine/threonine/serine/cysteine and F = phen-
yalanine). These LRR motifs were manually identified by
performing multiple sequence alignment of zTLR3-ECD
and zTLR22-ECD sequences with the well-characterized
TLR3-ECD sequences of other species. A total of 24 and
26 LRR motifs including N- and C-terminal LRR motifs
were identified in ZTLR3-ECD and zZTLR22-ECD domains,
respectively (Fig. 1; Table 1). In both receptors, the positions
of LRR domains were found to be exist in a nearly similar
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Signal peptide
(1-26) (1-23)
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= LRR2 (77-98) Q) LRR2 (83-104)
S LRR3 (101-122) Qs LRR3 (106-128)
s LRR4 (125-145) @8 LRR4 (131-152)
Qs LRRS (148-168) S LRRS (155-176)
— Qs LRR6 (180-201)
LRR6 (172-193) &~ LRR7 (2
S— (205-226)
LRR7 (199-220) e ’
LRRS (229-250)
w9 LRRS (223-245) g LRRY (253-274)
Qs LRRY (250-271) Qe LRRI0 (280-300)
Qs LRR10 (276-297) Qe LRRI1 (306-327)
Qs LRRI11 (300-321) @ LRRI2 (330-351)
Qs LRRI2 (324-342) Qe LRRI3 (354-373)
S LRR13 (354-375) e LRR14 (383-406)
g LRR14 (375.398) Qe LRRIS (422-442)
s LRRIS (406-428) Qe LRRIG (448-470)
QD L:xi6 31453 —’ LRR17 (473-494)
S LRRI7 (464450 . |15 (125345
Qs LRRIS (507-528) ) LRR20 (551-574)
Qg LRR19 (531-552)
Qs LRR20 (563-584)

Qs LRR21 (579-600)
Qs LRR22 (608-627)
Qs LRR21 (587-608)
Qs LRR22 (611-632)

Qs LRR23 (630-651)
Qs LRR24 (654-674)
LRRCT (645-698)

e
vonss et

Ectodomain (ECD)
Ectodomain (ECD)

Transmembrane (TM)

sses

(743-765)

DYy (755-895) DINVETY (794-937)

zebrafish TLR3 zebrafish TLR22

Fig.1 Schematic domain representations of zebrafish TLR3 and
TLR22 receptors. The leucine-rich-repeat (LRR) regions are num-
bered and sequence positions are labelled. The transmembrane (TM)
domains are shown as cylindrical, and toll/interleukin-1 receptor
(TIR) as hexagon

fashion with two additional LRR motifs at the C-terminus of
zZTLR22-ECD. Although the LRR positions were conserved,
a significant difference in their amino acid sequence com-
position and conservation were noticed (Table 1). Pair-wise
sequence comparison showed 25 and 42 % sequence identi-
ties and similarities between zTLR3-ECD and zTLR22-ECD,
respectively. To ensure the conservation of important binding
residues in ZTLR3-ECD and zZTLR22-ECD, we aligned their
ECD sequences with the well-characterized human (hTLR3)-
ECD. The pair-wise BLAST comparison revealed 48 and
64 % (between hTLR3-ECD and zZTLR3-ECD), and 28 and
43 % (between hTLR3-ECD and zTLR22-ECD) sequence
identities and similarities, respectively. The key binding resi-
dues involved in poly I:C and dsRNA interaction, and homo-
dimer formation were conserved in zZTLR3-ECD and human;
whereas, in ZTLR22-ECD these regions were varied with
small conservations (Fig. 2).

Comparative modeling and refinement

The PSI-BLAST search identified crystal structure of
mouse TLR3 ectodomain (PDB ID: 3CIG; Liu et al. 2008;
2.66 A), toll-like receptor 3 ligand binding domain (2A0Z;
Bell et al. 2005; 2.40 A), human TLR3 ECD (1ZIW; Choe
et al. 2005; 2.10 A), and quaternary complex of human
TLR3-ECD with three Fabs (3ULU; Luo et al. 2012; 3.52
A) as the suitable templates for 3D-model building of
zTLR3-ECD and zTLR22-ECD. For zZTLR22-ECD mod-
eling advance modeling protocol was utilized to rearrange
the MODELLER alignment sequences and to avoid the
structural artifacts. The long gaps generated in MODEL-
LER alignment were adjusted referring to the PSI-BLAST
results which suggested existence of alternative structural
regions in 3ULU and 3CIG for the target zZTLR22-ECD
receptor (Supplementary data Fig. 1). To ensure the accept-
ability of these templates, we analyzed the secondary struc-
ture conservation in the target and templates. The second-
ary structure comparison of templates (derived from 3D
structures), and ZTLR3-ECD and zTLR22-ECD (derived
from amino acid sequences) presented a good conserva-
tion across the domain length, and suggested the reliabil-
ity of these templates for model exercise (data not shown).
Template suggestions from different web-servers were also
considered to minimize the modeling ambiguities. The
zZTLR3-ECD and zTLR22-ECD models presented a well-
characterized horseshoe-shaped conformation with unin-
terrupted parallel B-sheets in the concave surfaces and few
irregular small a-helices connected by loops in the convex
surfaces. Superimposition of initial models of zZTLR3-ECD
and zTLR22-ECD showed an approximately same confor-
mation with few variable long loops. Validation of these
models in different servers endorsed good structural valida-
tion scores for both models (data not shown). To investigate
the backbone stability and dynamic properties both models
were simulated in explicit water.

