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The precise and potential contribution of Toll-like receptors (TLRs) signaling pathways in fighting
parasitic infections of Leishmania spp., an intracellular protozoan parasite, has gained significant atten-
tion during the last decades. Although it is well established that TLR9 recognizes CpG motifs in microbial
genomes, the specificity of the CpG DNA pattern of Leishmania parasite interacting with endosomal TLR9
is still unknown. Hence in our study to identify the CpG DNA pattern of Leishmania donovani acting as
ligand for TLR9, consecutive homology searches were performed using known CpG ODN 2216 as initial
template until a consistent CpG pattern in L. donovani was found. A reliable model of TLR9 ectodomains
(ECDs) as well as CpG DNA patterns was predicted to develop the 3D structural complexes of TLR9
ECD-CpG DNA utilizing molecular modeling and docking approaches. The results revealed the prefer-
ential specificity of L. donovani CpG DNA to TLR9 compared to control ODN and other CpG patterns. The
interface between TLR9 and L. donovani CpG DNA was also found to be geometrically complementary
with the LRR11 region of TLR9, acting as the critical region for ligand recognition. The L. donovani CpG
pattern identified can be employed to derive a platform for development of an innate immunomodu-
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latory agent for deadly disease.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The recognition of pathogen associated molecular patterns
(PAMPs) by Toll-like receptors initiate intracellular signal trans-
duction pathways to trigger expression of genes to direct innate
immune responses [1]. To date, thirteen TLR members (TLR1-13)
have been identified on the surface (TLR 1, 2, 4, 5, and 6) or within
the endosomal compartment (TLR 3, 7, 8, and 9) of TLR-expressing
cells. Cell surface TLRs recognize structural components of patho-
gens, while endosomal TLRs are specific to pathogenic nucleic acid
recognition [2]. TLRs are type I transmembrane glycoproteins
consisting of an extracellular domain/ectodomain (ECD) which is
the binding site for ligands of various microbial pathogens, a single
transmembrane spanning segment, and a globular cytoplasmic
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Toll/interleukin (IL)-1 receptor (TIR) domain [3]. The ECD of TLR is
composed of 19—27 leucine-rich repeats (LRR) motifs forming a
loop with conserved hydrophobic residues pointing inward. Several
loops form a horseshoe-shaped ECD, which is N- and C-terminally
flanked by cysteine flanking regions [4].

An endosomally expressed TLR9, one of the thirteen mammalian
TLRs serves as a receptor for microbial CpG-DNA/CpG-containing
oligodeoxynucleotides (CpG-ODN) [5]. Recognized CpG-DNA
within the endosome initiates signaling via the sequential
recruitment of MyD88 and TRAF6, thereby activating downstream
nuclear transcription factors NF-kB and AP-1 which instigates in-
flammatory cytokine (TNF-a, IL-6, IL-18, and IL-12) induction [6,7].
Synthetic CpG-ODN mimics the stimulatory effect of microbial
DNA, inducing both lymphoid and myeloid lineage proliferation [8].
The ECD of TLR9 comprises 25 LRRs contributing to the binding of
ligand. However, it is still unknown which LRR and their specific
amino acids are involved in interaction with the pathogenic frag-
ment [9].
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Parasitic protozoans of Leishmania species affect around 350
million people in 98 countries and have been a matter of serious
concern [10]. This intracellular parasite is capable of presenting a
broad range of clinical manifestations from cutaneous lesions to
fatal visceral disease, with the immune status of the host largely
determining severity [11]. Existing therapeutic strategies are
limited due to higher treatment cost, restricted use, as well as drug
resistance [12]. The innate immune response has been the
preferred target for vaccine/drug development against Leishmania
[13].

