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Abstract: Toll-like receptors (TLRs) play a key role in the innate immune system. The TLR7, 8, and

9 compose a family of intracellularly localized TLRs that signal in response to pathogen-derived

nucleic acids. So far, there are no crystallographic structures for TLR7, 8, and 9. For this reason,
their ligand-binding mechanisms are poorly understood. To enable first predictions of the

receptor–ligand interaction sites, we developed three-dimensional structures for the leucine-rich

repeat ectodomains of human TLR7, 8, and 9 based on homology modeling. To achieve a high
sequence similarity between targets and templates, structural segments from all known TLR

ectodomain structures (human TLR1/2/3/4 and mouse TLR3/4) were used as candidate templates

for the modeling. The resulting models support previously reported essential ligand-binding
residues. They also provide a basis to identify three potential receptor dimerization mechanisms.

Additionally, potential ligand-binding residues are identified using combined procedures. We

suggest further investigations of these residues through mutation experiments. Our modeling
approach can be extended to other members of the TLR family or other repetitive proteins.

Keywords: Toll-like receptor; leucine-rich repeats; protein-nucleic acid interaction; homology

modeling

Introduction

Toll-like receptors (TLRs) play an essential role in the

innate immunity, recognizing invasion of microbial

pathogens and initiating intracellular signal transduc-

tion pathways to trigger expression of genes, the prod-

ucts of which can control innate immune responses.1

To understand how these receptors work, it is crucial

to investigate them from a structural perspective. To

date, only the crystal structures of the ectodomains of

human TLR1/2/3/4 and mouse TLR3/4 have been

determined.2–6 The progress of genome projects, how-

ever, already led to the identification of 13 TLRs in

mammalian and more than 20 TLRs in nonmamma-

lian. A total of more than 2000 TLR proteins has been

sequenced.7 Thus, the structures of most TLRs are still

unknown because structure determination by X-ray

diffraction or nuclear magnetic resonance spectroscopy

experiments remains time-consuming. Here, computa-

tional methods can help to bridge the gap between

sequence determination and structure determination.

To this end, homology modeling is a powerful tool to

predict the three-dimensional structure of proteins.

Homology modeling is based on the assumption

that similar sequences among evolutionarily related

proteins share an overall structural similarity. The

modeling procedure can be divided into a number of
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steps.8,9 First, selection of suitable template(s) related

to the target sequence. A template segment assembly

can usually improve the model quality.10 Second,

alignment of the target sequence to the template(s).

Third, building coordinates of the three-dimensional

model based on the alignment. Fourth, evaluation of

the model and its refinement. The resulting model can

then be used to infer biological functionalities or to

generate hypotheses for new experiments. A recent

study on TLR411 highlighted the reliability and the sig-

nificance of homology modeling applied to TLRs.

The structure of a TLR consists of a leucine-rich

repeat (LRR) ectodomain, a helical transmembrane

domain, and an intracellular Toll/IL-1 receptor homol-

ogy (TIR) signaling domain.12 The ectodomain contains

varying numbers of LRRs and resembles a solenoid bent

into a horseshoe shape. At both ends there is a terminal

LRR that shields the hydrophobic core of the horseshoe.

These ectodomains are highly variable. They are directly

involved in the recognition of a variety of pathogen-

associated motifs including lipopolysaccharide, lipopep-

tide, cytosine–phosphate–guanine (CpG) DNA, flagellin,

imidazoquinoline, and ds/ssRNA.13 Upon receptor acti-

vation, a TIR signaling complex is formed between the

receptor and adaptor TIR domains.14

The receptors TLR7, 8, and 9 compose a family15

with a longer amino acid sequence than other TLRs.

