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Background: TLR4 signaling requires unknown interactions between TIR domains of TLR4 and its adapters.
Results:We identify three binding sites in the TLR4 TIR domain that are important for TLR4 interactions.
Conclusion: Two binding sites in TLR4 are important for adapter binding and NF-�B activation.
Significance: This work provides new insights in the first steps of TLR activation.

Toll-like receptor signaling requires interactions of the Toll/
IL-1 receptor (TIR) domains of the receptor and adapter pro-
teins. Using the mammalian protein-protein interaction trap
strategy, homologymodeling, and site-directedmutagenesis,we
identify the interaction surfaces in theTLR4TIR domain for the
TLR4-TLR4, TLR4-MyD88 adapter-like (MAL), and TLR4-
TRIF-related adapter molecule (TRAM) interaction. Two bind-
ing sites are equally important for TLR4 dimerization and
adapter recruitment. In amodel basedon the crystal structure of
the dimeric TLR10 TIR domain, the first binding site mediates
TLR4-TLR4TIR-TIR interaction.Upondimerization, two iden-
tical second binding sites of the TLR4 TIR domain are juxta-
posed and formanextendedbindingplatform for bothMALand
TRAM. In our mammalian protein-protein interaction trap
assay, MAL and TRAM compete for binding to this platform.
Our data suggest that adapter binding can stabilize the TLR4
TIR dimerization.

Toll-like receptors (TLRs)3 are pathogen recognition recep-
tors that play a crucial role in innate immunity (1–3). TLRs are
composed of an extracellular domain with leucine-rich repeats
for ligand recognition, a transmembrane helix, and a cytoplas-
mic part with a Toll-IL-1R (TIR) domain. Ligand-induced
receptor dimerization or oligomerization leads to the recruit-
ment of TIR domain-containing adapter proteins for down-
stream signaling.
Lipopolysaccharide (LPS) binding to the TLR4 complex is

followed by interaction with the adapter proteins MAL and
TRAM.MAL and TRAM are bridging adapters that recruit the

signaling adapters MyD88 and TRIF to the receptor (4–8).The
TLR4-MAL-MyD88 complex is formed at the plasma mem-
brane, and localization of MAL at the plasma membrane is
facilitated by its phosphatidylinositol 4,5-bisphosphate binding
domain (6). The MAL/MyD88 axis leads to activation of
MAPKs and of transcription factors, activation protein 1
(AP-1) and NF-�B. A myristoylation site of TRAM directs this
adapter protein to the membrane of early endosomes (7). The
TLR4-TRAM-TRIF complex is formed in endosomal compart-
ments and leads to activation of the transcription factor IRF3
and interferon production (9).
Interactions between the TIR domains are crucial for TLR

signal transduction. Both the receptor and the adapter TIR
domains can dimerize or oligomerize; the receptor TIR
domains interact with adapter TIR domains, and additionally,
the TIR domains of MAL and TRAM interact;, respectively,
with the TIR domains of MyD88 (10) and TRIF (11). Although
the molecular structures of the TIR domain of TLR1, TLR2,
TLR10, IL-1RAPL, MAL, and MyD88 were determined (12–
17), the TIR domain interactionmechanism and the exact posi-
tions of the interaction interfaces remain unknown.
The TIR domain contains a central fully parallel five-

stranded � sheet (�A through �E) surrounded by five � helices
(�A through �E). The � sheets and � helices are connected by
loops (AA–EE). Various articles demonstrate the importance of
the BB loop between the �B strand and the �B helix (18). A
P712Hmutation in the BB loop of TLR4 in C3H/HeJmice leads
to complete unresponsiveness to LPS (19). Small synthetic pep-
tides based on the BB loop sequence can act as inhibitors of
TIR-TIR interactions and of TLR or IL-1 signal transduction
(20–24). Peptidomimetics of the BB loop exert a similar inhib-
itory effect on TLR signaling and have anti-inflammatory prop-
erties in vivo (22, 24)
The TLR10 crystal structure was proposed as a good model