TLRs are considered to be the first step of the innate immune
response against Leishmania by hampering the parasite's ability to
trigger a Th1 immune response [ 14]. The parasitic components LPG,
GPIL, and gp63 are thought to be the first substrates to encounter
the innate immune system via TLR2/4 [15] and the activation of
myeloid and plasmacytoid DCs in a strictly TLR9-dependent
manner against Leishmania spp. has also been observed [16,17].
Another study demonstrated the increased expression of TLR9 after
exposure of macrophages to Leishmania DNA thereby establishing
the role of TLR9 as a mechanism for host innate immune response
against the parasite [18]. However, the specificity of the parasitic
DNA pattern to TLRO is still unexplored. The present study was
therefore focused on the prediction of a common structural pattern
(CpG DNA) for TLR9 recognition in L. spp. by applying CpG ODN-
2216 as initial template using a homology searching method.
Further molecular modeling and docking studies were employed to
model the TLR9 ECD—CpG DNA complexes to elucidate the critical
residues of TLR9 ECD implicated for molecular interaction.

2. Materials and methods
2.1. Homology search and ssDNA modeling

The CpG ODN 2216 a class A human specific agonist (ligand) of
TLR9 was selected as a initial template for homologous search of
parasitic DNA pattern using BLAST online server (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The functional protocol is diagrammatically
represented in Fig. 1. The Macromolecules tool in Discovery Studio
Visualizer 3.1 was employed to build the model of CpG ODN 2216
and screened parasitic sequences. Previous reports indicate that the
immunostimulatory activity of TLR9 depends on the single

stranded character of CpG DNA [19]. Hence we modeled the tem-
plate and identified DNA sequences as a single stranded molecule
using standard helix parameters in the B-form.

2.2. Structural modeling and validation of TLR9 ectodomains

The 3D structural details of human and mouse TLR9 are still
unexplored, thereby it was essential to develop the 3D structures of
these TLRs to explore their molecular functions. The protein se-
quences of human and mouse TLR9 (hTLR9 and mTLR9) were
retrieved from UniProt database, having accession numbers of
Q9NR96 and Q9EQUS3 respectively. The 3D structure of the ecto-
domains of hTLR9 and mTLR9 were developed by I-TASSER online
server. I-TASSER was ranked as No. 1 server for protein structure
prediction as it incorporates threading, ab initio modeling,
comparative modeling, and structural refinement [20].

The backbone conformation of the modeled structures were
calculated by analyzing the phi (®) and psi (¢) torsion angles using
Procheck program, as determined by Ramachandran plot statistics
[21]. The ProSA web server (https://prosa.services.came.sbg.ac.at/
prosa.php) was employed to verify the structure in terms of Z
score, representing the overall quality and deviation of total energy.
The reliability of the modeled structures were also assessed by ProQ
(http://www.sbc.su.se/~bjornw/ProQ/ProQ.html) server, which is a
neural network-based predictor based on a number of structural
features to predict the quality of a protein model in term of LG and
MaxSub Scores.

2.3. Construction and analysis of Protein-DNA complexes

The complexes were developed by using the HEX docking server
based on a rigid body docking algorithm that determines the steric
shape, electrostatic potential, and charge density of the protein as
expansions of spherical polar Fast Fourier Transformation (FFT)
basis functions [22]. In Hex's docking calculations, the TLR9 ECD
was defined as receptor and DNA patterns as the ligands. The
docking parameters used for this investigation were shape plus
electrostatics correlation type with 25 search orders, receptor range
angle 180, ligand range angle 180, and step size 7.5. Other param-
eters were set as the default mode. The molecular interactions of
TLR9 ECD-CpG DNA docked complexes were analyzed by
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Fig. 1. Pictorial representation of the methodology employed for the study.
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calculating the hydrophobic contacts and intermolecular hydrogen
bond interactions. The LigPlot + version v.1.4.4 tool was employed
to calculate the hydrophobic contacts [23]. The intermolecular
hydrogen bond calculations and protein structure illustrations
were performed using Discovery Studio Visualizer 3.1. The Patch-
Dock molecular docking algorithm based on shape complemen-
tarity principles was used as an alternative docking method to
corroborate the results. The binding energy was calculated as
Atomic contact energy (ACE) [24].

