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Homotypic and heterotypic interactions between Toll/interleukin-1
receptor (TIR) domains in Toll-like receptors (TLRs) and down-
stream adaptors are essential to evoke innate immune responses.
However, such oligomerization properties present intrinsic diffi-
culties in structural studies of TIR domains. Here, using BB-loop
mutations that disrupt homotypic interactions, we determined the
structures of the monomeric TIR domain-containing adaptor mole-
cule (TICAM)-1 and TICAM-2 TIR domains. Docking of the monomeric
structures, together with yeast two hybrid-based mutagenesis
assays, reveals that the homotypic interaction between TICAM-2 TIR
is indispensable to present a scaffold for recruiting the monomeric
moiety of the TICAM-1 TIR dimer. This result proposes a unique idea
that oligomerization of upstream TIR domains is crucial for binding of
downstream TIR domains. Furthermore, the bivalent nature of each
TIR domain dimer can generate a large signaling complex under the
activated TLRs, which would recruit downstream signaling molecules
efficiently. This model is consistent with previous reports that BB-loop
mutants completely abrogate downstream signaling.

innate immunity | TLR signaling | MyD88-independent pathway | TRAM | TRIF

he extracellular domain of toll-like receptor 4 (TLR4) spe-

cifically binds lipopolysaccharides (LPSs) from Gram-nega-
tive bacteria, inducing dimerization and leading to the dimerization
of cytosolic Toll/interleukin-1 receptor (TIR) domains. This acti-
vated conformation of TLR4 recruits the TIR domain of a down-
stream adaptor molecule, TIR domain-containing adaptor molecule-
2 (TICAM-2) [also known as TRIF-related adaptor molecule
(TRAM)], that subsequently recruits the TIR domain of another
adaptor molecule, TIR domain-containing adaptor molecule-1
(TICAM-1) [also known as TIR domain-containing adaptor inducing
IFN-B (TRIF)] (1-3) at endosomes. Eventually this process activates
IEN response factors and generates type-I interferons (IFNs) (4-7).
Elucidation of the homotypic and heterotypic interactions between
TICAM-1 and TICAM-2 is essential for understanding of TLR4-
mediated type-I IFN generation (8).

A large number of TIR domain structures, including receptors
and adaptors, have been determined by X-ray crystallography and
NMR. The receptors include TLR1 (9), TLR2 (10), and IL-1R
accessory protein-like (IL-1IRAPL) (11). Adaptors include mye-
loid differentiation factor 88 (MyD88) (12) and MyD88 adaptor-
like (Mal) (13, 14). In addition, AtTIR (15, 16) derived from
Arabidopsis thaliana and PdTIR (17) from bacteria have been
solved. Each of these TIR domain structures has a ferredoxin fold
with five f-strands (BA-BE), five a-helices (xA—oE), and loops
connecting p-strands and a-helices (9). Although homotypic
interactions of the TIR domains have been proposed based on
the crystal structures, most proposed models have small inter-
acting surfaces, possibly due to crystal contacts. Recently, how-
ever, a crystal structure of the TLR10 TIR domain was reported
that forms a homotypic dimer mediated by the loop connecting
fB and oB (designated “BB-loop”) (18). Interestingly, BB-loop
mutations in TLR4 were reported to be dominant-negative and

19908-19913 | PNAS | December 3, 2013 | vol. 110 | no. 49

abrogated downstream signaling (19). TICAM-1 and TICAM-2
harboring BB-loop mutations are also dominant-negative and
unable to form homotypic interactions (1, 2), reinforcing the
importance of BB-loop-mediated homotypic dimer formation in
signal propagation.

Despite extensive structural studies, it is not known why homo-
typic interactions are essential for downstream signaling (20-27). To
address this issue, it is necessary to discriminate residues required
for homotypic and those required for heterotypic interactions. Here,
we first determine the structures of the monomeric BB-loop
mutants of the TICAM-1 and TICAM-2 TIR domains using NMR.
Then, based on the solution structures of the BB-loop mutants,
coupled mutagenesisfyeast two-hybrid experiments, and restrained
docking calculations, we show that the homotypic interaction of
TICAM-2 TIR is essential to form a scaffold for recruiting the
TICAM-1 TIR domain.

Results

Monomerization of the TICAM-1 and TICAM-2 TIR Domains by BB-Loop
Mutations. The TIR domains of TICAM-1 (387-545) and TICAM-2
(75-235) (Fig. 14) oligomerized and precipitated in aqueous
solution at ~200 uM concentration, so monomerization was
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indispensable for structure determination by NMR. BB-loop
mutants of TICAM-1 and TICAM-2 are known to be domi-
nant-negative and unable to form homotypic interactions (1, 2).
Thus, we prepared P434H and C117H (P116H) mutants of the
TICAM-1 and TICAM-2 TIR domains, respectively (Fig. 1B)
[hereafter designated TICAM-1 P434H and TICAM-2 C117H
(TICAM-2 P116H)] and analyzed their homotypic interactions
using yeast two-hybrid experiments. Yeast two-hybrid experi-
ments showed that the homotypic interaction is disrupted by
the BB-loop mutation (Fig. 1C), consistent with previous
reports (1, 2) and NMR observation of both wild types and BB-
loop mutants (SI Text and Fig. S1).