They are localized intracellularly and signal in

response to nonself nucleic acids. They also contain an

irregular segment between their LRR14 and 15. A

recent study showed that the ectodomains of TLR9

and 7 are cleaved in the endolysosome to recognize

ligands.16 Only the cleaved forms can recruit MyD88

on activation. In the absence of the crystallographic

structures, we developed structural models of cleaved

ligand-binding domains of TLR7/8/9 by homology

modeling. From the structural model we predict

potential ligand-binding sites and infer possible con-

figurations of the receptor–ligand complex.

Results

Template identification

Our target structures are the cleaved functional ectodo-

mains of the human TLR7/8/9 comprising LRR15–25

and N/C-terminal LRRs. All the six structure-known

TLR homologues were employed as template sources:

human TLR1/2/3/4 and mouse TLR3/4. The TLR ecto-

domain is composed of strictly organized LRRs. Never-

theless, the LRR number of cleaved ligand-binding

domain of human TLR7/8/9 is 13 (LRR15–25 and N/C-

terminal LRR),16 whereas the LRR number of the struc-

ture-known TLRs varies from 20 to 25. Therefore, none

of the structure-known TLRs is suitable to serve as a full

length template. To overcome this limitation, LRR seg-

ments with higher sequence similarity to the individual

LRRs in the target were selected from the six complete

homologous structures. The segments were then com-

bined into the multiple templates. Figure 1 shows the

multiple alignment models for the three proteins TLR

7/8/9, presenting the relationship between target and

template segments. The sequence similarity between

each LRR pair (target/template LRR) is listed in Table

I. The average target–template similarities of TLR7/8/9

are 47.70, 47.20, and 46.78%, respectively.

Remarkably, the group of TLR7/8/9 has a unique

structural character that is absent in other TLRs. A

specific segment (26–32 residue long) is located

Figure 1. Models of multiple alignments between targets

and templates. The numbers 01–25 denote the canonical

LRRs; NT and CT denote N-/C-terminal LRRs. (A) Five

segments selected from four structures (2Z80 chain A:

human TLR2; 3CIG chain A: mouse TLR3; 2Z64 chain A:

mouse TLR4; 2A0Z chain A: human TLR3) were used as

templates for the human TLR7 ectodomain. (B) Six segments

selected from three structures (2Z66 chain A: human TLR4;

2A0Z chain A: human TLR3; 2Z7X chain A: human TLR2)

were used as templates for the human TLR8 ectodomain. (C)

Four segments selected from two structures (2A0Z chain A:

human TLR3; 2Z63 chain A: human TLR4) were used as

templates for the human TLR9 ectodomain.

Table I. Sequence Similarities (%) of Target–Template LRR Pairs

NT 15 16 17 18 19 20 21 22 23 24 25 CT Avg

TRL7 28.60 58.30 60.00 41.70 47.10 58.30 46.20 52.00 50.00 33.30 46.20 48.30 50.00 47.70
TRL8 29.40 41.70 52.00 50.00 57.70 60.00 40.60 44.00 52.00 36.00 60.00 42.30 53.30 47.20
TRL9 32.30 58.30 48.00 50.00 44.40 41.70 46.90 51.90 36.00 54.20 50.00 52.00 42.40 46.78

In the header line, 15–25 denote canonical LRRs. NT and CT denote N-/C-terminal LRRs. Avg denotes the average values.
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before LRR15, which was described as an undefined

region.17–19 The sequence similarity search against Pro-

tein Data Bank (PDB) provided no significant results.