3. Results
3.1. Identification of Leishmania donovani CpG DNA pattern

It is well established that the innate immune mediator TLR9
expressed in the endosomal compartment recognizes DNA frag-
ments (CpG motifs) of parasitic origin. For the identification of
L. donovani CpG DNA pattern recognized by TLR9, the BLAST search
was performed using CpG ODN 2216 as template and screened a
homologous pattern present in the chromosome 1
(550363—550382 position) of Plasmodium vivax (P. vivax) Sal-1
strain genome. This homologous pattern of P. vivax was used as
template for BLAST search of an identical pattern (15 bp) from
Leishmania mexicana (L. mexicana) MHOM/GT/2001/U1103 com-
plete genome, chromosome 12 (208412—208398 position). This
pattern of L. mexicana was then screened and to get the homolo-
gous sequence (14 bp) in L. donovani (L. donovani) BPK282A1
complete genome, chromosome 12 (215284—215271 position)
(Fig. 1). The sequence alignment of these parasitic sequences with
CpG ODN 2216, as depicted in Fig. 2, revealed the conserved nu-
cleotides with a single base pair variation. Furthermore, the simi-
larity matrix between these sequences was also prepared and
presented in Supplementary Table 1 in which the CpG pattern of
L. donovani represents 92.86% similarity with known ligand (CpG
ODN 2216).

3.2. Structural analysis of ectodomains

The full length TLR9 protein is composed of 1032 amino acids
including a signal peptide of 25 amino acids (1—25 aa). The mature
TLR9 protein ECD, trans-membrane (TM) and TIR domain are
26—818, 819—839 and 868—1016 amino acids respectively. The
automated 3D structure of ECDs from hTLR9 and mTLR9 were
predicted by I-TASSER server which employs a fragment-based
method for modeling of protein structures. A hierarchical
approach was used to excise the fragments from multiple template
structures and threading alignments [25]. The structural modeling
of hTLR9 ECD were carried out using TLR8 crystal structure (PDB_ID
3W3G) and TLR5 crystal structure (PDB_ID 3J0A), while mTLR9 ECD
modeling was performed with TLR8 crystal structure (PDB_ID
3W3G and 3W3]J) and TLR3 crystal structure (PDB_ID 2A0Z). The

L. mexicana --GGGACGACCGTCGGG--- 15
L donovani --GGGACGACCGTCGG---- 14
P vivax GGGGGACGACCGTCGGGGGG 20
ODN2216 GGGGGACGATCGTCGGGGGG 20
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Fig. 2. Multiple sequence alignment of CpG ODN 2216 and DNA patterns of P. vivax, L.
mexicana and L. donovani using Clustal W tool. The asterisk represents conserved
sequences.

server predicted five models of TLR9 ECDs with their C-score in
which the models having higher C-score values were selected. High
C-score value is directly proportional to the confidence level of
model [20]. The structural alignment of these templates with TLR9
ECDs as identified by TM-align tool (http://zhanglab.ccmb.med.
umich.edu/TM-align/) indicated that predicted ECD of hTLR9 had
a TM score (0.719) & root mean square distance (RMSD) (0.73 A)
with TLR8 crystal structure, and a TM score (0.456) & RMSD
(5.36 A) with TLR5 crystal structure, and ECD of mTLR9 had a TM
score (0.935) & RMSD (0.74 A) with TLR8 crystal structure, and a TM
score (0.622) & RMSD (4.98 A) with TLR3 crystal structure. This
small number of TM score and RMSD represents that the developed
models have a similar structural pattern with templates.

We also validated the developed models with Procheck, ProQ
and ProSA servers for reliability (Supplementary Table 2). The
steriochemical validation of the developed models using Procheck
program (which generates a Ramachandran plot), indicated that
75.0% and 76.3% amino acid residues of hTLR9 and mTLR9 models
respectively were in the most favored regions of the plot whereas
0.0% of the residues were in disallowed regions. The Z score ob-
tained by ProSA server represents the overall quality and measures
the deviation of the total energy of protein structure. The Z score
values of the predicted models were —3.51 and —6.76 for hTLR9 and
mTLRI respectively, which lies in the acceptable range of —10 to 10.
The predicted LG score (4.330 for hTLR9 & 5.498 for mTLR9) ob-
tained by ProQ server was also found to be extremely good. These
results clearly propose that the obtained models are consistent and
can be considered for further studies.