NMR Structures of the TICAM-1 P434H and TICAM-2 C117H Mutants.
The solution structures of the TICAM-1 P434H and TICAM-2
C117H mutants were determined based on distance and dihedral
angle constraints. Structural statistics for the final 20 conformers
of each protein are summarized in Table S1. The core structures,
consisting of residues other than the BB-loops and N-terminal and
C-terminal regions, were well defined. The root-mean-square-de-
viation (rmsd) of the core backbone atoms (Ca, N, C') of TICAM-1
P434H (395-427 and 442-527) and TICAM-2 C117H (83-110, 132~
215) were 0.45 A and 0.50 A, respectively (Fig. 2.4 and B). The
global structures of both mutants were comprised of five parallel

A 1 387 545 712
TICAM-1 | | |
1 75 235
meamz [ [ |
B | Ba | | oA | 188
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Fig. 1. Homotypic interaction of TICAM-1 and TICAM-2 TIR domains. (4) TIR
domains of TICAM-1 and TICAM-2. The gray boxes represent the TIR domains
of TICAM-1 and TICAM-2. (B) Sequence alignment of the TIR domains of
human TICAM-1 and human TICAM-2. Amino acid residues involved in the
p-sheet and a-helix are shown in blue and red, respectively. The residues on the
BB-loop enclosed by a red line were substituted by His for the solution struc-
ture determination in this study. Numbers at the right side of the sequences
correspond to the residue number in human TICAM-1 and TICAM-2. (C) Yeast
two-hybrid analysis of homotypic interaction in TICAM-1 and TICAM-2. Pro434
of TICAM-1, Pro116 and Cys117 of TICAM-2 in the BB-loop were substituted by
His residue. These mutants disrupted homotypic interaction of the TIR domain
in TICAM-1 and TICAM-2. p53/T-antigen and Lamine/T-antigen were used as
positive and negative controls in the yeast two-hybrid assay, respectively. SD-
LW, SD-LWH, and SD-LWHA indicate a synthetic dropout medium lacking Leu
and Trp, lacking Leu, Trp, and His, and that further lacking Ade, respectively.
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p-strands surrounded by six or seven o-helices and loops that
connect B-strands and o-helices. Following the conventional
nomenclature for TIR domains, the five strands in TICAM-1
were designated BA(397-400), pB(424-427), pC(451-455), pD
(486-491), and PE(511-514), and the six helices in TICAM-1
were designated oA(406-419), aB(441-449), aC(462-474), aD
(501-507), oE(520-528), and oE’(530-538) with a kink at resi-
due 529 (Fig. 2C). Similarly, TICAM-2 C117H also contained
five strands designated PA(81-85), pB(109-112), pC(134-138),
BD(169-173), and PE(193-195) and seven a-helices, designated
a®A(90-101), aB(125-129), aC(142-152), aC’'(156-161), oD
(186-191), «E(202-210), and oE’(212-232) (Fig. 2D). In both
structures, the conformation of the BB-loop was not well defined
due to broadening of the NMR signals, resulting in insufficient
NOE distance restraints. (Fig. 2.4 and B).

Electrostatic surface potentials of TICAM-1 P434H and
TICAM-2 C117H are shown in Fig. 2 E and F, respectively.
TICAM-1 P434H has an extensive basic surface comprised of «E
(Arg522, Lys523) and oE’ (Lys529, Arg532, Arg536, Lys537,
Arg541, Lys542). In contrast, TICAM-2 C117H has an extensive
acidic surface comprised of the AA-loop (Glu87, Asp88, Asp89)
and the aA-helix (Asp91, Glu92, Asp102, Asp103).

A Dali search (28) revealed that the structure of the TIR
domain of TICAM-1 is most similar to that of TICAM-2, with
a z-score of 9.6 and an rmsd of 3.8 A for the structured region
(Ca 122 atoms), followed by the TIR domains of TLR2 (z-score
9.2), TLR1 (z-score 8.8), TLR10 (z-score 8.7), IL-1RAPL
(z-score 8.5), and MyD88 (z-score 7.5). A structural superposi-
tion was made to align the secondary structures and functionally
important residues in TICAM-1, TICAM-2, and other TIR
domains using the MATRAS program (29, 30) (Fig. S2). In-
triguingly, the residues that form an extensive acidic surface in
the TICAM-2 TIR domain and an extensive basic surface in the
TICAM-1 TIR domain are not conserved in other TIR domains,
suggesting that these residues might be responsible for specific
interaction between TICAM-1 and TICAM-2.

Acidic Region of TICAM-2 and Basic Region of TICAM-1 Are Essential
for Heterotypic Interaction. To investigate heterotypic interactions
between the TICAM-1 and TICAM-2 TIR domains, further
yeast two-hybrid experiments were carried out (31). Because
previous studies showed that oligomerization of the TICAM-2
TIR domain is essential for its interaction with the TICAM-1
TIR domain (1, 2, 27), the wild-type TICAM-2 TIR domain was
used as bait, and the TICAM-1 TIR domain mutants were used
as prey. To search for residues that are essential for the in-
teraction with TICAM-2, basic residues within TICAM-1 oE and
aE’-helices were selected and mutated to alanine in the first
round of two-hybrid experiments. The TICAM-1 mutants har-
boring the BB-loop mutation, P434H/R512A, P434H/K529A,
and P434H/R532A, could interact with TICAM-2, but the mutants
R522A/K523A and P434H/R522A/K523A could not (Fig. 34).
These results indicate that Arg522 and Lys523 of TICAM-1, but
not Prod34, Arg512, Lys529, and Arg532, are crucial for direct
interaction with TICAM-2, consistent with the observation that
TICAM-1 oligomerization is not required for interaction with the
TICAM-2 TIR domain. We designated the region involving
Arg522 and Lys523 the “RK site.” Actually, Pro434 is located on
the opposite side of the RK site in TICAM-1, indicating that the
homotypic and heterotypic interaction sites in the TICAM-1 TIR
domain are distinct (Fig. 3B). Interestingly, the BB-loop mutant
could still interact with wild-type TICAM-2, implying that mo-
nomeric TICAM-1 retains its ability to bind to the TIR domain of
the TICAM-2 wild-type dimer.

