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ABSTRACT

TLR2 heterodimers with TLR1 or TLR6 recognize distinct pathogen-associated molecules such as tri- and di-acylated
lipopeptides. The activated TLR2 heterodimers recruit Toll-IL-1R domain- (TIR-) containing adapter proteins, TIRAP and
MyD88, through the receptor TIR domains. Molecular recognition mechanisms responsible for agonist-driven, TIR
domain-mediated receptor–adapter interactions as well as the structure of resultant signaling complexes remain unknown.
We previously reported that the cell-permeable peptide derived from helix D of TLR2 TIR (2R9) specifically binds TIRAP
in vitro and in cells and thereby inhibits TIRAP-dependent TLR signaling. This study demonstrates that cell-permeable
peptides from D helix of TLR1 or TLR6, peptides 1R9 and 6R9 respectively, inhibit signaling mediated by cognate TLR2
co-receptors. Interestingly, 1R9 and 6R9 bind different TLR2 adapters, as they selectively bind MyD88 and TIRAP TIR,
respectively. Both peptides block the agonist-induced co-immunoprecipitation (co-IP) of TLR2 with TIRAP or MyD88, but not
TLR2 co-IP with co-receptors. Our data suggest that D helices of TLR1 and TLR6 TIR domains are adapter recruitment sites
in both co-receptors; yet the sites recruit different adapters. The D helix in TLR1 is the MyD88 docking site, whereas in TLR6
this site recruits TIRAP.
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ABBREVIATIONS

TLR: Toll-like receptor
TIR: Toll/IL-1 receptor homology domain
TIRAP: TIR domain-containing adapter protein
Mal: MyD88 adapter-like
P3C: S-(2,3-bis(palmitoyloxy)-(2R,2S)-propyl)-N-palmitoyl-(R)-

Cys-Ser-Lys4-OH
P2C: S-(2,3-bis(palmitoyloxy)-(2R,2S)-propyl)-(R)-Cys-Ser-Lys4-

OH
LPS: Lipopolysaccharide
eCFP: Enhanced cyan fluorescent protein
Antp: Antennapedia homeodomain translocation sequence
IP: Immunoprecipitation

INTRODUCTION

Toll-like receptors (TLRs) recognize microbial and danger
molecules and activate host innate immune responses (Akira
and Takeda 2004). TLRs are comprised of an ectodomain re-
sponsible for recognition of pathogen-associated molecules, a
trans-membrane region and cytoplasmic Toll/interleukin-1 re-
ceptor (TIR) domain that initiates intracellular signaling. TLR
agonists induce homo- or hetero-dimerization of cytoplasmic
TIR domains of two receptor molecules leading to recruitment
of adapters (Jin et al. 2007; Jin and Lee 2008; Kang et al. 2009).
Recruitment of adapter proteins activates several signaling cas-
cades and results in activation of proinflammatory cytokine pro-
duction (Gay et al. 2014). TIR domains of receptors and adapters
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interact via diverse structural regions (Pawson and Nash 2003;
Toshchakov and Vogel 2007). Therapeutic targeting of TIR do-
mains is an important strategy to control excessive TLR activa-
tion and can be useful in treatment of many diseases (O’Neill,
Bryant and Doyle 2009; Kawai and Akira 2011; Brandes et al.
2013).

TLR2 recognizes ligands specific for Gram-positive bacteria,
mycobacteria and fungi (Means et al. 1999; Takeuchi et al. 1999;
Underhill et al. 1999;Werts et al. 2001). TLR2 utilizes TLR1 or TLR6
as co-receptors. TLR2/1 and TLR2/6 heterodimers are activated
by tri- and di-acylated lipopeptides, respectively. The dimers uti-
lize two TIR domain-containing adapter proteins, MyD88 and
TIRAP (also called Mal) and activate NF-κB and MAP kinase
cascades leading to production of proinflammatory cytokines
(Ozinsky et al. 2000). MyD88 is an adapter common to all TIR-
containing receptors, except TLR3. TIRAP was found dispens-
able for TLR3, TLR5, TLR7 and TLR9 signaling (Medzhitov et al.
1998; Horng et al. 2002; Yamamoto et al. 2002; Kawai and Akira
2010). However, recent studies have indicated that TIRAP sig-
nificantly enhances the endosomal TLR7 or TLR9 signaling in
some cell lineages, such as immortalized bone marrow-derived
macrophages, and in vivo (Bonham et al. 2014; Piao et al. 2015).