for TLR TIR-TIR dimerization, with an interface formed by the
DD loop, BB loop, and�Chelix (15). The BB loops in this dimer
interact with the reciprocal BB loop and �C helix, explaining
how BB loop peptides and peptidomimetics can inhibit TIR-
TIR interactions (15).
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In 2002, Ronni et al. (25) published an alanine scanmutagen-
esis study of the TLR4 TIR domain. Mapping of the mutations
on a TLR4 TIR homology model revealed the importance of at
least two surface patches, corresponding to the BB loop and to
theDD loop and residues in the�C�helix. Interestingly, none of
themutations in this study showed specificity in their effects for
any of the different pathways. This led to the suggestion that
pathways diverge downstream of the adapters or that different
adapters all bind to the same TLR4 TIR-binding sites.
Themammalian protein-protein interaction trap (MAPPIT)

technique allows studying TIR-TIR interactions in detail in situ
in intact living cells (26). In this study, we use this method plus
NF-�B and IRF-3 reporter assays in combination with site-di-
rected mutagenesis and homology modeling to determine the
specific interaction sites for dimerization or oligomerization
and adapter recruitment in the TLR4 TIR domain. We devel-
oped an assay in which we can specifically detect the TLR4-
TLR4, TLR4-MAL, and TLR4-TRAM TIR-TIR interactions.
Mutations in two binding sites simultaneously affect all three
interactions. We propose a model based on the TLR10 TIR
domain structure, in which TLR TIR dimerization is required
for formation of an extended binding platform for both the
MAL and TRAM adapters.

EXPERIMENTAL PROCEDURES

Vectors—The pMG2-SVT (SV40 large T protein), pMG2-
SH2�, pMG2-MAL, and pMG2-TRAM MAPPIT prey vectors
were described earlier (26–28). For generation of the pMG2-
TLR4ic MAPPIT prey vector, the TLR4ic DNA fragment from
the pCLL-TLR4ic bait (26) was amplified with primers 1 and 2
(supplemental Table 1) and cloned in the pMG2 prey vector
with EcoRI and NotI. The pCLG TLR4ic MAPPIT bait vector
was generated by recloning theTLR4icDNA fragment from the
pCLL-TLR4ic bait (26) in the MAPPIT bait vector pCLG (29).
The pCLG-TLR4ic bait was mutated with primers 5 and 6, just
before Gly-663 of the TLR4ic DNA fragment, to introduce an
AgeI site that allows recloning of TIR domain mutants into the
pMX-FLAG-TLR4-IRES-GFP constructs (see below). The
TLR4ic DNA fragment in the pCLL-TLR4ic bait was amplified
using primers 3 and 4 and ligated in the pCLG bait vector via
restriction sites SacI and NotI. The TLR4ic mutants were gen-
erated via the QuickChangeTM site-directed mutagenesis
method (Stratagene) with the primers 17–78 listed in supple-
mental Table 1, except formutantsQ704A,N792A, E798A, and
R810S, for which the inserts were made via gene synthesis
(Geneart). The pXP2d2-rPAPI-luciferase reporter, originating
from the rat pancreatic associated protein I (rPAPI) promoter
was previously described by Eyckerman et al. (30).
The pMX-TLR4-IRES-GFP vector was created by ligating

FLAG-tagged TLR4 from the pFLAG-CMV1-TLR4 vector (gift
from Dr. Luke O’Neill) into the pMX-IRES-GFP vector (gift
from Dr. Stefan Constantinescu). The existing NgoMIV site in
pMX-IRES-GFP was deleted (primers 7 and 8), and StuI and
XhoI sites were inserted by ligating annealed primers 9 and 10
into the BamHI/NotI opened vector. FLAG-tagged TLR4 was
inserted in the construct via XmnI (compatible with StuI) and
XhoI. A newNgoMIV (compatible with AgeI) site was inserted
with primers 11 and 12 just before Gly-663 of TLR4 to allow

exchange of TLR4ic mutants from the pCLG-TLR4ic MAPPIT
bait vector. The pMX-mMD-2 and pMX-mCD14 plasmids
were the kind gifts from Dr. Shinichiroh Saitoh (31). The pNF-
conluc reporter was a gift from Dr. Alain Israel. The pFLAG-
CMV1-hMD2 plasmid was a kind gift of Dr. D. Golenbock. The
GAL4/IRF3, GAL4DBD, and p55 UASG Luc plasmids were the
kind gifts of Dr. T. Fujita (32). The pE-CMV1-TLR4 vector was
created by insertion of a SacII site (primers 13 and 14) in the
pFLAG-CMV1-TLR4 vector and subsequent ligation of an
annealed primer pair coding for the E-tag (primers 15 and 16)
via restriction sites SacII and ClaI. Inserts originating from the
pMX-FLAG-TLR4-IRES-GFPmutant vectors were cloned into
pE-CMV1-TLR4 with ClaI/XhoI.
pMET7-FLAG-TRAM was generated by amplification of