Structural analysis

Structural dynamics of zTLR3-ECD and zTLR22-ECD
were inspected during 50 ns MD simulation. The RMSD
calculation of the backbone atoms showed a small eleva-
tion followed by stable plateau for the ZTLR3-ECD. In the
last ~30 ns, the backbone was constrained with an average
RMSD of 4.07 A (Fig. 3a). In contrast, a significant back-
bone deviation was noticed in ZTLR22-ECD. The RMSD
steadily rose for the first ~30 ns, and thereafter converged
with an average RMSD of ~11.82 A (Fig. 3a). The large
backbone RMSD brought forth a significant conforma-
tional change in zZTLR22-ECD during the MD simulation.
The high RMSD in zTLR22-ECD was due to the structural
rearrangement during the first 30 ns. The initial model
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Fig. 2 Multiple sequence align-
ment of zebrafish TLR3-ECD
and TLR22-ECD with human
TLR3-ECD. The multiple
sequence alignment was gener-
ated using PRALINE program.
The residual conserved and un-
conserved percentage is shown
at the bottom of the figure. The
key ligand binding and homo-
dimer forming amino acid
residues are shown inside black
rectangular boxes (in reference
to human TLR3-ECD crystal
structure)
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Fig. 3 Stability parameters

of zebrafish TLR3-ECD and
TLR22-ECD over 50 ns MD
simulation. a The root mean
square deviation (RMSD) of
backbone atoms (all-atoms, ter-
minal residues, central residues)
are presented, b the root mean
square fluctuation (RMSF) of
individual residues, and ¢ radius
of gyration of Ca-atoms

possessed a structure similar to human and zebrafish
TLR3 structures. The zZTLR22-ECD showed a significant
structural twist at each terminus. The RMSD analysis of
terminal residues (Co atoms) presented a higher RMSD
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value as compared to the central region (Fig. 3a). The
“U” shaped backbone copied from the template structures
with closely placed termini was stretched generating a flat
and twisted conformation. RMSF analysis showed high
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Fig. 4 Homology models a
of zebrafish TLR3-ECD and zTLR22-ECD model zTLR3-ECD model

TLR22-ECD after 50 ns MD
simulation, and target-template
superimposition. a Cartoon
representation of 3D-models
of zebrafish TLR3-ECD and
TLR22-ECD in Discovery
Studio Visualizer 3.5. B-sheets
are shown as cyan, a-helices as
red and loops as grey. N- and
C-terminus are labeled, and b
superimposition of 3D-models
of zebrafish TLR3- and TLR22-
ECD with mouse TLR3-ECD
crystal structure in PyMOL.
B-sheets are shown as pink and
yellow, a-helices as red and
cyan, and loops as green and
violet. N- and C-terminus are
labeled

/' N-terminal

e
|
;/’

3

flexibility at terminal regions in both models. The high
RMSD and RMSF values at terminal regions indicated sig-
nificant structural rearrangements in ZTLR22-ECD during
the 50 ns MD simulation. In zZTLR22-ECD, the LRR2-4,
LRR12-14 and LRR19-23 regions showed significant flip-
ping with RMSF value >~6 A, and indicated their possible
involvement in dsRNA recognition (Fig. 3b). In zTLR3-
ECD, the LRR2-3, LRR8-9 and LRR18-19 regions were
identified as flexible, and these regions were also reported
to be significant for dsSRNA interaction in earlier stud-
ies (Pirher et al. 2008a, b; Wang et al. 2010; Sahoo et al.
2012). The long loop at the C-terminus lacking P-sheets
revealed a higher fluctuation as compared to the N-termi-
nus that shared two rigid f-sheets in ZTLR22-ECD. On the
other hand, in TLR3-ECD a comparatively low fluctuation
was noticed at the terminal regions. The compactness of
both models was analyzed in terms of their radius gyration
values (Rg). The gyration analysis revealed compacted
structures for ZTLR3-ECD and zTLR22-ECD with aver-
age Rg values of ~33.4 and 37.2 A, respectively (Fig. 3c).
Overall the structural analysis showed a significant struc-
tural rearrangement in zTLR22-ECD as compared to
ZTLR3-ECD. The large structural changes, terminal twists
and significant gaps between the termini suggested its
wider space to effectively recognize long-sized dsRNA

C-terminal

C-terminal N-terminal

molecules. Secondary structure evolution from the MD
trajectory with respect to simulation time period showed
good structural conservation in B-sheet regions of both