After finding two basic residues in the TICAM-2 binding sur-
face of TICAM-1, we scarched for acidic residues in TICAM-2
that complemented the interaction. Arrays of two or three acidic
residues from the TIR domain of TICAM-2 (E87/D88/D89 in the
AA-loop, D91/E92 in the N-terminal side of the aA-helix, D102 /
D103 in the C-terminal side of the aA-helix, D126/D127 in the oB-
helix, and E197/E198 in the EE-loop) were substituted with alanine.
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Fig. 2. Structures of the TICAM-1 and TICAM-2 TIR domains. (A and B) The
overlay of the 20 lowest energy structures of the TIR domains of TICAM-1 and
TICAM-2 determined by NMR. The backbone atoms (N, Ca, C') of polypeptides
are drawn in wire model; p-sheets in yellow; a-helices in red. Pro434 of TICAM-1
and Cys117 of TICAM-2 in BB-loop are substituted with His, which are shown in
orange and labeled. (Cand D) The TIR domain of TICAM-1 (C) and TICAM-2 (D) in
ribbon model. B-strands, a-helices, and the connecting loops are labeled after the
conventional nomenclature of the TIR domain (9). (F and F) Electrostatic surface
potential of the TIR domains of TICAM-1 (£) and TICAM-2 (F). Positive, negative,
and neutral electrostatic surface potentials are presented in blue, red, and white,
respectively. The electrostatic surface potential in £ and F, Leftis presented as the
same orientation as shown in A (C) and B (D). The opposite surfaces are shown in
E and F, Right. The basic surface in TICAM-1 TIR and the acidic surface in TICAM-2
TIR are enclosed by red and yellow dotted lines, respectively.

Yeast two-hybrid analyses showed that TICAM-2 mutants bearing
ES7A/DS8A/DSYA and E197A/E198A could not grow completely
on SD-LWHA medium due to disruption of their interaction with
wild-type TICAM-1 (Fig. 3C), suggesting that the acidic cluster
consisting of residues Glu87/Asp88/Asp89 in the AA-loop and
Glu197/Glu198 in the EE-loop of the TICAM-2 TIR domain
might be responsible for association with the TICAM-1 TIR do-
main (Fig. 3D, in magenta). However, in yeast two-hybrid experi-
ments, it is generally difficult to distinguish mutations that disrupt
the protein interaction surface from those that disrupt the tertiary
structure. To discriminate these two scenarios, the mutant proteins
were expressed and subjected to gel-filtration chromatography. We
showed the results in S7 Text and Fig. S3.

Coupled Mutations Identify Additional Binding Sites. Because dimer
formation of the TICAM-2 TIR domain is indispensable for
interaction with the TICAM-1 TIR domain, we used TICAM-2
TIR domain mutants that harbored no BB-loop mutations in the
following yeast two-hybrid experiments. Because the p-strands
formed a core structure surrounded by o-helices and loop
regions, the residues in the f-strands would be expected to stabilize
the structure of the TIR domain. Thus, we applied mutations to
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the exposed surface residues located on a-helices or loops, based
on the NMR structure of TICAM-2 C117H (Fig. S4) and studied
further interaction sites between the TICAM-2 and TICAM-1
TIR domains using yeast two-hybrid experiments. The heterotypic
interaction between the TICAM-2 wild type and the TICAM-1
mutants was studied using an SD-LWH medium where the 3AT
concentration is successively increased (Fig. 44). Tables S2 and S3
list the results of the yeast two-hybrid experiments. Only TICAM-2
mutants involving residues on the CC'-loop between the aC and
the aC’ helices showed reduced affinity for TICAM-1 as is sum-
marized in Fig. 44. First, the interaction of the F153A/Y154S,
Y154S/T155A, and T155A/S156A mutants of the TICAM-2 TIR
domain was studied with the wild type of the TICAM-2 TIR domain,
showing that these mutants retain the homotypic interaction with the
TICAM-2 wild type (Fig. 44, right lane). Next, these mutants were
applied to the yeast two-hybrid analyses to study heterotypic inter-
actions with wild-type TICAM-1 and TICAM-1 P434H. Considering
that monomeric TICAM-1 P434H can interact with the TICAM-2
dimer, the contact residues should be located near the RK site. Thus,
we selected GIn518 and Ile519 on the EE-loop and oE-helix as
further candidates for interaction with the TICAM-2 TIR domain.

Among the TICAM-2 TIR domain mutants F153A/Y154S,
Y154S/T155A, and T155A/S156A, only the T155A/S156A mu-
tant on the CC’-loop showed reduced interaction with wild type,
P434H, and P434H/Q518A/1519A TICAM-1 mutants in a 3AT
dose-dependent manner, with higher growth inhibition for the
P434H/Q518A/I519A mutant. This result implied that Thr155 and
Ser156 in TICAM-2 (designated the “TS site”) and GIn518 and