Thus, we carried out secondary structure predictions for

this region with four different methods. As example, the

results for TLR9 are shown in Figure 2. All methods

indicated a short b-sheet at position 3–5 of the segment,

which is a prominent characteristic of LRRs. In addi-

tion, we compared its amino acid sequence with the

consensus sequence of LRRs. The most significant posi-

tions of the LRR consensus sequence, LxxLxLxxNxL,

are the four L residues which form the hydrophobic

core of a LRR structure. Here, the letter L not only

stands for leucine but also for other highly hydrophobic

residues. As illustrated in Figure 2, the specific segment

of TLR9 contains three of the four highly hydrophobic

residues. Also, the corresponding segment of TLR7/8

has the same features. Thus we regard this segment as

an irregular LRR. Because the N-terminal LRR together

with LRR1–14 of the receptor ectodomain are deleted

upon arriving in endolysosome, this irregular LRR may

become a new N-terminal LRR of the truncated struc-

ture. Moreover, multiple alignments of all known

mammalian sequences showed that this region is very

variable within each of the TLR7/8/9 groups. The struc-

ture of this LRR may be relatively relaxed, because it

lacks the first L residue that participates in forming the

hydrophobic core of a LRR structure and the N residue

that forms hydrogen bonds between neighboring LRRs.

These features also support the hypothesis that this

irregular LRR is an N-terminal LRR. For this reason, a

N-terminal LRR with known structure was selected as

corresponding template (Fig. 1).

Structure modeling and evaluation
The three-dimensional coordinates of the models were

created by MODELLER24 and modified by ModLoop.25

The final structures of the ectodomains of TLR7/8/9

reveal a large, arc-shaped assembly consisting of 11

canonical LRRs and two terminal LRRs, which

adopted a right-handed solenoid structure (Fig. 3).

The TLRs are distinct from other LRR proteins in that

their LRR consensus motifs are often interrupted by

extended insertions.26 Two 4–7-residue-long insertions

protuberate from the structure surface at LRR18 and

LRR20, respectively. These insertions are well con-

served in length and position on the sequence level in

the three TLRs. The models show that the insertions

are all located on one face of the arc, whereas the

other face is insertion-free (Fig. 3). The convex site

b-sheets are directed toward the insertion face. This

feature is consistent with the known structures of

TLR1/2/3/4. Because all the known ligand-binding

sites of TLR1/2/3/4 are on the insertion face of the

structure, the insertions suggest some functional sig-

nificance. In addition, the human TLR7/8/9 are glyco-

sylated as it is the case for other TLRs. The glycans

were shown to be nonfunctional for ligand binding.2–6

The NCBI protein database provides seven predicted

N-linked glycosylation sites for TLR7/8 cleaved form

and six for TLR9. All sites are located on the inser-

tion-free faces. The PDB format files of the three final

models are provided as Supporting Information Files

1–3. Evaluation of the models involved analysis of

geometry, stereochemistry, and energy distributions in

the models. The evaluation results (Table II) are indic-

ative of a good quality of all three models.

Figure 2. Irregular region analysis of TLR9. Four methods (PredictProtein,20 NNPREDICT,21 SSPro,22 and GOR IV23) were

used to predict the secondary structures of the irregular region of TLR9. The results (italic letters) indicate a short b-sheet at
position 3–5 of this region. Besides, this region matches the LRR pattern at three important positions (bold letters). These

features support the presumption that this irregular region is a beginning N-terminal LRR after the ectodomain cleavage.

Table II. Model Evaluation

TLR7 TLR8 TLR9 TLR3

ProQ_LG/MS 5.340/0.461 4.613/0.402 4.355/0.339 7.923/0.526
PROCHECK 97.4% 96.2% 97.5% 99.6%
ModFOLD_Q/P 0.7588/0.01 0.7100/0.0126 0.7166/0.0121 0.7116/0.0124
MetaMQAP_GDT/RMSD 57.534/3.049 Å 53.908/3.121 Å 54.645/3.244 Å 79.322/1.566 Å

All these displayed scores indicate the models to be reliable in terms of overall packing. For comparison purpose, the values of
TLR3 crystal structure (PDB code: 2A0Z) were also listed. ProQ_LG: >1.5 fairly good; >2.5 very good; >4 extremely good.
ProQ_MS: >0.l, fairly good; >0.5, very good; >0.8, extremely good. PROCHECK: percentage of residues in most favored
regions and additional allowed regions. ModFOLD_Q: >0.5, medium confidence; >0.75, high confidence. ModFOLD_P: <0.05,
medium confidence; <0.01, high confidence. MetaMQAP_GDT/RMSD: an ideal model has a GDT score over 59 and a RMSD
around 2.0 Å.
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Figure 3. Structural models and ligand-binding regions of TLR7/8/9. Insertions are located on one face of the horseshoe,

whereas the other face is insertion-free. The reported essential residues are located on the insertion face (labeled in blue).