ZTLR3-ECD and zTLR22-ECD models. The small
a-helices at the convex surface presented a a-3y0-loop
transitions during the simulation (Supplementary data
Fig. 2a, b). Structural superimposition of both models with
their respective templates revealed a significant conforma-
tional alternation. The compacted zTLR22-ECD model
after 50 ns MD simulation exhibited a relaxed and flat-
tened conformation (Fig. 4a). The initial distance between
the termini was 44.6 10\, and after simulation the stable
backbone model possessed a distance of 103.8 A (Fig. 4b).
In contrast, the ZTLR3-ECD possessed a very negligible
conformational change during the 50 ns MD simulation
(Fig. 4a). The superimpositions of the initial and simulated
models were illustrated in Fig. 4b. The opened conforma-
tion of zZTLR22-ECD suggested its involvement in long-
size RNA recognition, or may binds to the short-sized
RNA as monomer. The length of a short-sized dsRNA was
calculated to be ~110 A, and can be recognized by a single
zZTLR22-ECD molecule as per the terminal distance and
TLR-dsRNA binding modes are concerned (Pirher et al.
2008a, b; Wang et al. 2010; Liu et al. 2008; Sahoo et al.
2012).
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Essential MD

Essential molecular dynamics analysis conveyed the
elasticity and prominent motions that aided a significant
conformational change in zTLR22-ECD. The PCA and
ANM analysis presented the degrees of displacement of
both terminals during the MD simulation. In zZTLR3-ECD
a small displacement was noticed between the termini;
however, in ZTLR22-ECD a large motion was associated
with each terminus. Tilt angle measurement between the
vertical axis and terminals presented ~15° tilt at the N-ter-
minus of ZTLR3-ECD model, and negligible twisting at
the C-terminus (Fig. 5a). On the other hand, zTLR22-
ECD exhibited a comparatively large tilt at both ends. N-
and C-terminus depicted ~15° and 30° twisting, respec-
tively with respect to their vertical axis (Fig. 5b). Unlike
the zZTLR3-ECD where the terminals were in parallel to
each other, in ZTLR22-ECD, these regions possessed an
outward motion and generated a hook-shaped binding
surface. This distinct terminal orientation resembles the
TLR3-dimer conformation where the dsRNA runs inside
the N- and C-terminal contact cavity (Pirher et al. 2008a,
b; Wang et al. 2010; Liu et al. 2008). Elasticity analysis in
ProDy also highlighted these regions with a large back-
bone deviation (Supplementary data Fig. 3). The essential
dynamics analysis indicated that the large surface area
and elastic behavior of zZTLR22-ECD might be useful
for recognizing short-sized dsRNA as monomer or long-
sized dsSRNA as dimer. The conformational alternation
of zTLR22-ECD with respect to 50 ns MD simulation
time period was shown in the animation generated from
the MD trajectory using VMD program (Supplementary
video, ESM_1.mpg).

Structure validation

The average structure was extracted from the stable
backbone regions to analyze their spatial arrangements.
Ramachandran plot analysis showed 98 and 100 % of
residues were in allowed regions in zTLR3-ECD and
ZTLR22-ECD models, respectively (Table 2; Supplemen-
tary data Fig. 4). The Verify3D, ERRAT, and Prove scores
also presented a good validation results for both models.
Stereo-chemical calculations at ProSA and ProQ serv-
ers further fortified the reliability of our proposed models
(Table 2). All-atoms contacts, bond angles, bond lengths
analysis at MolProbity server yielded a good validation
report for these proposed models. The detailed valida-
tion scores obtained from different servers were listed in
Table 2. Altogether, the validation reports suggested the
reliability and feasibility of the proposed zZTLR3-ECD and
zTLR22-ECD models, and can be considered for interac-
tion analysis.
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Fig. 5 Essential dynamics analysis of zebrafish TLR3-ECD and
TLR22-ECD models from 50 ns MD simulation. a Principal compo-
nent analysis of ZTLR3-ECD model, and b principal component anal-
ysis of zZTLR22-ECD model. The porcupine plot was generated using
PyMOL. The arrows represent the displacement and motion direction
during MD simulation. The tilt angles are measured using the triangle
projection

Poly I:C and dsRNA interaction

Poly I:C or the synthetic analog of dsRNA treatment
showed significant up-regulation of TLR3 and TLR22
expression in various tissues as revealed from previous
reports (Samanta et al. 2013; Kumar et al. 2006; Li et al.
2012). The two binding sites of poly I:C in human and rohu
TLR3 provided the possible binding site information in
zebrafish with a sustainable sequence and structural resem-
blance (Bell et al. 2006; Sahoo et al. 2012). Furthermore,
the LigSite and Q-site binding site predictors highlighted
LRR2-3 and LRR18-19 (for zZTLR3-ECD), and LRRNT-
LRR3 and LRR22-24 (for zZTLR22-ECD) as the possible
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ligand binding sites. Docking simulation of poly I:C with
zZTLR3-ECD with grid generated at these sites in AutoDock
resulted binding energies of —4.95 and —5.05 kcal mol !
at N and C-terminus, respectively. The key binding resi-
dues and the docking details were illustrated in Table 3, and
Fig. 6a, b. The interacting residues at N and C-terminus of
ZTLR3-ECD were in agreement with the previous reports
(Pirher et al. 2008a, b; Sahoo et al. 2012; Wang et al. 2010;