This study uses decoy peptide libraries derived from TIR do-
mains of TLR1 and TLR6 to study TIR domain interactions and
finds that the fourth helix of TIR is an adapter recruitment site
for both TLR2 co-receptors. The sites, however, bind different
adapter molecules. In TLR1, the site binds MyD88, whereas the
site in TLR6 binds TIRAP. Presented data provide new insights
into molecular mechanisms of differential adapter recruitment
in TLR signaling.

MATERIALS AND METHODS

Animals, cells and cell culture

Preparation of peritoneal macrophages was described pre-
viously (Toshchakov et al. 2005). Agonists of TLR2/1, S-(2,
3-bis (palmitoyloxy)-(2R, 2S)-propyl)-N-palmitoyl-(R)-Cys-Ser-
Lys4-OH (P3C), TLR2/6, S-(2,3-bis(palmitoyloxy)-(2R,2S)-propyl)-
(R)-Cys-Ser-Lys4-OH (P2C) and TLR9, ODN1668, were purchased
from InvivoGen (San Diego, CA). Escherichia coli K235 LPS was
phenol-purified (Hirschfeld et al. 2000). Recombinant murine
TNF-α was purchased from Biolegend, Inc. (San Diego, CA).

Peptide design, synthesis and reconstitution

The peptide libraries of TLR1 and TLR6 were designed as previ-
ously described (Toshchakov et al. 2011; Couture et al. 2012; Piao,
Vogel and Toshchakov 2013; Piao et al. 2013, 2015). Each peptide
contained a cell-penetrating segment of Antennapedia home-
odomain (Antp) (RQIKIWFQNRRMKWKK) (Derossi et al. 1994)
placed at the N-terminus of the decoy sequence. Peptide se-
quences are provided in Table 1. The identical regions 1, 4, 6 and
7 in the TIR domains of TLR1 and TLR6 are designated as 16R1,
16R4, 16R6 and 16R7. Peptides ofmore than 95% purity were syn-
thesized by AAPPTec (Louisville, KY) or GenScript (Piscataway,
NJ), and were quantified by spectrophotometry (Pace et al. 1995).

Expression vectors

TLR1 TIR-Cerulean (Cer) (Piao et al. 2015), TLR6-Cer (Piao et al.
2015), MyD88 TIR-Cer (Piao et al. 2013) and TIRAP-Cer (Piao et al.
2013) expression vectors were described previously. Full length
TLR2 cDNA was amplified by PCR from mouse macrophage

Table 1. Sequences of TLR1 and TLR6 decoy peptides.

Peptide Predominant
name Peptide sequence structural region

16R1 HIPLEELQRNLQFH Segment that precedes strand A
1R2 GHDSAWVKNELLPN A helix
6R2 EHDSAWVKNELLPN A helix
1R3 EKDDIQIC AB loop
6R3 EKDDIRVC AB loop
16R4 LHERNFVPGKSIVE BB loop
1R5 NIINFIEKSYKS B helix
6R5 NIINFIEKSYKA B helix
16R6 PHFIQSEWCHYELY C helix
16R7 FAHHNLFHEGSDNL CD loop
1R8 LLAPIPQYSI DD loop
6R8 LLEPILQNNI DD loop
1R9 PTNYHKLKTLMSR D helix
6R9 PSRYHKLRALMAQ D helix
1R10 RTYLEWPTEKNKH DE, EE loop and β-strand E

1R1011 NKHGLFWANLRAS EE loop and E helix
6R10 RTYLEWPTEKGKR DE, EE loop and β-strand E

6R1011 GKRGLFWANLRAS EE loop and E helix
16R10 RTYLEWPTEK DE loop and β-strand E
1R11 GLFWANLRASINV E helix
6R11 GLFWANLRASFIM E helix

mRNA, and cloned into pCMV-Flag vector. Because of low ex-
pression level the full length TLR1-Cer vector was replaced with
TLR1 TIR-Cer that does not encode the TLR1 ectodomain, but en-
codes the full transmembrane section and TIR domain of TLR1.