full-length TRAM fromHEK293 cDNA, via primers 79 and 80.
After BsteII/XhoI digestion, the fragment was cloned in the
pMet7 vector.
MAPPIT Analysis—HEK293T cells were maintained in a 5%

CO2-humidified atmosphere at 37 °C and were grown in
DMEMwith 10% fetal bovine serum and 100�g/ml gentamicin
(Invitrogen). Typically, 104 cells were seeded the day before
transfection in a black 96-well plate (Nunc). Eight replicate
wells were transfected overnight with 50 ng of bait, 30 ng of
prey, and 10 ng of pXP2d2-rPAPI-luciferase reporter vector per
well using a standard calcium phosphate precipitation proce-
dure. One day after transfection, four wells were stimulated
with 100 ng/ml leptin, although the other four wells were left
unstimulated. The next day, the cells were lysed in 50 �l of
CCLR buffer (25 mM Tris phosphate, pH 7.8, 10 mM DTT, 10
mM 1,2-diaminocyclohexane-N,N,N�,N�-tetraacetic acid, 50%
glycerol, 5% Triton X-100), and just before measuring 35 �l of
luciferin substrate buffer was added (40 mM Tricine, 2.14 mM

(MgCO3)4Mg(OH)2�5H2O, 5.34 mM MgSO4�7H2O, 66.6 mM

DTT, 0.2mMEDTA, 270�M coenzymeA (Sigma), 530�MATP
(Sigma), 470 �M luciferin (Duchefa)). Luciferase activity was
measured in quadruplicate using a chemiluminescence reader
(TopCount, Packard Instrument Co. and PerkinElmer Life Sci-
ences). The MAPPIT signal was expressed as fold induction
(leptin stimulated/unstimulated) of luciferase activity.
Determination ofMAPPIT Bait Surface Expression via a Lep-

tin-SEAP Binding Assay—A chimeric mouse leptin-alkaline
phosphatase fusion protein (leptin-SEAP) was produced in
HEK293T cells as described before (33, 34). The cell superna-
tant containing leptin-SEAP was used to determine the expres-
sion of the MAPPIT baits as follows. The day before transfec-
tion, 3 � 105cells/well were seeded in 6-well plates. 2 �g of
pCLG-TLR4ic wild type or mutant bait vector was transfected
per well. The cells were detached 48 h post-transfection with
PBS buffer containing 1% fetal calf serum and 0.5 mM EDTA.
Subsequently, the cells were incubated for 2 h at 4 °C in DMEM
with 1/20 leptin-SEAP supernatant or with 1/20 leptin-SEAP
and an excess of leptin (1 �g/ml) to determine aspecific leptin-
SEAP binding. After three washing steps with DMEM contain-
ing 10% fetal calf serum and 0.01% Tween, the cells were lysed
in PhosphaLight (Tropix) dilution buffer and treated at 65 °C
for 30 min to inactivate endogenous alkaline phosphatases.
Alkaline phosphatase activity was measured using the CSPD
substrate (PhosphaLight, Tropix) according to themanufactur-
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er’s specifications in a TopCount chemiluminescence counter
(Packard Instrument Co.).
TLR4 NF-�B Reporter Assays—The day before transfection,

8 � 103 HEK293 cells were seeded in black 96-well plates. Cells
were transfected with 16 ng of pMX-FLAG-TLR4-IRES-GFP
WT ormutant vector, 16 ng of pMX-mMD-2 plasmid, 16 ng of
pMX-mCD-14 plasmid, and 4 ng of pNFconcluc reporter. One
day after transfection, the cells were treated with 0, 10, 100, or
1000 ng/ml LPS (standard LPS, Escherichia coli K12, Invivo-
Gen). After 24 h, the cells were lysed, and luciferase activity was
measured in triplicate as described above.
TLR4 IRF3 Reporter Assays—The day before transfection,