The orange regions are potential ligand-binding regions on the insertion face. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 4. Partial multiple sequence alignments of different mammalian TLR7/8/9. The multiple sequence alignments represent

the conservation of each residue in the potential ligand-binding regions (corresponding to the orange regions in Fig. 3). In the

first line below the alignments, plus signs designate important residues as reported in the literature and the asterisks

designate highly conserved positions. In the second line, the number of positive docking predictions of each position is

indicated. In the third line, blue squares designate important residues as reported in the literature and green squares indicate

the suggested ligand-binding residues. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Potential ligand-binding residues

Several residues are essential for the ligand recogni-

tion: Asp543 in TLR8; Asp535 and Tyr537 in

TLR9.18,27 Our models can help to understand the bio-

logical function of these residues (Fig. 3). According to

these reported residues and the sequence comparison

of TLR7/8/9, we inferred a ligand-binding region for

TLR7/8/9, respectively (detailed in the Discussion sec-

tion). It is located at the insertion face of the ectodo-

main around LRR17 (Fig. 3). Because of the consider-

able size of the nucleic acids, the ligand-binding

region should contain more interacting residues. We

identified potential ligand-binding residues in the

ligand-binding region aside from the experimentally

determined ones. To accomplish this goal we inte-

grated results from manual analyses and automatic

docking programs.

TLR3 is closely related to the TLR7/8/9 family

because of its intracellular localization and nucleic

acid ligand. Therefore, we used the recently published

crystal structure of the mTLR3-dsRNA 2:1 complex6 as

a guide to predict the essential interacting residues in

TLR7/8/9. From all interacting residues of mTLR3, we

identified three principles for the essential residues:

1. The essential residues are located on the protein

surface and spatially close to each other.

2. They are highly conserved among species.

3. They create a nonnegatively charged environment.

On basis of these principles, we searched for addi-

tional residues that might be essential for ligand rec-

ognition. At first, surface residues that were spatially

close (within two LRRs) to the experimentally deter-

mined essential residues were marked on the predicted

models (orange regions in Fig. 3). These residues can

be far from each other on the sequence level. Then,

multiple alignments of all known mammalian TLR7/8/

9 sequences were generated to select the highly con-

served residues (columns with an asterisk in Fig. 4)

from the marked ones. Notably, the L (or I, V) and N

residues of the LRR consensus sequence LxxLxLxxNxL

are conserved, but they cannot interact with ligands,

because they are buried to form the hydrophobic core

of an LRR. These residues are not labeled with aster-

isks in Figure 4.

Four protein-RNA docking programs and five

protein-DNA docking programs (listed in the Materials

and Methods section) were used to predict ligand-bind-

ing residues in TLR7/8 and TLR9. A residue from the

prefiltered regions was marked as a ligand-binding resi-

due, if it was positively predicted by at least two pro-

grams. In Figure 4, the number of positive predictions

is listed for each target residue. The surface charge dis-

tributions of the regions of interest were calculated to

verify the charge pattern in the predicted ligand-bind-

ing regions [Fig. 5(A)]. The resulting residues corre-

spond to positively charged or neutral environments.

Figure 5(B) illustrates the protein surface residues

from the different steps of our investigation for TLR7/

8/9, respectively. All final predicted ligand-binding

residues are summarized in Table III. These residues

are indicated in green in both Figures 4 and 5(B).

Discussion

All three resulting models revealed similar conforma-

tions. This supports the assumption that TLR7/8/9 share

Figure 5. Surface analysis of ligand-binding regions

of TLR7/8/9. (A) Surface charge distribution (APBS

electrostatics) of ligand-binding regions of TLR7/8/9.