N\ PA34H/ [P434R,_/
“BS32A K5294
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Fig. 3. Heterotypic interaction between TICAM-1 and TICAM-2 TIRs revealed
by yeast two-hybrid assays (1). (4) Yeast two-hybrid assays using the wild type
of the TICAM-2 TIR domain as bait and the mutants of the TICAM-1 TIR do-
main as prey. (B) The basic residues on the EE-loop and oE- and aE'-helices in
the TICAM-1 TIR domain (shown as spheres) are mutated to Ala. The residues
that disrupt the heterotypic interaction are displayed in cyan. The position of
the BB-loop mutation in TICAM-1 TIR is shown in orange. (C) Yeast two-hybrid
assays using the wild type of the TICAM-1 TIR domain as bait and the mutants
of the TICAM-2 TIR domain harboring no BB-loop mutation as prey. (D) The
acidic residues in the TICAM-2 TIR domain (shown as spheres) are mutated to
Ala. The residues that disrupt the heterotypic interaction are displayed in ma-
genta. The position of the BB-loop mutation in TICAM-2 TIR is shown in orange.
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Fig. 4. Heterotypic interaction between TICAM-2 and TICAM-1 TIRs revealed
by yeast two-hybrid assays (2). (A) Yeast two-hybrid assays using the mutants
of TICAM-2 TIR as bait and the wild type and mutants of TICAM-1 TIR as prey.
The wild-type TICAM-2 TIR is also used as prey as shown in Right. Yeast growth
was analyzed with SD-LWH medium supplemented with 3-AT. (B) Residue
mapping on the structure of TICAM-2 TIR. Thr155 and Ser156 are shown in
blue (TS site), and Phe 153 and Y 154 are shown in white. Acidic residues, Glug7,
Asp88, and Asp89 (EDD site), which are critical for interaction with TICAM-1,
are shown in magenta. The residue C117 substituted by His is shown in orange.
(C) Residue mapping on the structure of TICAM-1 TIR. Arg522 and Lys523 (RK
site) are shown in cyan, and GIn518 and 1le519 (Ql site) are shown in white. The
Pro434 substituted by His in BB-loop of TICAM-1 is shown in orange.

11519 in TICAM-1 (designated the “QI site”) are also involved in
the heterotypic interaction (Fig. 44). Intriguingly, the TS site in
blue and the EDD site in magenta are located on opposite sides of
the TICAM-2 TIR domain (Fig. 4B). In TICAM-1, the interacting
residues with the TICAM-2 TIR domain are located on the RK
site (in cyan) and QI site (in white), which form a wedge-like
shape on the TICAM-1 TIR domain surface (Fig. 4C).

Restrained Docking of Trimeric TICAM-2/TICAM-1 Complex. The solution
structures of the TICAM-1 P434H and TICAM-2 C117H mutants,
along with the results of the mutagenesis and yeast two-hybrid
assays, permitted docking of the complex formed by two TICAM-2
TIR domains and a single TICAM-1 TIR domain (S7 Text, Fig. S5).

As shown in Fig. 5, the heterotypic interaction sites on
TICAM-2 in the top-ranked model involve the acidic surface of
the EDD site on the first TICAM-2 chain and the TS site on the
seccond TICAM-2 chain, located on the opposite side (Fig. 54).
Significantly, the TICAM-2 homo-dimer positions the EDD and
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TS sites next to each other (Fig. 54), forming a concave surface
that can accommodate the TICAM-1 TIR domain. The in-
teraction site on TICAM-1 includes the RK site on the oE-helix
and the QI site on the EE-loop, which are located on the top of
the wedge (Fig. 54). In the top-scoring model, all 7 mutations
that abrogated TICAM-2/TICAM-1 binding and 30 out of the 31
mutations that did not affect TICAM-2/TICAM-1 binding were
recapitulated in the binding energy calculations (Table S4). The
TICAM-2 dimer is symmetrically related by a twofold axis along
the BB-loop and is maintained by the BB-loop and oC-helix
interactions, respectively, consistent with the TLR10 dimer
structure (Fig. 5B).

The top view of the interaction surface between the TICAM-2
dimer and the TICAM-1 monomer is shown in Fig. 5C, where
the binding surface of TICAM-2 is represented by the electro-
static surface potential and TICAM-1 by a ribbon model. As
shown in the figure, the RK site interacts with the acidic surface
of the EDD site, and the QI site with the TS site (Fig. 5C).

Reporter Gene and Binding Assays Using Full-Length TICAM-1 and
TICAM-2 Mutants. Based on the yeast two-hybrid analysis, we
constructed mammalian expression vectors coding the wild type
and various mutants of TICAM-2 and TICAM-1 and measured
their IFN-B promoter activation abilities by reporter gene assays.
Forcedly expressed wild type TICAM-2 activated the IFN-B
promoter in HEK293FT cells in a dose-dependent manner (Fig.
64). In contrast, the TICAM-2 EDD-site mutant E§7A/D&8A/
DS8O9A failed to activate the IFN-p promoter (Fig. 64). Overex-
pressed TICAM-2 undergoes homo-dimerization, which in turn
recruits TICAM-1, resulting in activation of the IFN-f promoter.
Therefore, we next analyzed TICAM-2-TICAM-1-dependent
IFN- promoter activation in the presence of limiting amounts of
TICAM-1. A marked enhancement of TICAM-1-mediated IFN-f
promoter activation was observed with wild-type TICAM-2, and to
a lesser extent with the EDD-site TICAM-2 mutant (Fig. 6B). In
the case of TICAM-1, the RK-site mutant (R522A/K523A) only
weakly activated the IFN-f promoter (Fig. 6C), consistent with the
predicted electrostatic interaction between the acidic surface of
the TICAM-2 TIR domain and the basic surface of TICAM-1
observed in the yeast two-hybrid experiments and the docking
model. We also measured the NF-xB activation abilities of the
EDD-site mutant of TICAM-2 (Fig. S6). Both IFN-§ and NF-xB
promoter assays demonstrated that the TICAM-2 EDD-site mu-
tant suppressed both signals.

To confirm that the TICAM-2 EDD site is involved in the
binding of TICAM-1 TIR domain, a coimmunoprecipitation assay
was performed in HEK293FT cells. Although the expression level
of TICAM-1, the TICAM-2 wild type, and the TICAM-2 EDD
mutant in HEK293FT cells was similar (Fig. S7, Lower), the af-
finity between the TICAM-2 mutant and TICAM-1 was much
reduced compared with that between the TICAM-2 wild type and
TICAM-1 (Fig. S7, Upper). All of the data suggest that the re-
duced IFN-B promoter activity of the TICAM-2 EDD mutant was
due to its reduced affinity to TICAM-1.