ELISA

A total of 1 × 106 peritoneal macrophages were plated in 12-well
plates and treated with peptides for 30 min prior to stimulation.
Mouse TNF-α or IL-6 levelsweremeasured in supernatants using
ELISA kits from Biolegend, Inc.

Immunoblotting and co-immunoprecipitation

HEK293T cells were transfected with indicated expression vec-
tors using Superfect (Qiagen, CA). Cells were lysed 48 h af-
ter transfection in buffer containing 20 mM Hepes (pH 7.4),
150 mM NaCl, 10 mM NaF, 2 mM Na3VO4, 1 mM EDTA, 1 mM
EGTA, 0.5% Triton X-100, 0.1 mM DTT, 1 mM PMSF and protease
inhibitor cocktail (Roche, Indianapolis, IN). Antibodies against
phospho-ERK, phospho-JNK, phospho-IKKα/β (Ser180/Ser181),
MyD88, TIRAP and GAPDH were purchased from Cell Signaling
Technology (Danvers, MA). Protein contents in cell extracts were
quantified using protein quantification kit (Bio-Rad, Philadel-
phia, PA). Cell extracts were loaded into 10% acrylamide gels for
SDS-PAGE. For co-immunoprecipitation (co-IP) assays, 500 μg to-
tal protein of cell extract was incubated with 1 μg of anti-mTLR2
antibody (T2.5) (Santa Cruz Biotechnology, Dallas, TX) overnight,
followed by 4 h incubation with 25 μl protein G Agarose beads
(Roche). The beads were then washed with lysis buffer and
boiled in Laemmli sample buffer (Bio-Rad).

Peptide-protein co-IP assay

A total of 2 × 106 HEK293T cells were transfected with 10 μg of
TLR2-Flag, TLR6-Cer construct or 1 μg of Cer-tagged TLR1 TIR,
MyD88 TIR or TIRAP expression vectors. Cells were lysed 48 h
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after transfection. A total of 100μg protein of cell lysateswere in-
cubated with or without peptides (20 μM) for 1 h at 4◦C, followed
by 3 h or overnight incubation with 0.5 μg of mouse anti-eCFP
antibody (8A6) (Origene, Rockville, MD) or anti-Flag M2 antibody
(Sigma-Aldrich, St. Louis, MO) and 4 h incubation with 25 μl pro-
tein G agarose beads. The washed beads were boiled in Laemmli
sample buffer. Supernatants were spotted into PVDFmembrane,
followed by immunoblotting with rabbit anti-Antp Ab (Abcam,
Cambridge, MA).

Quantitative real-time PCR

cDNA was synthesized from 1 μg of total RNA isolated with Nu-
cleospin RNA II kits (Macherey-Nagel, Inc., Bethlehem, PA) using
Goscript transcriptase (Promega, Madison, WI), and subjected
to real-time PCR (RT-PCR) with gene-specific primers for HPRT,
TNF-α or IL-6 (Couture et al. 2012) using Fast SYBR R©Green mas-
ter mix (Applied Biosystems, Foster City, CA).

MTT viability assay

A total of 5 × 104 mouse peritoneal macrophages were plated
into 96-well tissue culture plates, incubated overnight, and
treated with peptides with or without TLR2 agonist for 2 or
5 h, followed by 3 h incubation with 0.5 mg ml−1 MTT (3-
(4, 5-Dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide)
(Sigma-Aldrich). A total of 50 μl DMSO was added to cells before
reading OD at 540 nm.

Data representation

Numerical data are presented as means ±SEM. Significance of
differences was evaluated using one-way ANOVA and Prizm
5 software. Asterisks mark data statistically different from cor-
responding controls with probability more than 99%.