Blue: positive charge; white: neutral; red: negative

charge. (B) Important residues in ligand-binding regions

of TLR7/8/9. Blue: important residues as reported in

the literature; pink: residues close the blue ones but excluded

from the potential ligand-binding residues

through investigating processes; green: suggested

potential ligand-binding residues (residue name and

number are labeled). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Table III. Potential Ligand-Binding Residues
of TLR7/8/9

TLR7 K502 S504 G526 Q531 N551 R553 L556 S575 H578
TLR8 S492 Q519 N539 R541 F544 H566
TLR9 R481 N483 T486 H505 Q510 H530 K532 Y554 S556

Q557
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a common ligand-binding and signaling mechanism.18

We compared and analyzed the predicted structures to

suggest the receptor–ligand 2:1 complex models.

Ligand-binding region

The mouse TLR9 contains a short fragment in its

LRR17 that is homologous to the methyl CpG DNA

binding domain protein.27 The mutant of Asp535 and

Tyr537 in this fragment abolished the TLR9 func-

tion.27 In the human TLR8, the Asp543 that corre-

sponds to TLR9’s Asp535 was determined to be

required for the TLR8 function.18 Through sequence

comparison, the Asp residue was found to be highly

conserved in the TLR7/8/9 family but not in other

TLRs. We considered this Asp to be significant for

TLR7, because the TLR7/8/9 are highly homologous

and their ligands are all pathogen-derived nucleic

acids. In particular, the TLR7 and 8 are present as

tandem duplication in many studied genomes dis-

cussed by Roach et al.15 In this regard, TLR7/8/9 have

a ligand-binding region located spatially around the

Asp residue.

We can further exclude the necessity of other

ligand-binding regions on the ectodomains, because

the minimum size of stimulatory oligonucleotides is

six bases.28 These oligonucleotides are not large

enough to reach another ligand-binding region on the

receptor.

Receptor dimerization
The signaling mechanism of all TLRs is likely to

involve dimerization of the ectodomains.18 However,

this can be achieved in various ways by using different

receptors and stimuli. TLR9 is a preformed dimer. The

distance between both monomers is reduced upon

contact with CpG DNA.29 TLR1/2 are activated and

connected into a heterodimer by triacylated lipopep-

tide.4 TLR4 recognizes lipopolysaccharide indirectly

through the coreceptor protein MD-2 and is induced

to form a TLR4-MD-2 homodimer.5 In the TLR3

homodimer the dsRNA interacts with two regions of

each receptor ectodomain. Direct protein–protein

interactions between both receptors occur at their

C-terminal LRRs, whereas the other regions are sepa-

rated by the dsRNA.6

The structures obtained by the homology model-

ing together with the identification of possible ligand-

binding sites can be used to derive a working hypothe-

sis for the structure of the receptor–ligand complex.

We propose three possible receptor–ligand 2:1 com-

plex models for the TLR7/8/9 family (Fig. 6). In all

three models, the ssRNA or CpG DNA ligand interacts

with the binding region on the insertion surface of

both receptor ectodomains. The ectodomains are on

opposite sides of the ligand. Simultaneously, the intra-

cellular TIR domains are also in a dimer configuration.

Thus the C-terminal LRRs of each monomer, which

are connected to the TIR through a 20-amino-acid-

long transmembrane stretch, are spatially close to each

other. The main difference between the three models

is the relative position of the ectodomains. In the first

model [Fig. 6(A)], both C-terminal LRRs are brought

into proximity, forming a protein–protein contact.

Both binding regions sandwich the ligand. In the sec-

ond model [Fig. 6(B)], both receptors are shifted apart

along the ligand extending directions back to back. In

the third model [Fig. 6(C)], both receptors are shifted

in opposite directions face to face. Obviously, the min-

imum ligand size required by the first model is the

smallest. Therefore, a CpG DNA of six bases is already

long enough to stimulate TLR9.28 The minimum size

required by the second and third models is larger.