Discussion

The oligomerization properties of TIR domains are closely re-
lated to their biological functions. This study presents challenges
for structural analysis by NMR. Here, we applied dominant-
negative BB-loop mutations to the TICAM-1 and TICAM-2 TIR
domains that disrupted the oligomerization. To study the in-
teraction between TICAM-1 and TICAM-2 TIR domains, we
used yeast two-hybrid experiments in combination with mono-
meric structural information. Although the yeast two-hybrid
method can produce false positives, we could eliminate such
false positives by structural analysis of the BB-loop mutants to-
gether with gel-filtration studies of the expressed proteins. Using
this approach, we identified two binding regions, the EDD site
and the TS site, located on the opposite sides of TICAM-2. Our
docking calculations, based on yeast two-hybrid data, revealed
a TICAM-2 TIR homo-dimer that assumed a twofold axis of
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Fig. 5. Docking model of the TIR domains of TICAM-2 and TICAM-1. (4) The
docking structure comprised of TICAM-2 dimer and TICAM-1 monomer.
Homotypic and heterotypic interfaces are enclosed by blue and orange
dotted lines, respectively. (B) TICAM-2 dimer presenting the binding surface
with TICAM-1 TIR. The EDD and TS sites are located at the front surface (also
at the back surface) that interact with the wedge of the TICAM-1 TIR (the RK
and QI sites). (C) The front view of the interacting surface of TICAM-2 is
shown in electrostatic surface potential presentation whereas the wedge of
the TICAM-1 is presented in ribbon model. The residues on the RK and QI
sites are shown in wire model and labeled.

symmetry around the BB-loop, similar to the TLR10 TIR domain
structure. Importantly, the two binding regions revealed by the
yeast two-hybrid experiments are spatially close in this TICAM-2
homo-dimer structure (Fig. 54). Heterotypic interaction sites on
the TICAM-1 TIR domain could also be elucidated by our ap-
proach, which indicated that the RK and QI sites are responsible
for interaction with TICAM-2. It is notable that this heterotypic
interaction does not require dimer formation of the TICAM-1
TIR domain. In our restraint-driven docked model, the wedge-
shaped surface containing the RK and QI sites binds to the con-
cave surface formed by the EDD and TS sites belonging to dif-
ferent TICAM-2 TIR domains (Fig. 5 4 and B).

An important conclusion derived from the present study is that
the homo-dimerization of the TICAM-2 TIR domains presents
a surface that recruits the monomeric moiety of the TICAM-1
TIR domain. In our previous reports, we showed that TLR4
binds the TICAM-2 wild type, but the interaction is disrupted by
the BB-loop mutation of TLR4, whereas the BB-loop mutant of

19912 | www.pnas.org/cgi/doi/10.1073/pnas. 1222811110

TICAMS-2 still binds to TLR4 wild type based on the yeast two-
hybrid experiments (1). We also showed that the TICAM-1 BB-
loop mutant still interacts with the TIR domain of TLR3 wild
type (27). Taken together, these results suggest a unique para-
digm in which dimer formation of the upstream TIR domain is
essential for recruitment of the monomeric moiety of the
downstream TIR dimer. Consistent with this paradigm, BB-loop
mutants of TLR3 and TLR4 as well as TICAM-1 and TICAM-2
completely abrogate downstream signaling.

It is notable that the myristoylation of TICAM-2 at the N ter-
minus is essential for its localization on the plasma membrane or
endosome, and colocalization with TLR4 (32). Interestingly,
according to the present TICAM-2 TIR dimer model, the N termini
of both TICAM-2 TIR domains are oriented in the same direction,
permitting anchoring of the TICAM-2 dimer to the membrane.

A current consensus is that LPS on the surface of Gram-
negative bacteria induces clustering of TLR4, leading to for-
mation of the active TLR4 TIR dimer, which triggers activation
of the MyD88 and TICAM-1 pathways. Recently, the structure
of the Myddosome, a molecular complex mediated by the death
domains of MyD88, IRAK4, and IRAK1/2, was determined (33—
35). This TICAM-1/2 structural study, on the other hand, would
allow us to speculate a model that the TLR4 TIR dimer bridges
the TICAM-2 TIR dimer, which further couples with the TICAM-1
TIR, generating an extended signaling network downstream of
TLR4. The present work proposes a key for future analysis about
an IFN-inducing signaling complex in the context of TLR4-me-
diated LPS signaling. Recent studies showed the importance of
lateral TLR3 clustering mediated by TICAM-1 for downstream
signaling (36), consistent with our model.

Our reconstitution study revealed that the TICAM1/2 heter-
odimer formation is reproducible in HEK293FT cells and that
TICAM-2 EDD mutant has less ability to recruit TICAM-1 than
wild type (Fig. S7). Reporter activity reflecting IFN induction is
accordingly decreased (Fig. 6). Thus, the proposed model is at
least right in the formation of the two-adaptor complex. However,
herein we only abstracted the complex of TICAM-1 and TICAM-2
from the IFN-inducing axis of LPS signaling of TLR4, which
consists of an array of many different molecules. Reconstituting
the optimal LPS-IFN signal axis in human TICAM-2 knockout
cells will be required to test physiological importance of the
TICAM-2 EDD domain.

Materials and Methods
For details, see SI Materials and Methods.