Table 2 Structure validation report for zebrafish TLR3-ECD and
TLR22-ECD homology models

Servers zTLR22-ECD zTLR3-ECD
PROCHECK Most favored regions  70.70 61.80
(%)
Additionally allowed  27.70 33.40
regions (%)
Generously allowed 1.60 2.90
regions (%)
Disallowed 0.00 2.00
regions (%)
Overall G-factor —0.32 —0.42
Verify3D Averaged 3D-1D 99.26 83.24
score >0.2
ERRAT Overall quality 83.65 68.53
Prove Z-score mean 0.82 1.323
ProSA Z-score —5.30 —7.56
ProQ LG score 5.86 7.05
Max sub score 0.38 0.48
MolProbity ~ Bad backbone bonds  0.02 (1/5,821) 0.06 (3/5,382)
(%)
Bad backbone angles  0.01 (1/7,885) 0.01 (1/7,296)
(%)
CB deviations 0.00 1.89
>0.25 A (%)

Liu et al. 2008). ArgusLab docking calculation also pre-
sented a comparatively good binding energy with nearly
same interacting residues in zTLR3-ECD (Table 3; Sup-
plementary data Fig. 5). Blind docking using full grid that
embedded the whole zZTLR3-ECD model in both docking
programs highlighted the C-terminal region (LRR18-19)
as potential binding site of poly I:C. In zTLR22-ECD,
poly I:C bounded more efficiently than zZTLR3-ECD in
the predicted pockets close to the N and C-terminus. Both
AutoDock and ArgusLab yielded a good binding score at
LRRNT-LRR3 and LRR22-24 binding sites, and the inter-
acting residues were well-conserved (Table 3; Fig. 6c, d;
Supplementary data Fig. 5). In both zTLR3-ECD and
ZTLR22-ECD, the cytidine strand of poly I:C interacted
with the B-sheets through hydrogen bonds, and the purine
derivative hypoxanthine was shown to be away from the
receptor surface. The important role of cytidine was previ-
ously been studied in different TLR interactions (Naumann
et al. 2013). Comparison of zZTLR3-ECD and zTLR22-
ECD binding sites showed that, in zZTLR22-ECD the poly
I:C recognition was mediated by the end regions of both
terminus, but in TLR3-ECD, interaction of poly I:C was
comparatively away from the end of the terminus. This sug-
gested that unlike zZTLR3-ECD, the flattened zZTLR22-ECD
possessed a wider surface of interaction. The end of C-ter-
minal in TLR3 played a crucial role in forming dimer (Pir-
her et al. 2008a, b), whereas this region in zZTLR22-ECD
was found to interact with poly I:C at the inner surface.
The long flexible loop at C-terminus closed to the poly I:C
binding sites may possibly engaged in forming dimer for
long-sized dsRNA interaction. The sequence alignment
(Fig. 2) also showed that the dimer formation residues were
well-conserved between human and zebrafish TLR3; how-
ever, these residues were highly mutated in ZTLR22 and

Table 3 Molecular interaction of poly I:C with zebrafish TLR3-ECD and TLR22-ECD

AutoDock 4.2 Grid position ~ Grid dimension (A) BE (kcal mol™!) Ligand efficiency H-bonds Key interacting residues
ZTLR3 LRR2-3 80 x 80 x 80 —4.95 —0.09 4 N86, H109, N110, D133, R156
LRR18-19 80 x 80 x 80 —5.05 —0.17 3 T494, D496, N517, A519, N541, R544
Full grid 126 x 126 x 126 —3.61 —0.13 3 Q111,Y113, K135, K137, K158
ZTLR22 LRRNT-3 80 x 80 x 80 —7.73 —0.18 4 T39, F50, F67, S69, N91, N116, R117
LRR22-24 80 x 80 x 80 —5.78 —0.14 5 1620, S643, V668, D692, N694, T723
Full grid 126 x 126 x 126 —-5.13 —0.12 4 D618, L644, N686,Y712, T723
ArgusLab
zTLR3 LRR2-3 —8.09 11 H63, N86, H109, N110, Q111, R156
LRR18-19 —8.04 N517,1518, A519, N541, R544
Full grid —7.48 D496, N517, A519, N541, R544, R544
ZTLR22 LRRNT-3 —8.46 10 N49, S69, K93, S95, N119, S143
LRR22-24 —8.74 R638, N686, N687,Y712,Y716
Full grid —8.02 8 D617, S643, N686, N687,Y716