RESULTS

Identification of TLR inhibitory peptides

Inhibition of TLR2 by peptides derived from TLR1 and TLR6 TIR
domains was first evaluated in primary peritoneal macrophages
based on peptide effects on cytokine transcription and secre-
tion following stimulation of cells by P3C, a TLR2/1 agonist, or
P2C, a TLR2/6 agonist. TNF-α and IL6 mRNA were measured 1
and 4 h, respectively, after stimulation because kinetics of acti-
vation of these genes by TLR agonists is different (DeForge and
Remick 1991; Shcheblyakov et al. 2011; Piao et al. 2013). IL6mRNA
expression was low and barely detectable in macrophage cul-
tures 1 h after TLR stimulation (not shown); whereas TNF-α is
an ‘immediately activated’ gene, expression of which is strong
and clearly detectable as early as 1 h after TLR stimulation. We
included both time points in evaluation of cytokine expression
to verify that both early and late TLR-induced cytokine expres-
sion is suppressed by peptides. 1R9, peptide derived from the
D helix of TLR1 TIR, and 1R10, peptide from the region that in-
cludes DE loop, β-strand E and EE loop, inhibited the TLR2/1-
activated transcription of TNF-α and IL-6 mRNA (Fig. 1A and B).
Accordingly, both peptides inhibited TLR2/1-activated cytokine
production when used at 40 μM, although the effect of peptides
at 20 μMdid not reach the level of statistical significance (Fig. 1D
and E). Screening of the TLR6 TIR library produced similar results
in that 6R9 and 6R10, which are structurally homologous to 1R9
and 1R10, inhibited TLR2/6-driven cytokine activation, whereas

other peptides did not inhibit (Fig. 1F,G, I and J). Peptides derived
from TLR1 or TLR6 were less potent inhibitors compared to 2R9,
a previously reported TLR2-inhibitory peptide derived from the
Dhelix of TLR2 TIR (Piao et al. 2015) (Fig. 1). TenN-terminal amino
acids of 1R10 and 6R10 are identical. Interestingly, peptide 16R10
that represents the common sequence of 1R10 and 6R10 did not
inhibit TLR2-mediated cytokine activation (Fig. 1C and H). This
finding indicates that three N-terminal residues that are dissim-
ilar in TIRs of TLR1 (763NKH) and TLR6 (768GKR) (these residues
are shown underlined in peptide sequences of Table 1) are crit-
ical for inhibitory effect of corresponding peptides. We tested
two additional peptides which include three residues that are
dissimilar in 1R10 and 6R10 together with 10 subsequent C ter-
minal residues of TLR1 and TLR6, respectively. These additional
peptides (1R1011 and 6R1011) exhibited inhibitory activity com-
parable to that of peptides from regions 9 and 10 (Fig. 1C and H).
TLR2 inhibitory peptides from TLR1 and TLR6 did not affect cell
viability evaluated byMTT test (Fig. S1, Supporting Information).

Specificity of signaling inhibition by TLR1
and TLR6-derived peptides

We next tested specificity of signaling inhibition by TLR1 and
TLR6 peptides. TLR1 peptides were tested for inhibition of P2C-
induced signaling and TLR6 peptides for P3C signaling inhibi-
tion. Experiments demonstrated that TLR1 inhibitory peptides
do not inhibit TLR2/6-mediated cytokine activation even at the
high dose of 40 μM (Fig. 2A). Analogously, TLR6 inhibitory pep-
tides did not inhibit TLR2/1-mediated signaling (Fig. 2B).

We also tested if TLR2-inhibitory peptides inhibit TLR4, TLR9
and TNF-α signaling. Only 6R10 and 2R9, but not other pep-
tides, inhibited TLR4- or TLR9-mediated cytokine activation in
macrophages at 20 μM (Fig. 2C and D). The tested peptides did
not affect TNF-α expression induced by TNF-α (Fig. 2E).