A2 60
2
g a0
S 20
£ o
pE—
TICAM-2 - WT  E87A/D8SA/DSSA
B & 800
g 600
2 400
= 200
g o
) pum————"_ |
TICAM-2 - od WT E8S7A/DS8BA/DESA
- TICAM-1
@
400
Cs
2 200
2
g o
TICAM-2 - - + - +
TICAM-1 = WT R522A/K523A

Fig. 6. Functional assays of TICAM-1 and TICAM-2 mutants in mammalian
cells. (A) TICAM-2-dependent IFN-p promoter activation. IFN-p promoter
activity was reduced by the E87A/D88A/D89A mutation in TICAM-2. (B)
TICAM-2-TICAM-1-dependent IFN-B promoter activation. IFN-B promoter
activity was reduced by the E87A/D88A/D8YA mutation in TICAM-2. (C)
TICAM-2-TICAM-1-dependent IFN-B promoter activation. The mutation of
R522/K523 in TICAM-1 reduced IFN-f promoter activation.
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Protein Expression and Purification. The human TICAM-1 gene encoding the
TIR domain (387-545) with mutation of Pro434 to His was cloned into the
PET22b (Novagen) vector. The human TICAM-2 gene encoding the TIR do-
main (75-235) with mutation of Cys117 to His was cloned into the pGEX6p-1
(GE healthcare) vector.

NMR Measurements and Structure Calculation. NMR data for chemical shift
assignments for TICAM-1 P434H and TICAM-2 C117H were collected using
a suite of triple resonance experiments on Varian UNITY INOVA 600 and
800 spectrometers.

Yeast Two-Hybrid Analysis. The TIR domains were constructed by direct
cloning of two-step PCR products using mutant oligonucleotide primers and
subcloned into pGBKT7 and pGADT7 plasmid (Clontech).
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Restrained Docking Calculations. Two docking calculations were made to
generate representative TICAM-2 TIR homo-dimer models, from which tri-
meric TICAM-2/TICAM-1 models were then constructed.

Luciferase Reporter Gene Assay. Mutants of TICAM-1(1-566) and TICAM-2(1-
235) were generated using PCR and subcloned into pEF-BOS vector.

Immunoprecipitation and Immunoblot Analysis. FLAG-tagged TICAM-2 were
immunoprecipitated using anti-FLAG mAb (2.5 pg per sample) and Protein G
Sepharose (GE healthcare).
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The MyD88 Pathway in Plasmacytoid and CD4" Dendritic
Cells Primarily Triggers Type I IFN Production against
Measles Virus in a Mouse Infection Model

Hiromi Takaki,* Makoto Takeda,” Maino Tahara,” Masashi Shingai,”"1 Hiroyuki Oshiumi,*
Misako Matsumoto,* and Tsukasa Seya*

Infection by measles virus (MV) induces type I IFN via the retinoic acid-inducible gene I/melanoma differentiation—associated gene
5/mitochondrial antiviral signaling protein (MAVS) pathway in human cells. However, the in vivo role of the MAVS pathway in
host defense against MV infection remains undetermined. CD150 transgenic (Tg) mice, which express human CD150, an entry
receptor for MV, with the disrupting IFNR gene (Ifnar™""), are susceptible to MV and serve as a model for MV infection. In this
study, we generated CDISOTg/Mavs_/ ~ mice and examined MV permissiveness compared with that in CD150Tg/Ifnar™'" mice.
MYV replicated mostly in the spleen of i.p.-infected CD150Tg/Ifnar'~ mice. Strikingly, CD150Tg/Mavs ™'~ mice were not permis-
sive to MV in vivo because of substantial type I IFN induction. MV barely replicated in any other organs tested. When T cells,
B cells, and dendritic cells (DCs) isolated from CD150Tg/Mavs™'~ splenocytes were cultured with MV in vitro, only the DCs
produced type I IFN. In vitro infection analysis using CD150Tg/Mavs™~ DC subsets revealed that CD4* and plasmacytoid DCs,
but not CD8a* and CD8a~ CD4~ double negative DCs, were exclusively involved in type I IFN production in response to MV
infection. Because CDlSOTg/Mavs_’ ~ mice turned permissive to MV by anti-IFNAR Ab, type I IFN produced by CD4" DCs and
plasmacytoid DCs plays a critical role in antiviral protection for neighboring cells expressing IFNAR. Induction of type I IFN in
these DC subsets was abolished by the MyD88 inhibitory peptide. Thus, production of type I IFN occurs via the MyD88-dependent

and MAVS-independent signaling pathway during MYV infection.

viral infections (1). Viral RNA is detected by cytosolic

RNA sensors and induces expression of type I IFN (2).
Extracellular dsRNA of a virus product is detected by the endo-
somal TLR3, whereas intracellular dsRNA is sensed by the retinoic
acid-inducible gene I (RIG-I) and the melanoma differentiation—
associated gene 5 (MDAS) (3). Upon recognizing dsRNA, TLR3
recruits the Tol/IL-1R (TIR) homology domain-containing adaptor

T ype I IFNs (IFN-a/B) are crucial for protection against
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molecule 1 (TICAM-1, also referred to as TRIF) and induces
type I IFN production (4, 5). The RIG-I-like receptors (RLRs),
RIG-I and MDAS, signal via the mitochondrial antiviral signaling
protein (MAVS; also known as VISA, Cardif, or IPS-1) and also
induce type I IFN expression (6). Knocking out these adaptor
molecules results in failure to activate the transcription factors
IFN regulatory factor (IRF)-3 and IRF-7, leading to an incom-
petence in type I IFN production and antiviral host defense (3,
7, 8). Type I IFN induction following the recognition of measles
virus (MV) RNA is dependent on the RIG-I/MDAS-MAVS path-
way in human epithelial cell lines (9, 10). However, the role of the
RIG-I/MDAS-MAVS pathway during in vivo MV infection remains
undetermined.