8 � 103 HEK293 cells were seeded in black 96-well plates. Cells
were transfected with 10 ng of pMX-FLAG-TLR4-IRES-GFP
WT or mutant vector, 10 ng of pFLAG-CMV1-hMD2, 10 ng of
pEF6-FLAG-hCD-14, 0.25 ng of GAL4/IRF3 or GAL4/DBD,
and 7.5 ng of IRF3 reporter (p55UASGLuc) perwell. After 48 h,
the cells were lysed, and luciferase activity was measured in
triplicate as described above.
Western Blot Analysis of TLR4 Surface Expression—2 � 106

HEK293T cells were seeded in 60-cm2 Petri dishes and trans-
fected the next day with 10 �g of pMX-FLAG-TLR4 wild type
or mutant. 48 h after transfection, the cells were lysed in RIPA
buffer (200 mM NaCl, 50 mM Tris-HCl, pH 8.0, 0.05% SDS,
2 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate,
CompleteTM protease inhibitor mixture (Roche Applied Sci-
ence)), and the FLAG-tagged proteins were captured overnight
on anti-FLAG� M2magnetic beads (Sigma) at 4 °C. The beads
were washed three times with RIPA and subsequently heated at
95 °C during 10 min in 1� loading buffer (40 mM Tris-HCl, pH
6.8, 2% SDS, 8% glycerol, 0.01% bromphenol blue, 2.5% �-mer-
captoethanol). The samples were electrophoresed on a 7.5%
SDS-polyacrylamide gel and electroblotted onto a nitrocellu-
lose membrane. FLAG-tagged proteins were revealed using
monoclonal anti-FLAG antibody M2 (Sigma), and secondary
anti-mouseDyLight 680 antibody (Thermo Scientific) was used
for detection, and Western blot analysis was performed using
the Odyssey Infrared Imaging System (Li-Cor).
AlphaScreenTM Analysis—AlphaScreenTM experiments

were performed according to the manufacturer’s protocol
(PerkinElmer Life Sciences). Cell culture conditions and trans-
fections were comparable with those described in the leptin-
SEAP assay. 1 �g of pE-CMV1-TLR4 plasmid encoding for
E-tagged TLR4 wild type and mutants and 1 �g of pMET7-
FLAG-TRAM plasmid were co-transfected in HEK293T cells.
48 h after transfection, cells were lysed in 50 mM Tris-HCl, pH
7.5, 125 mM NaCl, 5% glycerol, 0.2% Nonidet P-40, 1.5 mM

MgCl2, 25 mM NaF, 1 mM Na3VO4, Complete protease inhibi-
tor mixture (Roche Applied Science). The lysates were incu-
bated for 2 h at room temperature with biotinylated anti-E-tag
antibody (Amersham Biosciences) and subsequently for 2 h
with the AlphaScreenTM FLAGTM (M2) detection kit
(PerkinElmer Life Sciences) acceptor beads. Subsequently,
streptavidin donor beads were added, and the lysates were fur-
ther incubated for an additional 30min. The lysates were trans-
ferred into 384-well plates and measured in triplicate using the
EnVision plate reader (PerkinElmer Life Sciences). The anti-E-
tag antibody (Amersham Biosciences) was biotinylated with

sulfo-NHS-biotin (Pierce) according to the manufacturer’s
guidelines.
Expression of the E-tagged TLR4 and FLAG-tagged TRAM

was verified via Western blot analysis as described above.
E-tagged proteins were revealed using monoclonal anti-E-tag
antibody M2 (Amersham Biosciences) and secondary anti-
mouse-DyLight 680 antibody (Thermo Scientific).
Homology Modeling—Homology models for the monomeric

human TLR4 TIR domain (residues 674–815) were built using
modeler version 9.7 (35) based on a MAFFT (36) alignment of
the 10 human TLRs and mammalian orthologues. The loop
model procedure was used, and 400 models were built. The
final model was selected based on the DOPE (Discrete Opti-
mized Protein Energy) and molpdf (molecular probability den-
sity function) scores. Homology models for a TLR4 TIR dimer
were built in a similarway using theTLR10TIR dimer structure
as a template, with symmetry restraints between the interacting
TIR domains. Models were visualized and pictures generated
using University of California San Francisco chimera (37). %
residue solvent accessibility (% Rsa) in supplemental Table 2
was calculated as (water accessibility of the residue in the TLR4
TIR model�100/water accessibility of the residue type in an
extended Ala-Xaa-Ala tripeptide) using NACCESS (47).