Peptides derived from D helix of TLR1 or TLR6 TIRs
bind TLR adapters, and prevent adapter recruitment
to TLR2 receptor complex

Weused peptide-protein co-IP dot blot assay to identify the bind-
ing targets of inhibitory peptides. In this approach, tagged TIR
domains are expressed in cells and then immunoprecipitated
from cell lysates supplemented with decoy peptides (Piao et al.
2013, 2015). Peptide contents in precipitates were measured by
dot blot assay using antibody to Antennapedia translocating se-
quence (Antp). Obtained data suggested that 1R9 binds MyD88,
whereas 6R9 binds TIRAP (Fig. 3A). The binding of 1R9 to MyD88
TIR domain is comparable to that of TR6, peptide from TIRAP
C helix that binds MyD88 TIR (Couture et al. 2012; Piao et al.
2013). 6R9 binding to TIRAP was only slightly weaker than bind-
ing of TIRAP to 2R9, peptide from the D helix of TLR2 TIR. TLR2
inhibitory peptides diminished agonist-induced co-IP of TIRAP
or MyD88 to TLR2 receptor complex in primary macrophages
(Fig. 3B).

TLR1- and TLR6-derived TLR2 inhibitory peptides
do not affect receptor heterodimerization

Inhibitory peptides were further examined for possible dis-
ruption of receptor dimerization. HEK293T cells were trans-
fected with Flag-tagged TLR2 together with Cerulean-tagged
whole length TLR6 or TLR1 TIR. Cells were treated with pep-
tides 48 h after transfection for 30min and then challenged with
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Figure 1. Peptides derived from D helix and region that includes DE loop, E strand and EE loop of TLR1 or TLR6 TIR inhibit TLR2-mediated macrophage activation. (A–J)
Mouse peritoneal macrophages were treated with 20 μM or 40 μM of indicated peptides for 30 min prior to P3C (500 ng ml−1) (A–E) or P2C (50 ng ml−1) (F–J) stimulation.
Cytokine gene transcription was measured by RT-PCR 1 h (TNF-α) (A, C, F and H) and 4 h (IL-6) (B and G) after stimulation. Secretion of TNF-α (D and I) and IL-6 (E and
J) was measured by ELISA in supernatants collected 5 h after stimulation. Means ±SEM of more than three independent experiments are shown. ∗ P < 0.01.
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Figure 2. Specificity of signaling inhibition by TLR1- and TLR6-derived peptides. (A–E) Experimental conditions are same as in Fig. 1. Mouse peritoneal macrophages
were treated with 40 μM (A, B) or 20 μM (C–E) of indicated peptides for 30 min prior to P2C (50 ng ml−1) (A), P3C (500 ng ml−1) (B), LPS (100 ng ml−1) (C), ODN1668 (3 μM)

(D) or TNF-α (5 ng ml−1) (E) stimulation. TNF-α mRNA expression was measured 1 h after cell stimulation. Peptides 4BB (derived from TLR4 BB loop) and 2R9 (derived
from TLR2 D helix) are included as additional specificity controls. Means ±SEM of more than three independent experiments are shown. ∗ P < 0.01.

Figure 3. Peptides representing the D helix and subsequent region that includes DE loop, E strand and EE loop of TLR1 or TLR6 selectively binds TLR adapters and
prevent ligand-induced adapter recruitment to TLR2 receptor complex. (A) Peptide-protein co-IP. Lysates of HEK293T cells that express indicated Cerulean- (Cer-) fused

proteins were incubated with 20 μM of indicated peptides for 1 h and immunoprecipitated with anti-eCFP Ab. Peptide contents in the precipitated immune complex
were detected by dot blotting using anti-Antp antibody. Peptides TR6, derived from C helix of TIRAP TIR, and MR4, derived from BB loop of MyD88 TIR, were used as
a positive binding control for MyD88 and TIRAP, respectively. 2R9 is TLR2 D helix peptide. CP is a scrambled control peptide. (B) Mouse peritoneal macrophages were
pretreated with 20 μM of indicated peptides for 30 min and stimulated with P3C (500 ng ml−1) or P2C (50 ng ml−1) for 20 min. Cell lysates were immunoprecipitated

with anti-TLR2 Ab and immune complexes assessed using anti-TIRAP or anti-MyD88 Ab. One representative of three independent experiments is shown in each panel.