MYV, of the genus Morbillivirus from the Paramyxoviridae family,
is a highly pathogenic, nonsegmented negative single-stranded
RNA virus that causes respiratory distress and immunosuppres-
sion in humans (11). Wild-type strains of MV enter cells via human
CD150, which is also referred to as signaling lymphocyte activation
molecule (12), and human poliovirus receptor-like protein 4 (13,
14). Expression of these receptors is restricted either to activated
lymphocytes, dendritic cells (DCs), and macrophages for CD150 or
to the basolateral surface of epithelial cells for PVRL4 (15). Among
these cell populations, CD11c™ DCs and alveolar macrophages
(AMs) are reported to be the first target cells of early-phase MV
infection in the CD150 transgenic (Tg) mouse model (16, 17) and in
nonhuman primates (18, 19). Moreover, DCs are found to be in-
volved in pathogenesis and immunosuppression during and after
acute MV infection (20, 21). However, it is unclear how DCs and
macrophages recognize MV RNA to produce type I IFN.

Human CD150Tg mice, which are slightly permissive to MV,
are used to study host responses against MV infection in vivo (16,
22-24). CD150Tg/Ifnar™'" mice, which are generated by crossing
CD150Tg mice with Ifnar™™ mice, are susceptible to MV infection
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and serve as a useful mouse model (16, 24). In the current study,
using the CD150Tg mouse model in combination with Mavs™'",

If3~"7/nf7~'=, and Ticaml™ mice, we found that CDI150Tg/
Mavs™'™ mice were not permissive to MV in vivo, whereas
CDI150Tg/Irf3~'~/Irf7~'~ mice were permissive. Furthermore,
CD150Tg/Mavs™'~ plasmacytoid DCs (pDCs) and CD4* DCs
produced type I IFN in response to MV infection in vitro. Analysis
using the myeloid differentiation factor 88 (MyD&88) inhibitory
peptide and MyD88 ™'~ mice revealed that type I IFN production
in these DC subsets was dependent on the MyD88 pathway. To our
knowledge, this is the first study to show that type I IFN induction
in MV-infected mouse DCs depends on the MyD88 pathway. The
properties of the MV-permissive mouse DC subsets may be crucial
for ensuring immune response, including immunosuppression dur-
ing MV infection.

Materials and Methods
Mice

All mice were backcrossed to C57BL/6 mice more than eight times before
use. CD150Tg (16), Ticaml ™"~ (25), and Mavs™"™ (26) mice were gen-
erated in our laboratory. Irf3~' and Irf7~'~ mice were provided by Dr.
T. Taniguchi (University of Tokyo, Tokyo, Japan). Myd88™'~ mice were
provided by Drs. K. Takeda and S. Akira (Osaka University, Osaka, Japan).
All mice were maintained under specific pathogen—free conditions in the
Animal Facility at Hokkaido University Graduate School of Medicine
(Sapporo, Japan) and used when they were between 6 and 12 wk of age.
This study was carried out in strict accordance with the recommendations
in the National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals. The protocol was approved by the Committee on the
Ethics of Animal Experiments in the Animal Safety Center, Hokkaido
University. All mice were used according to the guidelines of the Insti-
tutional Animal Care and Use Committee of Hokkaido University, which
approved this study as no.13-0024. All inoculation and experimental ma-
nipulation were performed with the animals under anesthesia that was
induced and maintained with pentobarbital sodium, and all efforts were
made to minimize suffering.

Virus and cell culture

Vero/CD150 cells were maintained in DMEM supplemented with 10% heat-
inactivated FBS and antibiotics. IC323, corresponding to the IC-B strain of
MYV (27), was recovered from the plasmid p(+)MV323 encoding the anti-
genomic IC-B sequence (28). 1C323-Luci (MV-luciferase), which expresses
the reporter Renilla luciferase from the first gene position of the MV ge-
nome, was a kind gift from Dr. Y. Yanagi (Kyushu University, Fukuoka,
Japan) (29). MV-luciferase was maintained in Vero/CD150 cells (30). Virus
titer was determined as PFUs on Vero/CD150, and the multiplicity of in-
fection (MOI) of cach experiment was calculated based on this titer (27).
Splenic CD19*, CD4", CD8" cells, and CD11c* DCs were isolated using
anti-CD19, anti-CD4, anti-CDS8, and anti-CD11c MACS beads (Miltenyi
Biotec). Splenic CD8a™ DCs, CD4™ DCs, and double negative (DN) DCs
were isolated using CD8a™ or CD4™ DC isolation kits (Miltenyi Biotec)
according to the manufacturer’s instructions. For isolation of pDCs and
conventional DCs (cDCs), spleens were treated with 400 IU Mandle U/ml
collagenase D (Roche) at 37°C for 25 min in HBSS (Sigma-Aldrich). EDTA
was added, and the cell suspension was incubated for an additional 5 min at
37°C. After removal of RBCs with ammonium chloride—potassium lysis
buffer, CD11c” DCs were isolated using CD11c MACS beads. MACS-sorted
DCs were stained with anti-CD11b-FITC, anti-pDC Ag 1 (PDCA-1)-PE
(eBioscience), and anti-CD11c-allophycocyanin (BioLegend) and sorted
using a FACSAria II (BD). The purity of sorted cells was > 98%.