3.3. Identification of TLR9 ligand recognition sites

Characterizing complex molecular binding processes are
important to understanding protein-ligand interactions and
concerted efforts have been made using both experimental and
computational approaches [26]. The output of Hex server consists
of clusters of TLR9-CpG DNA complexes which were analyzed by
ligand position, orientation and closer amino acids interactions.
The cluster with the best solution of interaction was selected.
Similarly the PatchDock produced geometric score, interface area
size and ACE of the solutions using clustering by transformation
parameters and RMSD method. However, the cluster population is
generally not defined by the server. Subsequently the docked
complexes of human and mouse TLR9 ECD—-CpG DNA were char-
acterized in terms of the interaction features to elucidate the
mechanism of TLRO9—CpG DNA recognition. The hydrophobic and
hydrogen bond interaction analysis demonstrated that the TLR9
ECD-CpG DNA interaction sites were located near the central re-
gion of the TLR9 ECD (Fig. 3A and B). The residues involved in hy-
drophobic interactions between both human and mouse TLR9
ECD—CpG DNA complexes are demonstrated in Table 1. This inter-
action revealed that both docked energy (—553.33 and —552.94 Kj/
mol) and ACE (-223.51 and —296.92 kcal/mol) exhibited by the
L. donovani CpG DNA pattern with hTLR9 and mTLR9 complex was
minimal as compared to the other complexes considered, signifying
robust protein-ligand binding (Table 1). To ascertain that the single
base pair change in the L. donovani CpG pattern is not responsible
for its better binding affinity, 14 parallel docking calculations using
both the servers were performed with 14 different DNA fragments.
Each fragment was constructed by randomly replacing one base-
pair at a time (G=A & C=T). Among these altered fragments
three were found to be present in chromosome 16, 21 and 26
respectively whereas the rest were hypothetical (Supplementary
Table 3). These docking models also demonstrated that the mini-
mum docked energy and ACE is exhibited by the conserved
L. donovani CpG pattern.
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Fig. 3. Structural complexes of TLR9 ECDs (in cyan color) with CpG DNA patterns (in magenta color) developed by molecular modeling and docking approach. (A) Complexes of
hTLR9 with CpG DNA and (B) mTLR9 with CpG DNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Molecular docking studies of CpG DNA patterns with TLR9.

Complexes Hex Docking server PatchDock server Residues making hydrophobic
No. of generated  No. of Cluster no. with  Docking energy ~ Score Area (A%) ACE* contact
solutions clusters*  best solution (Kj/mol) (Kcal/mol)

hTLR9—CpG ODN 2216 3000 15 4 —423.76 8392 954.00  —149.55 Glu223, Cys268, Asn300, Ser302,
Gly308, Leu310, Lys328

hTLR9—P. vivax CpG DNA 3000 15 4 —420.98 8400 1102.70 —-125.76 Leu226, His276, Asn300, Ala301,
Trp303, lle324, Thr327, Leu379,
Ala388

hTLR9—L. mexicana CpG DNA 3000 15 11 —368.01 8510 1112.10  —-202.25 Glu223, Cys268, Pro269, lle324,
Thr327, Phe376, Leu379

hTLR9—L. donovani CpG DNA 3000 15 1 —553.33 8800 113240  —223.51 GIn274, Asn300, Ala301, Cys323,
Thr327, Lys328, Leu384, Ala388,
Arg389, Leu408, Ala413

mTLR9—CpG ODN 2216 1800 9 2 -397.92 9326 1130.70 -171.64 Trp96, Phe173, Lys207, Glu287,
Arg337, Ala457, Leu459

mTLR9—P. vivax CpG DNA 1800 9 5 —320.70 9128 111320 12141 Thr325, His326, Phe343, Lys347,
Tyr382

mTLR9—L.mexicana CpG DNA 2000 10 3 —373.76 9628 1217.80  —290.42 Glu223, Tyr224, Val248, Val308,
Arg335, Lys338, Pro454, His455,
Pro456, Ser460, Pro462, Asp469,
Lys472

mTLRI9—L. donovani CpG DNA 2000 10 2 —552.94 9634 121810 —296.92 Gly176, Tyr180, Lys181, Tyr208,

Cys258, Asp259, 11e266, Arg346,
Phe375

Note: #*Each cluster contains 200 solutions, *ACE—Atomic contact energy.