H-bonds hydrogen bonds, BE binding energy
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Fig. 6 Molecular interaction of
poly I:C and zebrafish TLR3-

zTLR3-ECD and poly I:C

zTLR3-ECD and poly I:C
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a Molecular docking at N-ter- —
minus of zZTLR3-ECD model, b Qx g s s %
at C-terminus of zZTLR3-ECD k LR N\ B & ‘ e M
model, ¢ at N-terminus of asniop ) B m\;’ngs 2 _/&?msn g Lot
ZTLR22-ECD model, and d at Y ot L st (VIR \X
? N < A1 A
N-terminus of zZTLR22-ECD M) )2:“,{;"5"
model. The ligand binding sites = L/ Asnsan
are generated using PyMOL. W7 i e i
The hydrogen bonds are shown \Q%&}
as dotted lines. The protein is v
shown as cartoon and ligand as
stick. Interacting residues are Interaction at N-terminus Interaction at C-termiffus
shown inside the box
ZTLR22-ECD and poly I:C ZTLR22-ECD and poly I:C
c d

14
V& /
. : Aspo0s
p™ <2\rg1|7 — ? _{Thre32 |
}, ’ > - Leusooj).? C -
Lys93 &
;\ / g 3 ys633)V\, b
0| Asn91 A &sn92 60 Lys611 "7 ser6s6
X Asndo v ; <= nesds )y Thees?
Pl Qb | A N Peso P <= ArgéS?/k =~
Pheo? | Nxants [ AR =, Val6st
Thr!}f/ ':;;? B = N Asp683" /
5\954 Thr26, Lysd7 — ;( <\ Tyr711
Leuzs \\4 I 4 k‘ ) U\T’mu

Interaction at N-terminus

suggested a different mode of interaction and dimerization.
The flattened structure of zZTLR22-ECD and engagement
of extreme terminal LRR regions indicated its monomeric
form to recognize the short-sized dsRNA sequences as per
the length and binding orientations are concerned.
Interaction analysis of viral dsRNA extracted from
AGCRYV, THNV and VHSV presented variable binding
modes, and were illustrated in Fig. 7a—c. The dsRNA rec-
ognition in zebrafish was different from that of human and
rohu fish (Wang et al. 2010; Pirher et al. 2008a, b; Sahoo
et al. 2012). The docking results showed an inner pas-
sage movement of dSRNA connecting opposite surfaces of
the termini in zZTLR22-ECD model. But, in human TLR3
dimer, the dsRNA passed through the outer surface of both
molecules, and interacted at the same surfaces (Wang et al.
2010; Pirher et al. 2008a, b). As revealed from the PCA
analysis, unlike zTLR3-ECD, zTLR22-ECD presented
a distinctive conformation with both terminus away from
the horizontal line forming a hook-like shape. The dock-
ing analysis highlighted the importance of these grooves
in binding to the dsRNA molecules running through the
terminal cavities (Fig. 7a—c). The AGCRYV, IHNV and
VHSYV presented an end-to-end interaction with its length
approximately same to the distance between the terminus
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Interaction at C-terminus

of zZTLR22-ECD receptor. The complex conformation and
dsRNA binding orientation suggested that the zTLR22-
ECD can sense a ~40 bp dsRNA effectively as a monomer.

Stability analysis of complex

The conformational dynamics of complex proteins were
investigated using Gromos53a6 and CHARMM36 force
fields for poly I:C and dsRNA bound complexes, respec-
tively. The MD simulation studies explored an overall
conformational variation with respect to the apo state
conformation. The RMSD calculation of backbone atoms
from the receptor and poly I:C complexes showed dis-
tinctive backbone orientation in both proteins during
the 10 ns MD simulation. The zTLR3-ECD and poly I:C
complex exhibited a large backbone deviation during the
initial 5 ns at both termini, and thereafter presented a sta-
ble plateau with an average RMSD value of ~4.5-5 A. In
contrast, the ZTLR22-ECD and poly I:C complex at both
N and C-terminus presented a low backbone RMSD and
stable conformation throughout the MD simulation with an
average RMSD of ~2.2-2.4 A (Fig. 8a). The little higher
RMSD of zTLR3-poly I:C complex was due to the free
N-terminus motion. The RMSF analysis in complex state
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showed significant fluctuation during the MD simulation.
In zZTLR3-ECD and poly I:C complex (at N-terminus),
the fluctuations were observed at LRR18-19; however, in
ZTLR3-ECD and poly I:C (at C-terminus) these fluctua-
tions were minimized due to ligand binding. This fortified
the prediction, and suggested the key binding sites for poly
I:C in ZTLR3-ECD were located at LRR2-3 and LRR18-
19 (Fig. 8b). In zTLR22-poly I:C complex, the terminal
regions exhibited remarkably less fluctuation as compared
to the apo form due to backbone restraint during the 50 ns
apo-MD simulation and poly I:C binding. In both receptor
complexes, (at N and C-terminal) a prominent fluctuation
at the center was noticed due to the presence of flexible
loops (Fig. 8b). Radius of gyration (Rg) analysis that meas-
ured the compactness pictured a linear Rg value for all four
complexes with a higher Rg value for zZTLR22-ECD than
the ZTLR3-ECD complexes (Supplementary data Fig. 6a).
Intermolecular hydrogen bonding (H-bond) consistency
between zTLR3-ECD/TLR22-ECD and poly I:C during
MD simulation was calculated with respect to the simula-
tion time period. The analysis showed in TLR3 complexes,
a higher number of H-bonds were appeared at LRR18-19
regions as compared to LRR2-3 domains (Supplementary
data Fig. 6b). The mutational analysis of these correspond-
ing key residues in TLR3 rendered a loss of dsRNA recog-
nition, and a reduced response to dsSRNA upon N-terminal
mutation was reported in higher and lower eukaryotes (Bell
et al. 2006; Wang et al. 2010). The comparative low bind-
ing affinity of poly I:C at LRR2-3 as compared to LRR18—
19 were in agreement with previous experimental and com-
putational studies (Wang et al. 2010; Sahoo et al. 2012). In
contrast to zTLR3-ECD, a sustainable number of H-bonds
were observed in ZTLR22-ECD complex at both LRRNT-3
and LRR23-24 regions. The N-terminus of zZTLR22 that
formed a hook shape conformation depicted a greater num-
ber of H-bonds than the C-terminus. The H-bond analysis
showed a more stable interaction between zTLR22-ECD
and poly I:C as compared to zTLR3-ECD and poly I:C
complex. This suggested a greater dSRNA binding affinity
of ZTLR22-ECD in lower eukaryotes due to higher expo-
sure to viral infection, and rudimentary adaptive immune
system.