FACS analysis

For pDC staining, splenocytes were stained with anti-CD11c-allophyco-
cyanin (BioLegend), anti-PDCA-1-PE (BioLegend), and anti-human
CDI50-FITC (eBiosciences). For CD4" DCs, CD8* DCs, and DN DCs
staining, splenocytes were stained with anti-CD11c-allophycocyanin (Bio-
Legend), anti-CD4-PerCP (BioLegend), anti-CD8~PE (BioLegend), and anti-
human CDI150-FITC. For B cell staining, splenocytes were stained with
anti-B220-allophycocyanin (BioLegend), anti-CD19-PE (BioLegend), and
anti-human CD150-FITC. For T cell staining, anti-CD3-allophycocyanin
(BioLegend), anti-CD4-PerCP, anti-CD8-PE, and anti-human CD150-FITC
were used. Fluorescence intensity of CD150 was measured by flow cytom-
etry. For TLR7 intracellular staining in pDCs, DCs were stained with anti-
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TLR7-FITC (IMGENEX), anti-CD11c-allophycocyanin, and anti-PDCA-
1-PE using the BD Cytofix/Cytoperm Kit (BD Biosciences). For TLR7
intracellular staining in CD4*, CD8*, and DN DCs, DCs were stained with
anti-TLR7-FITC (IMGENEX), anti-CD1Ic-allophycocyanin, anti-CD4-
PerCP, and anti-CD8-PE, using the BD Cytofix/Cytoperm Kit (BD Bio-
sciences). Stained cells were analyzed by flow cytometry.

Experimental infection and luciferase assay

Mice were infected i.p. with M V-luciferase at the indicated doses. For in vivo
blockade of the type I IFNR, mice were i.p. injected with 2.5 mg MAR1-5A3,
a mAb against IFNAR-1 (BioLegend), 1 d prior to infection. Tissues were
collected from the mice at different time points, and the efficiency of infection
was measured by luciferase assay. Cells (1 X 107) from various tissues were
harvested in 100 .l lysis buffer. The amount of protein in each lysate was
determined by bicinchoninic acid assay. Luciferase assay was performed
using a Dual-Luciferase Reporter Assay System (Promega), and luciferase
activity was read using a Lumat LB 9507 (Berthold Technologies). To
measure the efficiency of in vitro infection, cells (5 X 10%-4 x 105)
were harvested in 25 pl lysis buffer for luciferase assay. For MyD88 in-
hibition assay, cells were pretreated with 50 uM MyD88 inhibitory peptide
(RQIKIWFQNRRMKWKK-RDVLPGTCVNS-NH2; InvivoGen) or the
control peptide (RQIKIWFQNRRMKWKK-SLHGRGDPMEAFII-NH2;
InvivoGen) for 6 h, and then cells were infected with MV. MyD88 inhib-
itory peptide contains a sequence from the MyD88 TIR homodimerization
domain (RDVLPGT) preceded with a protein transduction sequence
(RQIKIWFQNRRMKWKK) derived from antennapedia, which enables the
peptide to translocate through the cell membrane. For intratracheal infection
with MV, mice were anesthetized and injected with MV-luciferase (8 X 10°
PFU/50 wl in PBS) intratracheally. At 3 d after inoculation, mice were
sacrificed and perfused with PBS containing 10 mM EDTA from the right
ventricle. Lung lobes were isolated, and collagenase buffer [150 U/ml
collagenase D (Roche), 10 wg/ml DNase I (Takara), and 5% FCS in
RPMI 1640 medium] was injected into the lobes, using a 27-gauge needle.
The lobes were then shredded into small pieces and incubated at 37°C for
45 min. During the last 5 min, EDTA was added at 10 mM. Any remaining
small pieces were dispersed by passage in and out through a 20-gauge
needle, and the suspension was passed through nylon mesh to remove de-
bris. A single-cell suspension was prepared after RBC lysis. A total of 2 X
10° cells were harvested in 100 wl lysis buffer for luciferase assay.

ELISA

Culture supernatants of cells (1-5 X 105) seeded on 96-well plates were
collected and analyzed for cytokine levels, using ELISA. ELISA kits for
mouse [FN-a and IFN-§ were from PBL Biomedical Laboratories. Assays
were performed according to the manufacturer’s instructions.

RT-PCR and real-time PCR

Total RNA was prepared using TRIzol Reagent (Invitrogen) following the
manufacturer’s instructions. RT-PCR was carried out using a High Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s instructions. Real-time PCR was performed using a StepOne
Real-Time PCR System (Applied Biosystems). The following oligonucleo-
tides were used for B-acrin: 5'-TTTGCAGCTCCTTCGTTGC-3’ and 5'-
TCGTCATCCATGGCGAACT-3'; for Ifn-B: 5'-CCAGCTCCAAGAAAGG-
ACGA-3" and 5'-CGCCCTGTAGGTGAGGTTGAT-3'; for Ifn-a4: 5'-
CTGCTGGCTGTGAGGACATACT-3" and 5'-AGGCACAGAGGCTGTGT-
TTCTT-3'; for Ifit]: 5'-TGTGCTGAGATGGACTGTGAG-3’ and 5'-TTTC-
TGGCTCCACTTTCAGAG-3'; for Cxcl10: 5'-GTGTTGAGATCATTGCC-
ACGA-3'" and 5'-GCGTGGCTTCACTCCAGTTAA-3"; for Tir7: 5'-GTAT-
GCCGCCAAATCTAAAG-3" and 5'-GGCTGAGGTCCAAAATTTCC-3';
and for MV-P: 5'-cTGCATCACGCAGTGTAATC-3’ and 5'-CTGGTGG-
AACTTGGCAAGATC-3'. Levels of target mRNAs were normalized to
B-actin, and fold-induction of transcripts was calculated using the ddCT
method relative to unstimulated cells.

Statistical analyses

Statistical significance of differences between groups was determined by
the Student 7 test using Microsoft Excel software. The p values < 0.05
were considered significant.

Results
CD150Tg/Mavs™'~ mice are not permissive to MV

To quantitate the efficiency of MV infection, we used a recombinant
MV-luciferase that expresses the reporter Renilla luciferase from
the insert of the MV genome (29). CD150 expression levels did
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