RESULTS

MAPPIT Is Able to Detect Mutants That Disrupt TIR-TIR
Interactions—Despite the available structural knowledge on
the TIR domains, theoretical dockingmodels, andmutagenesis
data, it remains unclear how TIR domains exactly interact with
each other. MAPPIT combined with site-directed mutagenesis
allows distinguishing between residues that specifically affect
receptor-receptor interaction or receptor-adapter interaction.
We usedMAPPIT to study the role of potential binding sites of
theTLR4TIRdomain for its dimerization or oligomerization or
for its interaction withMAL or TRAM. TheMAPPIT principle
and configuration used in this study are outlined in supplemen-
tal Fig. 1.
The pCLG-TLR4ic MAPPIT bait contains the intracellular

domain of human TLR4 (TLR4ic) as bait. The MAPPIT preys
consist of human TLR4ic, MAL, or TRAM coupled to the C

FIGURE 1. MAPPIT detects disruptive TLR4ic mutants. HEK293T cells were
transiently co-transfected with plasmids encoding the empty bait, WT TLR4ic
bait, P714H, or V693N mutant bait and the prey constructs encoding for the
SVT (negative control), SH2� (positive control), TLR4ic, MAL, and TRAM preys.
The transfected cells were either stimulated for 24 h with leptin (100 ng/ml) or
were left untreated. Luciferase readouts were performed in quadruplicate.
The interaction of TLR4ic with TLR4ic, MAL, or TRAM is detectable and abol-
ished by the P714H and V693N mutations.
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terminus of a gp130 receptor tail. The pCLG-TLR4ic bait was
transiently co-transfected in HEK293T cells with the TLR4ic,
MAL, or TRAMprey (Fig. 1). In parallel, a pCLG bait that lacks
the TLR4ic and an irrelevant prey, the SVT antigen coupled to
the C terminus of a gp130 receptor tail, were used as negative
controls. The SH2� prey containing SH2� adapter protein 1
coupled to the C terminus of a gp130 receptor tail was used as a
positive control. SH2� adapter protein 1 binds to JAK2 and
leads to STAT3 activationwith everyMAPPIT bait with proper
surface expression. The cell surface expression of all pCLG-
TLR4ic bait mutants was further tested in a leptin-SEAP assay,
in which leptin labeled with alkaline phosphatase binds to the
extracellular part of the bait receptor (34). All MAPPIT assays
described in this study are paralleled by these controls (supple-
mental Table 2). Via MAPPIT, we can specifically detect the
TLR4ic-TLR4ic, TLR4ic-TRAM, andTLR4ic-MAL interaction
(Fig. 1).
In this work, we study the effect of mutations in potential

binding sites in the TLR4 TIR domain on its dimerization and

its interaction withMAL and TRAM inMAPPIT. As a proof of
concept for these mutagenesis studies, we tested the effect of
the P714H and the Poc mutation on the different MAPPIT
assays. Both mutations abolish TLR4 signaling (17, 18). The
MAPPIT data, presented in Fig. 2B, show that these mutations
in the TLR4ic bait disrupt all three interactions (Fig. 1). This
shows that the MAPPIT technique allows detecting mutants
that disrupt interactions of TLR4ic with TLR4ic and the
adapter proteins.
Identification of Three Putative TIR-TIR Interaction Surfaces

in the TLR4 TIR Domain—For our mutagenesis study, we first
selected potential binding sites in the TLR4 TIR domain. Via
alanine scanningmutagenesis, Ronni et al. (25) identifiedmuta-
tions of the TLR4TIR domain that affect different TLR4 signal-
ing pathways. We mapped the effect of these mutations on a
homology domain for the TLR4 TIR domain. This map was
compared with the residue conservation in 29 TLR4 ortho-
logues. Fig. 2A shows that mutations that affect the NF-�B sig-
naling pathway in the study of Ronni et al. (25) cluster in three