The MD simulation of receptor-dsRNA complexes in
zebrafish presented a greater degree of stability in com-
parison to poly I:C bounded complexes. Backbone RMSD
analysis presented a stable plateau for all the three com-
plexes and fell below 4 A. In comparison to AGCRV and
IHNV, the deadly infectious fish virus VHSV ds RNA
showed a high binding affinity with smallest backbone
deviation (Fig. 8a). RMSF calculation of Ca-atoms also
presented a small fluctuation at each terminus. A long flip-
ping central peak was also observed as described earlier
due to the presence of flexible loop conformations. Overall,

the RMSF values were less than 4 A, and suggested that
the dsRNA influenced less dynamic terminals with a stable
ZTLR22-dsRNA complex conformation (Supplementary
data Fig. 7).

Essential dynamics of zZTLR22-dsRNA complex

Dynamic behaviors of proteins are greatly influenced by
the interacting partner molecules. The rapidly fluctuating
domains can be arrested by ligands yielding a less dynam-
ics complex, and were studied in protein-RNA complexes
(Kim et al. 2014; Zhao et al. 2006). The minimal dynam-
ics suggested the RNA binding modulates the protein-
signaling (Maynard and Hall 2010). The zTLR22-ECD
and AGCRV complex showed a sharp break in the overall
motion of both terminal regions. In apo state, the zZTLR22-
ECD depicted a displacement of 23.7 and 25.5 A at N- and
C-terminus, respectively. In complex state with dsAGCRY,
these displacements were arrested rendering an approxi-
mately half value. The zZTLR22-ECD and IHNV complex
exhibited a very small displacement (8.6 A) at N-termini,
and a higher (18.0 A) displacement at C-terminus. The
VHSV dsRNA bounded complex presented a very small
displacement in both N- and C-terminus (4.2 and 5.6 A)
and suggested its high binding affinity in ZTLR22-ECD.
The terminal dynamics in complex state were illustrated
in Fig. 9. Overall, this analysis showed a decrement of the
terminal motions with dsRNA association to stimulate the
RNA binding affinity and TLR22 signaling in zebrafish.

BE computation and mutagenesis

Estimation of BE is an important chemical and biologi-
cal aspect to understand the molecular activity of the
targeted biomolecules. Calculation of different bonded
and non-bonded contribution mediating bimolecular
association or dissociation provides sustainable informa-
tion to develop therapeutic drugs or compounds against
various biological disorders. Here, we computed the BE
between the zTLR3-ECD and poly I:C; zTLR22-ECD
and poly I:C and zTLR22-ECD and dsRNA complexes
using MM/PBSA method. Among different BE estima-
tion approaches, the MM/PBSA is popular because of
its computational efficiency, efficacy and correlation
with experimental values. However, due to rapid esti-
mation along with variation in whole, and omission of
entropic contribution, an under or overestimation was
reported in some studies (Spiliotopoulos et al. 2012; Gil-
son and Zhou 2007; Brown and Muchmore 2006). The
BE calculated from the MD trajectories presented differ-
ent values for zZTLR3- and TLR22-poly I:C complexes.
At N-terminus, the BE estimated for zTLR3-ECD and
ZTLR22-ECD and poly I:C complexes were —114.53
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« Fig. 7 Interaction between viral dsSRNA and zebrafish TLR22-ECD

model. a Interaction of AGCRV-dsRNA and zTLR22-ECD model,
b THNV-dsRNA and zTLR22-ECD model, and ¢ VHSV-dsRNA and
ZTLR22-ECD model. The molecular visualization was generated in
PyMOL. Both the receptor and dsRNA molecules are shown as car-
toon. Hydrogen bonds are shown as dotted lines. Interacting amino
acids in zZTLR22-ECD are labeled in black, and dsRNA interacting
atoms in red and underlined