Figure 4. Peptides derived from the D helix or subsequent region that includes DE loop, E strand and EE loop of TIR of TLR1 or TLR6 do not block TLR2 co-IP with

co-receptors. (A, B) HEK293T cells were transfected with Flag-tagged mouse TLR2 and Cer-tagged mouse TLR1 TIR or TLR6 proteins. Cells were pretreated for 30 min
with 20 μM of indicated peptides prior to stimulation with P3C (500 ng ml−1) or P2C (50 ng ml−1) for 20 min. The cell lysates were immunoprecipitated with anti-Flag
antibody and the immune complexes assessed using anti-eCFP Ab. CP is a scrambled control peptide. (C) Peptide-protein co-IP assay was performed as described in
Fig. 3A. Cell lysates of HEK293T cells that express Flag-tagged mouse TLR2 were immunoprecipitated with anti-Flag Ab. TR9 is a peptide derived from D helix of TIRAP

TIR (Couture et al. 2012). One representative of three (panel A and B) or two (panel C) individual experiments is shown.

corresponding TLR2 agonist for 20 min. The receptor complex
was immunoprecipitated with anti-Flag Ab, and TLR1 or TLR6
contents in precipitates were measured using anti-eCFP Ab.
TLR2 associates with TLR1 or TLR6 in agonist-independentman-
ner (Ozinsky et al. 2000; Takeuchi et al. 2002). TLR2 interaction
with co-receptorswas not affected by inhibitory peptides (Fig. 4A
and B). In accordance with this finding, the tested peptides did
not bind TLR2 in the dot blot assay (Fig. 4C).

Thus, obtained data suggest that 1R9 and 6R9 directly bind
MyD88 and TIRAP, respectively, and prevent adapter recruitment
to activated receptors. 1R10 and 6R10, however, do not bind
TIRAP, MyD88 or TLR2 TIR domains, so their targets remain un-

known. In conclusion, D helices of TLR1 and TLR6 are adapter
recruitment sites in both TLRs; the sites, however, recruit differ-
ent TLR adapters.

DISCUSSION

TLR2 functions as a heterodimer with TLR1 or TLR6 (Ozinsky
et al. 2000; Takeuchi et al. 2002). TLR2 activation by bacte-
rial lipopeptides changes the conformation of the receptor
heterodimers so that intracellular TIR domains of two recep-
tors may contact directly. The intracellular TIR domains of
TLR1 and TLR6 have 90% of sequence identity. Consequently,
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TLR2/TLR1 and TLR2/TLR6 heterodimers activate similar
signaling cascades, leading to similar gene activation profiles
in general (Farhat et al. 2008); however, some differences
in signaling and sensitivity to inhibitors have also been
reported for different TLR2 heterodimers (Reschner et al.
2003; Couture et al. 2012; Liu et al. 2012; Ma et al. 2013; Mis-
try et al. 2015). TLR2/1, but not TLR2/6 heterodimer induces
CXCL10 secretion and dendritic cell maturation (Reschner
et al. 2003), while TLR2/6 induces a distinct set of chemokines
(Reschner et al. 2003) and macrophage membrane ruffling
(Santos-Sierra et al. 2009). Moreover, TLR2/1 and TLR2/6 ago-
nists activate NF-κB, MAP kinases and cytokine transcription
with different kinetics (Piao et al. 2015) (Fig. S2, Supporting
Information).