FIGURE 2. Identification of three candidate binding sites in a homology model of the TLR4 TIR domain. The model is shown in three orientations. The
suggested candidate binding sites are indicated by a dashed line. A, residue conservation of TLR4. Residues are colored according to the ClustalX (45) score in
an alignment of 29 TLR4 orthologues. Red, highly conserved; blue, less conserved. B, indication of the alanine scanning mutagenesis data of Ronni et al. (25).
Residues are colored according to the NF-�B signal versus the WT in that study. Blue, 100% of WT; red, 0% of WT; black, not mutated in that study. C, secondary
structure elements, box 1–3 motifs and position of binding sites I–III in the human TLR4 sequence. Binding sites I–III residues are labeled 1–3 below the
sequence. The box 1–3 motifs of the TIR domain as originally defined by Slack et al. (46) are underlined.
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surface areas in the TLR4 TIR domain. These surface areas
correspond with the areas with higher residue conservation
(Fig. 2B). We hypothesized that these three areas may form
three binding sites, I–III, for TIR-TIR interactions. In the
model, potential binding sites I and II form two contiguous
surfaces that form an 80° angle. Both surfaces contain residues
of the BB loop. Pro-714 is found at the edge between both sur-
faces. Potential binding site III is found opposite the potential
binding site I. In this study, we test the effect ofmutations in the
three potential binding sites on dimerization of the TLR4 TIR
domain and on interaction of the TLR4 TIR domain with the
TIR domain ofMAL andTRAM. The position of themutations
and of different structural elements inTLR4 is shown in Fig. 2C.
MAPPIT Data Suggest That BSI and BSII Play a Crucial Role

in TLR4ic Oligomerization and Adapter Binding, whereas BSIII
Is Specifically Involved in TLR4ic Oligomerization—We tested
the effects of mutations in potential binding sites I–III of TLR4
on the TLR4ic-TLR4ic, TLR4ic-MAL, and TLR4ic-TRAM
interactions in our MAPPIT assays. Mutations in BSI that neg-
atively affected TLR4ic-TLR4ic interaction also disrupted the
interaction of TLR4ic with adapter proteins MAL and TRAM
(Fig. 3A). Similar results were obtained mutating BSII (Fig. 3B).
Mutations in BSIII specifically impair TLR4ic-TLR4ic binding
(Fig. 3C). The effect of the mutations on the different interac-
tions is summarized in supplemental Table 2. Solvent-exposed
control mutations, which are not located in one of the binding
sites and are not predicted to disturb the protein structure, do
not affect any of the interactions. The mutations involved in
binding were mapped on the TLR4 TIR model (Fig. 4). These
models suggest that all three binding sites are important for
TLR4 oligomerization (Fig. 4, left panel) and that BSI and BSII
are both also necessary for adapter binding (Fig. 4,middle and
right panels).
The Y794A and E796A/E798A mutations have more drastic

effects than the other eight mutations in binding site III. The
aromatic ring of Tyr-794 is buried, and only the hydroxyl group
is really available for protein interactions. Similarly, the solvent
accessibility of the Glu-796 and the Glu-798 side chains in our
model(s) is rather low. Both mutations may affect the structure
of the protein, as Y794F, E796A, and E798Amutations and five
othermutations in binding site III do not have strong effects on
MAL or TRAM binding.
The AlphaScreenTM technology (PerkinElmer Life Sciences)

was used for validation of the MAPPIT data for the TLR4ic-
TRAM interaction. Full size E-tagged TLR4WT ormutant was
co-expressed with FLAG-tagged TRAM, and TLR4-TRAM
protein interactions were detected using the AlphaScreenTM
FLAGTM (M2) detection kit (PerkinElmer Life Sciences). In line
with the MAPPIT data, mutations in BSI and -II weaken the
TLR4-TRAM interaction, although mutations in BSIII have no
effect on the TLR4-TRAM interaction (Fig. 5 and supplemental
Table 2). Western blotting showed a good expression of most
E-tagged TLR4 constructs, and small expression variability
seemed not to influence the AlphaScreenTM results.
NF-�B and IRF-3 Signaling Studies Confirm the Importance

of BSI and BSII for Signal Transduction—The alanine scanning
mutagenesis data ofTLR4ofRonni et al. (25)were an important
guide in our definition of the three potential binding sites.