The presence of hydrogen bonds (HB) frequently contributes to
the stability of protein-ligand complexes. The HB interactions be-
tween hTLR9 ECD—CpG DNA complexes by Hex server presented in
Supplementary Tables 4 and 5 revealed that hTLR9 ASN309,
GLN335, ARG348 donor atoms formed HB with DG2, DG3, DG4,
DT13 acceptor atoms of CpG ODN 2216; GLN274, ARG348, ARG385
donor atoms of hTLR9 formed HB with DA6, DC14, DG15, DG16
acceptor atoms of P. vivax CpG DNA; hTLR9 CYS323, ARG348 donor
atoms formed HB with DC5, DG6 acceptor atoms of L. mexicana CpG
DNA and its acceptor atoms TYR321, CYS323 formed HB with DG6
donor atoms of L. mexicana CpG DNA; and ARG348, HIS372, ARG385
donor atoms of hTLR9 formed HB with DG2, DA4, DC12, DG13
acceptor atoms of L. donovani CpG DNA. The interactions between
mTLR9 ECD-CpG DNA complexes proposed that mTLR9 ARG247,
ARG337 donor atoms produced HB with DG12, DC14 acceptor
atoms of CpG ODN 2216; ARG257, LYS348, HIS355 donor atoms of
mTLR9 created HB with DG1, DG4, DC11 acceptor atoms of P. vivax
CpG DNA; mTLR9 ARG335 donor atoms formed HB with DA

acceptor atoms of L. mexicana CpG DNA and its acceptor atom
ASP469 formed HB with donor atom DG15 of L. mexicana CpG DNA;
and ARG257, TYR345, LYS347 donor atoms of mTLR9 formed HB
with DC8, DC9, DG10, DT11 acceptor atoms of L. donovani CpG DNA
and its acceptor atoms GLU267 formed HB with DG6 donor atom of
L. donovani CpG DNA.

3.4. LRR11 region critical for ligand recognition

The particular LRR regions of TLR9 responsible for molecular
interactions with CpG DNA's were scrutinized to explore the most
preferred site by all the DNA patterns. The results demonstrated
that in hTLR9 specific amino acid residues within, LRR10 & -11 are
responsible for binding with CpG ODN 2216; LRRS, -11 & -12 with
P. vivax CpG DNA; LRR10 & -11 with L. mexicana CpG DNA; and
LRR11 & -12 with L. donovani CpG DNA (Fig. 4A). When mTLR9 was
examined, LRR8 & -11 were determined to be responsible for
recognition of CpG ODN 2216 and P. vivax CpG DNA; LRR11 & -15 for
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Fig. 4. Diagrammatic representation of amino acid residues in LRR regions of TLR9 ECD in interaction with ligands (CPG DNA) (A) hTLR9 LRR region and (B) mTLR9 LRR region. The
black dash lines indicate hydrogen bond interactions between TLR9 LRR region and ligands. The LRR11 region of TLR9 (highlighted in red color) has been found to be critically
involved in all the interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

L. mexicana CpG DNA; and LRR8 & -11 for L. donovani CpG DNA
(Fig. 4B). The alternative docking tool also demonstrated almost
similar residues of LRR11 region of TLR9 forming HB interactions
with ligands indicating towards comparable pattern of interactions
in both these docking strategies (Supplementary Tables 4 and 5).
Previous reports indicated that TLR9 activation is mediated by
LRR2, -5, -8 and -13—CpG DNA interaction [27,28]. However, a
recent report by Pan et al. (2012) verified that only LRR11 of TLR9
had the highest affinity for CpG ODN. Our results therefore coincide
with this report certifying the contribution of LRR11 region of
hTLR9 and mTLR9 for the recognition of each ligands considered for
this study rather than LRRS, -10, -12 and -15, indicating it as critical
region.