Ability of TLR2 to dimerize with different co-receptors not
only broadens the spectrum of pathogens sensed by TLRs,
but also diversifies downstream signaling. It is still unclear
why TLR2 TIR homodimer does not induce signaling, whereas
TLR4 homodimer does (Ozinsky et al. 2000). Little is known
about molecular details of functional interactions of TLR2 co-
receptors with downstream signaling molecules. This study
through screening of TLR1 and TLR6 TIR peptide libraries has
revealed that two peptides in each library inhibit signaling me-
diated by corresponding receptors. Interestingly, inhibitory pep-
tides represent structurally homologous regions of TLR1 and
TLR6 (Fig. 1). 1R9 and 6R9, peptides derived from the fourth helix
of TLR1 and TLR6 TIR respectively, suppressed adapter recruit-
ment to activated TLR2 receptor complex. Interestingly, despite
structural homology and some sequence similarity (1R9 and 6R9
have 7 identical amino acids of 13 total) these D helix peptides
bind different adapters. 1R9 binds MyD88, whereas 6R9 targets
TIRAP (Fig. 3). This finding suggests that the D helix of TLR1 TIR
is the MyD88 binding site, whereas homologous helix of TLR6
is the site for TIRAP. Interestingly, 2R9, a TLR2-derived peptide,
which potently inhibits several TLRs, is also derived from the
D helix (Piao et al. 2015). This peptide, similarly to 6R9, binds
TIRAP and prevents TIRAP and MyD88 recruitment to TLR2 re-
ceptor complex (Piao et al. 2015). The TIRAP binding affinity of
6R9 is apparently lower than that of 2R9 (Figs 1, 2 and 3A).

We analyzed available structural models of TLR1, TLR2 and
TLR6 TIR domains (PDB ID 1FYV, 1FYW and 4OM7, respectively)
to determine residues that form the side of the helixwhich is ad-
jacent to the central β-sheet and thus is unlikely to play a role in
adapter recognition and recruitment. The TLR1 and TLR6 helix
D residues, which are buried and have surface exposure of 10%
or less, i.e. tyrosine in the fourth position, leucines in positions
7 and 10, and methionine at position 11 (Fig. 5C), are fully con-
served not only in human TLR1 and TLR6, but also in the mouse
homologs of the proteins (not shown). This structural conser-
vancy suggests that region 9 residues, which are responsible for
adapter recognition in TLR2, include three positively charged ba-
sic residues (R748, K751 and K754); whereas TLR6 does not have
the third charged residue of the sequence (R747, K750 and A753)
and TLR1 TIR D helix is most dissimilar to 2R9 and addition-
ally misses the conserved N-terminal arginine (N742, K745 and
T748) (Fig. 5C). These data illustrate structural differences that
account for differences in affinity and specificity of TIR–TIR and
TIR-peptide binding.

Presented data also suggest that TLR2 heterodimers directly
recruit at least two adapter molecules (Fig. 5D). In case of TLR2/1
heterodimer, the two adapters are different. The first directly re-
cruited adapter is TIRAP, which is recruited to TLR2 TIR (Piao
et al. 2015). The second adapter is MyD88, recruited through D
helix of TLR1 TIR (Fig. 5D). The TLR2/6 heterodimer apparently

Figure 5. Mechanisms of adapter recruitment in TLR2 signaling. (A, B) TLR1 and
TLR6TIR domain regions that correspond to decoy peptides. (C) Surface exposure
of region 9 residues in TIR domains of TLR1, TLR2 and TLR6. Surface exposure
of the residues was calculated based on the available crystal structures of TIR

domains of human TLRs. It should be noted that the D helix residues that have
surface exposure <10% are 100% conserved not only in human TLR1 and TLR6,
but also inmouse homologs of the proteins. (D) Schematic models of adapter re-
cruitment to TLR2/1 and TLR2/6 heterodimers. The TLR2/1 heterodimer directly

binds TIRAP and MyD88. The TLR2/6 heterodimers bind two TIRAP TIR domains
through direct interactions mediated by D helices of TIR domains of both recep-
tors. Additional MyD88 molecules are recruited to the primary complex through
TIRAP-MyD88 and MyD88-MyD88 interactions. Disruption of any TIR–TIR inter-

action involved in the assembly of TLR signaling complexes abolishes signaling.
Differences in composition of TLR2/1 and TLR2/6 complexes may account for
kinetical differences in activation of NFκB and MAPKs by TLR2/1 and TLR2/6 ag-