However, many of the mutations mapped in Fig. 2A are com-
binedmutations of several consecutive exposed and buried res-
idues. Moreover, in the study of Ronni et al. (25), the TLR4 TIR
domain was coupled to the external part of the CD4 receptor,
which can only dimerize, but a role for oligomerization of the
full-length TLR4 cannot be excluded (4).
We therefore opted to test the effect of our mutations in

full-length TLR4. HEK293 cells were transiently co-transfected
with a pMX-mMD-2, pMX-mCD14, and a pMX-TLR4-IRES-
GFP WT or mutant vector together with pNFconluc reporter
plasmid. This assay allowed us to study NF-�B signaling of
TLR4 mutants in an LPS dose-dependent manner (Fig. 6A).
The effect of the TLR4 mutations on IRF-3 activation was

FIGURE 3. A–C, MAPPIT analysis of TLR4ic mutants. HEK293T cells were tran-
siently co-transfected with plasmids encoding for the TLR4ic bait wild type
and mutant constructs and the prey constructs encoding for proteins TLR4ic,
MAL, and TRAM, combined with the pXP2d2-rPAP-luci reporter. The MAPPIT
results are expressed in % of TLR4icWT interaction. A, mutants in BSI; B,
mutants in BSII; C, mutants in BSIII.

Interaction Sites in the TLR4 TIR Domain

4092 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 6 • FEBRUARY 3, 2012

http://www.jbc.org/cgi/content/full/M111.282350/DC1
http://www.jbc.org/cgi/content/full/M111.282350/DC1
http://www.jbc.org/cgi/content/full/M111.282350/DC1


determined via an IRF-3/Saccharomyces cerevisiaeGAL4 DNA
binding domain fusion protein that induces a UASG/luciferase
reporter upon IRF-3 activation (Fig. 6B) (32).
Our data show that binding site I and II are indispensable for

NF-�B signaling (Fig. 6A). Overall, the mutants disrupting the
interaction of TLR4ic with MAL and TRAM negatively affect
NF-�B signaling. Most mutations in binding site III that specif-
ically abrogate TLR4ic-TLR4ic interaction inMAPPIT have no
strong effect on NF-�B signaling (supplemental Table 2). In
contrast, our data suggest that mutations in binding sites I–III
all affect IRF-3 activation (Fig. 6B). Binding site III may thus
have a specific role in the TRIF-dependent pathway.
MALandTRAMBind to an Identical or Overlapping Binding

Site—The MAPPIT results indicate that MAL and TRAM
interaction with TLR4ic are both disrupted by mutations in
binding site I and II. This suggests thatMALandTRAMrequire
the same or at least overlapping binding sites. We set up an
assay to detect competitive binding between the two adapter
proteins. For this purpose, we co-expressed FLAG-tagged
TRAM or MAL together with the TLR4ic bait and the MAL or
TRAM prey, respectively. Co-transfection of the competitive

adapter results in disruption of theMAPPIT interaction, in line
with our hypothesis that MAL and TRAM bind to an identical
or overlapping binding site in TLR4ic (Fig. 7). The TIR domain
is required for strong competition (data not shown). On aver-
age, co-transfection of TRAM leads to 57% inhibition, although
a TIR-less variant of Tram has no effect. Co-transfection of
MAL leads to 85% inhibition, although a TIR-less MAL variant
has a partial inhibitory effect (35% inhibition).
Dimerization of TLR4ic Increases after Co-transfection of

TRAM—Our MAPPIT data show that binding site I and II,
which according to our model (Fig. 1) are positioned 80°
away from each other, are both important for adapter
recruitment and for TLR4ic dimerization. This suggests that
dimerization and adapter recruitment have a synergistic
effect in TIR-TIR interactions. To test this hypothesis, a
MAPPIT assay was developed in which we co-expressed
E-tagged TRAM together with the TLR4ic bait and prey. Fig.
8A shows that co-expression of TRAM resulted in an
increase of the luciferase induction, supporting the assump-
tion that the adapter TIR domains support or stabilize
dimerization of the TLR4ic. Co-expression of MAL or a
TRAM mutant that lacks its TIR domain does not increase
the luciferase activity (data not shown).
Mutations in binding site III only affect receptor dimeriza-

tion but still allow adapter binding and do not strongly affect
TLR4 NF-�B activation. We tested whether the inhibitory
effect of site III mutations on the TLR4ic-TLR4ic interaction
could be negated by co-expression of TRAM. Fig. 8B shows that
co-expression of TRAM specifically rescues TLR4ic-TLR4ic
interaction of these mutants.
Mapping of Multiple Data on a Dimer Model for TLR4 TIR