4. Discussion

The available literature to date indicates an important role of
TLR9 in detecting Leishmania DNA to initiate the innate immune
response [18,29,30]. Recent reports have documented that the
recognition of L. spp. molecules by TLR9 triggers the early NK cell
response to infection dependent upon the expression of IL-12 by
myeloid DCs [16,17]. Studies on Leishmania antiparasitic strategies
also pointed towards the inclusion of synthetic oligonucleotides
along with potential therapeutic and vaccine agents since synthetic
CpG-ODN mimics the stimulatory activity of CpG-DNA [31,32]. In
addition, enhanced rIL18 expression dependent on the synergistic
role of CpG motifs has also been observed [13]. The specific CpG
DNA sequence pattern recognized by TLR9 from L. spp. is still matter
of debate. Therefore, this study was focused for the identification of
CpG DNA patterns in L. donovani that may act as ligands for TLRO.
We performed a homology searching method with BLAST
employing known TLR9 ligand CpG ODN 2216 as template. The
homology search predicted a homologous CpG pattern in P. vivax
showing 95% similarity with the template (Supplementary Table 1).
This identified P. vivax CpG pattern was then used to derive the
homologous CpG pattern from L. mexicana and L. donovani.

Recent reports on TLR9-CpG DNA interactions suggest that the
helical B-conformation of ssDNA binds the TLR9 catalytic site [9,33].
Therefore we modeled the 3D structure of ODN and identified CpG
DNA sequences as a single stranded molecule in the B-helical
conformation for docking. The 3D structural complex of human and
mouse TLR9 ECD with selected CpG DNA patterns demonstrated
that the docked energy or ACE produced by the L. donovani CpG
pattern and TLR9 complex was less than other complexes, indi-
cating that this pattern has more robust protein ligand binding than

other complexes. Moreover, the 14 parallel docking calculations
with single base pair change at a time in the L. donovani CpG pattern
predicted that the template fragment of L. donovani has the highest
tendency toward TLR9 binding and this interaction is independent
of single nucleotide differences. The hydrophobic and hydrogen
bond interactions revealed that TLR9 ECD-CpG DNA interaction
sites were located near the central region of the TLR9 ECDs.
Hydrogen bonds are considered to be the chief mechanism behind
the stable formation of a complex.

The predicted hydrogen bonds formed between TLR9 ECD-CpG
DNA complexes (Supplementary Tables 4 and 5) revealed that the
predicted L. donovani CpG DNA pattern had comparable predicted
binding affinities to both hTLR9 and mTLR9 and that these were
similar to the synthetic CpG ODN 2216 and other CpG DNA patterns
studied. These findings support other studies that the identified
L. donovani CpG DNA pattern for TLR9 activation is responsible for
the Th1 immune response against the parasite. Furthermore, the
molecular docking studies predicted that the LRR11 region of TLR9
remains conserved in terms of ligand recognition between mice and
humans, indicating that recognition occurs across mammals. This
notion supports the previous findings of Pan et al. that the positively
charged residues of LRR11 are responsible for binding with the
ligand [33]. To the best of our knowledge this is the first report
regarding the theoretical identification and characterization of
specific parasitic DNA patterns interacting with TLR. The predicted
CpG pattern of L. donovani can be employed as a synthetic immu-
nomodulator, however experimental confirmation is required.

In conclusion, the proposed Leishmania CpG DNA sequences
acting as ligands for TLR9 exhibited comparable theoretical in-
teractions to known synthetic ODN. These findings can be applied to
develop ideal innate immune generators against Leishmania para-
sitic infections. Our study supports that LRR11 of TLR9 ECD is
responsible for ligand binding and provides a platform for designing
novel immunomodulatory molecules as well as structural frame-
work for interpreting existing and future experimental data.
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