onists.
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recruits two TIRAPmolecules, which are recruited through D he-
lices of TLR2 and TLR6 TIR domains. Direct recruitment of two
TIRAP molecules to TLR2/6 heterodimer is suggested by similar-
ity of the surface-exposed region 9 residues of TLR2 and TLR6
(particularly, one common feature of 2R9 and 6R9 is arginines in
positions 3 and 8; Fig. 5C). This similarity implies that both TIRs
bind same site on TIRAP surface and thus suggest recruitment
of two separate TIRAP molecules. Direct TIRAP-TLR6 binding is
in accordance with recent observation of Jang, Narayanan and
Park (2016) that recombinant TLR6 TIR domain, unlike TLR5 TIR
domain, does not bind MyD88 TIR.

The primary receptor–adapter complexes are subsequently
enlarged by recruitment of additional MyD88molecules through
homotypic and heterotypic TIRAP-MyD88 TIR interactions. We
previously demonstrated that peptides that represent AB loop
(TR3, EGSQASLRCF) and helix C of TIRAP (TR6, PGFLRDPWCK-
YQML) inhibit TLR2/1, but not TLR2/6 signaling (Couture et al.
2012). It was found later that TR6 binds MyD88 (Piao et al.
2015). Functional importance of AB loop and C helices of TIRAP
was confirmed by systematic mutagenesis of surface-exposed
residues of TIRAP (Lin et al. 2012). Lin et al. (2012) found that
mutations in TIRAP regions represented by TR3 (E108A, R115A
and F117A) and TR6 (W156A, Y159A and L162A) impaired TIRAP
functions (Valkov et al. 2011). Given that TIRAP can bind MyD88
directly and both adapters can homodimerize, it is difficult to
predict the higher order structure of the complex assembled at
the primary platforms at this time.

In accordance with the notion that inhibitory peptides 1R9
and 6R9 represent adapter recruitment sites and block recruit-
ment of adapters to receptors, these peptides do not inter-
fere with TLR2 association with co-receptors and do not bind
TLR2 (Fig. 4). Notably, the screening of peptide libraries de-
rived from TLR1 and TLR6 TIR domains, unlike the screen-
ing of TLR4 TIR library (Toshchakov et al. 2011), has failed to
identify an inhibitory peptide that would bind the TIR of co-
receptor, i.e. TLR2. This finding indicates that interaction of
TIR domains in TLR2/1 and TLR2/6 receptor pairs is either
weak or cannot be represented sufficiently fully by a peptide
fragment.

Studies of selectivity of TLR inhibition by 1R9 and 6R9 have
found that the peptides block only TLR2-mediated signaling, but
not TIRAP-dependent signaling by TLR4 or TLR9. This pattern
of inhibition is dissimilar to that demonstrated by 2R9, peptide
from D helix of TLR2 TIR, which is a potent inhibitor of multiple
TLR, including TLR2, TLR4, TLR7 and TLR9 (Piao et al. 2015). This
finding might suggest that TIRAP is recruited to TLR6 through a
docking site which is different from the site used for binding to
TLR2, TLR4 or TLR9. An example of a unique mode of adapter
recruitment to TLR2/6 heterodimer has been published. Thus,
study of Jiang et al. (2006) has found thatmacrophages frommice
that carry homozygous Pococurantemutation, which is located in
the first helix of MyD88 TIR (I179N), lose all MyD88-dependent
TLR signaling, except TLR2/6-mediated signaling. These findings
of Jiang et al. (2006) together with our findings presented here
suggest that MyD88 and TIRAP are recruited to activated TLR2/6
heterodimer in a mode that differs from that in TLR4, TLR2/1 or
TLR9 signaling.

In conclusion, our data suggest that, similarly to TLR2, TLR1
and TLR6 recruit adapters primarily through the fourth helix of
TIR domain. These sites, however, bind different adapters; the
D helix of TLR6 and TLR 2 TIR recruit TIRAP, whereas the fourth
helix of TLR1 TIR recruits MyD88. Together, these findings shed
new light on molecular mechanisms of adapter recruitment in
TLR2 signaling.
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