These two models, however, cannot be excluded,

because there is so far no evidence that TLRs have

only one dimer form. Without the crystal structure of

their ligands, it is difficult to determine a more precise

Figure 6. Proposed models of receptor–ligand 2:1 complex.
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model for the receptor dimerization. Hence, it remains

interesting to study the atomic structure of the stimu-

latory ssRNA/CpG DNA and to further determine the

detailed interactions between ligands and receptors.

Materials and Methods

Template identification and

sequence alignments

Amino acid sequences with LRR motif partitions of

human TLR7/8/9 ectodomain were extracted from

TollML.7 TollML is a specialized database of TLR

sequence motifs, derived from the NCBI protein data-

base.30 Multiple sequence alignments of all individual

LRRs of TLR7/8/9 to the LRR consensus sequence are

provided as Supporting Information File 4. Because

the TLR ectodomain is a repetitive protein (LRRs), we

selected and combined segments from all the six

known TLR ectodomain structures into multiple tem-

plates to optimize the sequence similarity between tar-

gets and templates. The six candidate templates were

human TLR1/2/3/4 and mouse TLR3/4 and were

obtained from the PDB.31 The PDB codes are 2Z7X,

2Z80, 2A0Z, 2Z63, 2Z66, 3CIG and 2Z64, respectively.

Three steps led to the identification of structural tem-

plates. First, we partitioned the known structures into

a total of 136 individual LRRs. Because of the irregu-

larity of the LRR sequences, the partition according to

the LRR consensus sequences was performed man-

ually. Second, the LRRs were collected into the

LRRML database,32 which can return the most similar

LRR for an input LRR sequence through similartiy

search. Third, optimal template pieces for each target

were found and combined to generate multiple

alignments. Because the TLR LRRs follow common

characteristic consensus sequences, target–template

alignments were generated more accurately by hand

than through software.

Structure construction and analysis
The initial three-dimensional coordinates of the mod-

els were generated by the fully automated program

MODELLER 9v3.24 The input files were the multiple

alignment file and the coordinate files of the tem-

plates. The ligand-binding domains of TLR7/8/9 con-

tain two 4–7-residue-long insertion regions, which

correspond to gaps in the multiple alignment. During

the modeling these regions became loop structures,

which limited the model accuracy. ModLoop25 was

used to modify these loop regions. The resulting

models were evaluated by PROCHECK,33 ProQ,34

ModFOLD,35 and MetaMQAP.36

The detection of potential ligand-binding sites was

achieved through residue conservation analysis, sur-

face charge analysis, and several automatic docking

programs. BindN,37 DP-Bind,38 DBS-PRED,39 DBS-

PSSM,40 and PreDs41 were used for protein-DNA

docking of TLR9. BindN, Pprint,42 RNAbindR,43 and

RISP44 were used for protein-RNA docking of TLR7/8.

Conclusions

We predicted three-dimensional structures of the

closely related TLR7/8/9 ligand-binding domains by

homology modeling. LRR segments were selected from

known TLR structures, which are locally optimal for

the target sequences. These segments were then com-

bined into multiple templates.

To predict essential residues in the ligand-binding

region, sequence conservation and charge distributions

were examined. Only highly conserved nonnegative

residues that are positively predicted by at least two

docking programs can be considered as potential

ligand-binding residues. Based on these models we

also suggest three possible receptor dimerization

schemes which require different minimum ligand

sizes.

In summary, our models provide a structural

framework that can act as a guide to develop a func-

tional hypothesis to interpret experimental data of

TLR7/8/9. They may also facilitate efforts to design

further site-directed mutagenesis to learn the ligand

recognition and the downstream signaling mecha-

nisms. The presented modeling approach can be

extended to other repetitive protein domains.
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