and —163.13 kJ mol~!, respectively. C-terminus binding
site exhibited a relatively high BE (=205 kJ mol~!) for
zZTLR3 as compared to zZTLR22 (—128.58 kJ mol™!). The
BE values showed that poly I:C can effectively bind to
N-terminal regions than the C-terminal region in ZTLR22-
ECD. In contrast, as revealed from previous studies in
human and rohu, poly I:C demoed a substantial binding
affinity at LRR18-19 than LRR2-3 in zZTLR3-ECD (Pir-
her et al. 2008a, b; Botos et al. 2011; Wang et al. 2010;
Sahoo et al. 2012). The affinity of poly I:C binding in
alternate fashion in zZTLR3 and zTLR22 may be due their
sub-cellular localization and ectodomain orientation in
the extracellular space. The experimental studies showed
that the monomeric TLR3 in solution binds to a ~45 bp

Fig. 8 Backbone stability and a
amino acids fluctuations derived

dsRNA as dimer or long-sized RNA in poly TLR3 pairs
(Amini et al. 2014). The binding of dsSRNA and TLR3 is
pH-dependent, and observed with rapid dissociation at
higher pH (Leonard et al. 2008). The experimental results
showed an equilibrium dissociation constant (K;) value
within the range of 5-28 nM at pH 5.5-6.0, respectively.
Considering the equilibrium dissociation constant value
at pH 6.0 and 298 K, the BE was calculated to be within
—430.87 to —473.55 kJ mol~! range using the equation
AG" = —RT In K. Where, AG’, R and T stands for BE,
gas constant, and temperature, respectively. The BE esti-
mation in zTLR22-ECD and dsRNA complex resulted
an approximation BE values for all three complexes. The
zTLR22-ECD and VHSV-dsRNA depicted the highest BE
value of —454.34 kJ mol~! followed by THNV-dsRNA
and AGCRV-dsRNA that yielded —434.02 and 430.39 kJ/
mol~!, respectively. These values may be changed with
the entropic contribution and thermal condition. Overall,
the BE analysis showed a good agreement with the previ-
ous experimental reports of TLR3-dsRNA in dimer state,
and fortified our assumption that ZTLR22 can sense effi-
ciently and equivalently a short-sized RNA in monomeric
state. The different energetic contributions were listed in
Table 4. A close inspection into the energetic parameters

from the complexes during

10 ns MD simulation.

a The root mean square
deviation (RMSD) of backbone
atoms in different zZTLR3-ECD,
zZTLR22-ECD and poly I:C
complexes, and b the root mean
square fluctuation (RMSF) of
individual residues in zZTLR3-
ECD- and zTLR22-ECD-ligand
complexes. T3 and T22 in

the right hand legend boxes
represents ZTLR3-ECD and
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Fig. 9 Principal component
analysis of zebrafish TLR22-
ECD and dsRNA complexes.

a AGCRV-dsRNA and zTLR22-
ECD complex, b IHNV-dsRNA
and ZTLR22-ECD complex, and
¢ VHSV-dsRNA and zTLR22-
ECD complex. The illustrations
are generated in PyYMOL from
the top eigenvectors. The initial
frame is shown as black line.
The distance between the initial
and final frame at termini are
measured and labeled. The
distance measured from the
terminal residues are shown as
black and green spheres

Table 4 Binding free energy (kJ mol™!) calculation by MM/PBSA method in zebrafish TLR3-ECD and TLR22-ECD complexes

Conformations AG}iq Polar contribution AGSOlar Non-polar contribution AGEonpolar
AGlcjoul AGSS AG?/dw AG{lpS

T3-Poly I:C (NT) —114.53 (6.67)  —356.91 (6.17) 452.88 (6.51) 95.96 —200.14 (6.62)  —10.35(0.04) —210.50

T3-Poly I:C (CT) —205.52(7.98) —138.20(3.61) 186.99 (3.32) 48.79 —244.05 (7.17)  —10.26 (0.04) —166.39

T22-Poly I:C (NT) —163.13 (6.86)  —3,233.46 (6.29) 3,286.41 (5.95) 52.95 —198.65 (6.89) —17.42(0.03) —216.07

T22-Poly I:C (CT) —128.58 (6.41)  —1,272.43 (4.03) 1,363.37 (3.98) 90.94 —206.95 (6.20) —12.57(0.03) —219.52

T22-AGCRV-dsRNA  —430.39 (23.56)
T22-IHNV-dsRNA —434.02 (21.31)
T22-VHSV-dsRNA  —454.34 (18.08)

—50,161.00 (36.13)
—50,337.5 (28.57)
—46,544.70 (51.13)

50,699.10 (35.86) 538.10  —922.83(22.96) —45.66 (0.13) —968.49
50,924.2 (29.64)  586.79  —969.77 (20.52) —51.03 (0.11) —1020.81
46,941.1 (51.35) 39643  —810.74 (18.03) —40.03 (0.13) —850.77

Standard errors are presented in parenthesis
T3 zTLR3-ECD, 722 zTLR22-ECD, NT N-terminal, CT C-terminal

# Binding free energy

 Coulombic term

¢ Polar solvation terms

4 Polar solvation energy

¢ van der Waals energy

f Nonpolar solvation energy

£ Nonpolar solvation terms

showed that, the coulombic and van der Waals contribu-  are nearly same, and the higher van der Waals contribu-
tions plays a major role in mediating the ZTLR3-ECD or  tion assisted the poly I:C and dsRNA binding effectively.

zTLR22-ECD and poly I:C/dsRNA interaction. On the The BE of each bonded residues were calculated using
other hand, the polar solvation energy restricts the com-  local shell-script files. Among various bonded residues

plex formation. The coulombic and polar contributions in ZTLR3-ECD, the residues N110, A519, H539, N541
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Fig. 10 Binding free energy
computation for individual a 600
amino acids using MM/PBSA
method. a Graph shows dif-
ferent binding energy param-
eters for the bonded residues
in ZTLR3-ECD and, b graph
shows different binding energy

ZTLR3-ECD

kJ/mol
[—]

parameters for the bonded

residues in zZTLR22-ECD
=200

-400

-600

—&— Coulombic L-J

b 600
400

200

—e—PS —@—NPS —@—AG
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AG: Binding Energy
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kJ/mol
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—@— Coulombic

and R544 exhibited a net negative BE values of —7.27,
—22.67, —5.22, —30.34 and —10.10 kJ mol ', respec-
tively. The other bonded residues (after docking) such as
Ql111, D133, N134 and D496 presented a net positive BE
(Fig. 10a). In ZTLR22-ECD, residues S24, F67, S69, T657
and R659 presented a net negative BE values of —25.33,
—1.85, —25.80, 23.36 and —4.18 kJ mol~!, respectively.
The other interacting residues yielded a net positive BE
and were shown in Fig. 10b. The mutagenesis of these cru-
cial residues to alanine followed by re-docking presented
comparatively lower binding energy in both AutoDock
and ArgusLab and were shown in Fig. 11. Mutation of
the C-terminal crucial residues located on LRR18-19 of
ZTLR3-ECD (H539, N541 and R544) resulted a low dock-
ing score and highlighted their importance in dsSRNA recog-
nition. These critical residues in LRR18-19 were well-con-
served in eukaryotes and their essential role was reported
in human and rohu (Bell et al. 2006; Sahoo et al. 2012).
Mutation of LRR24 residues in zZTLR22-ECD also yielded
a low docking score in both programs, and proposed the
possible engagement of T657 and R659 in dsRNA recog-
nition. Alanine scanning at the N-terminal residues also
resulted a low binding energy as compared to the wild type

—&— NPS

L-J ——PS —8— AG

receptor-ligand complex. Overall, the computed binding
energy for individual residues and mutagenesis study high-
lighted the significance of these critical residues which may
be engage in dsSRNA recognition upon viral infection and
TLR3/22 activation in zebrafish.

Conclusion

The role of TLRs in fish farming is very crucial as it senses
a wide array of microbes in aquatic environment, and thus
protects the fish from viral infections. TLR3 and TLR22 are
very vital for recognizing virus dsSRNA and innate immune
signaling transduction. This study reported the differential
3D-structural arrangements of TLR3 and TLR22 ligand
binding domains in zebrafish that is considered as a model
organism for investigation. The LRR2-3 and LRR18-19
(in zTLR3), and LRRNT-LRR3 and LRR22-LRR24 (in
ZTLR22) were identified as the key LRR domains to rec-
ognize dsRNA. The MD simulation and interaction analy-
sis between zebrafish TLR22-ECD and dsRNA showed a
substantial binding affinity towards the short-sized dsRNA.
In contrast to TLR3-dimer that sense a short-sized dsRNA,
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Fig. 11 Mutagenesis fol-
lowed by docking simulation

in ZTLR3-ECD and zTLR22-
ECD. a statistical docking score
representation in mutant and
wild type zZTLR3-ECD, and b
statistical docking score rep-
resentation in mutant and wild
type zZTLR22-ECD

kcal/mol
n A & o — =
N110-Ala
H539-Ala
541-Ala

'
=)

'
2

this analysis proposed the potentiality of zTLR22 to
sense ~40 bp dsRNA molecule as monomer, and long-sized
dsRNA as dimer. The binding energy calculation presented
an approximately equal binding affinity between zZTLR22-
monomer and short-sized dsRNA as that of TLR3-dimer
and dsRNA. Mutagenesis analysis of these interacting
residues and individual residual BE computation fortified
their possible engagement in dsRNA recognition. The key
binding residues identified in zebrafish TLR3 and TLR22
highly resembles the experimental findings, and warrants
further in vivo investigation. As per the viral disease and
fish production is concern, these finding will be helpful
in designing novel therapeutics against viral diseases to
enhance aquatic production.
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