Domain Suggests Dimerization via Binding Site II and Adapter
Binding to Binding Site I—The dimeric TLR10 TIR domain
crystal structure was presented as a good model for TLR TIR
domain dimerization (15). We therefore built a homology
model for the TLR4 TIR domain dimer based on this structure.
We mapped our MAPPIT data, amino acid conservation, and
alanine scanning data of Ronni et al. (25) on this model.
The TLR4 dimer interface corresponds with binding site II,

and this dimerization juxtaposes the binding sites I of both TIR
domains. Both binding sites I thus form an extended platform
where mutations that disrupt TLR4-TLR4 and TLR4-adapter
TIR TIR interactions cluster (Fig. 9, A–D). The mutations in
this platform also affect different signaling pathways, and the
platform shows higher residue conservation (Fig. 9, E and F).

FIGURE 4. Model of the TLR4 TIR domain with the mutants that abrogate the interaction indicated in red. The numbers refer to the binding sites. Left panel,
mutations in the three conserved regions of the TLR4 TIR domain affect its dimerization in MAPPIT; middle panel, binding sites I and II mutations strongly affect
TLR4ic-MAL interaction, although mutations in BSIII have less effect; right panel, binding sites I and II mutations strongly affect TLR4ic-TRAM interaction,
although mutations in BSIII have no effect.

FIGURE 5. Top, AlphaScreenTM analysis of the interaction between TLR4ic
mutants and TRAM. HEK293T cells were transiently co-transfected with plas-
mids encoding the E-tagged TLR4 WT or mutants and FLAG-tagged TRAM.
The transfected cells were lysed after 48 h, and protein interactions were
detected with the AlphaScreen FLAGTM (M2) detection kit (PerkinElmer Life
Sciences). The results are displayed as fold induction, namely relative to
the counts of an irrelevant E-tagged construct. Bottom, expression levels of
the E-tagged TLR4 constructs were detected on Western blot; TLR4 is the
lower band on the blot. In the 1st lane (negative control (neg. ctrl)), the control
lysate was loaded; the order of the other loaded samples aligns with the order
of the samples on the graph.
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Interestingly, the conserved platform seems to be large enough
to bind two adapters as discussed below (Fig. 9G).
NúñezMiguel et al. (38) presented a similar TLR4 TIR dimer

model but predicted different binding sites for MAL and
TRAMbased on in silico docking. These predicted binding sites
for MAL and TRAM do not show increased conservation, and
several mutations in this area, such as the Q755A and W757A
mutation, hardly affect adapter binding or signaling pathways
as demonstrated in our study and in the study by Ronni et al.
(25) (Fig. 9, B,D, and F). We therefore favor a model where two
adjacent binding sites I, as defined in this study, form the bind-
ing site for MAL and TRAM, as this is more in line with exper-
imental data and residue conservation.

DISCUSSION
A crucial event in TLR signaling is the complex formation

between theTIRdomains of the dimerizedor oligomerized recep-
tor and the TIR domain-containing adapter proteins. The struc-
tures of different TIR domains have been determined, and the
importance of different structural elements as the BB-loop has
been demonstrated (1, 39). Differentmodels for TIR-TIR interac-
tions have been proposed, either based on structural data or on
signaling data. However, the structure of a TLR-adapter complex
has not been reported, and the architecture of TLR complexes is

not yet completely understood.MAPPIT allows studying the sep-
arate TIR-TIR interactions, whichmakes it possible to detect res-
idues or regions that affect one of the interactions.We established
MAPPIT assays to detect TLR4ic-TLR4ic, TLR4ic-MAL, and
TLR4ic-TRAM interactions, andwewere able to show thatmuta-
tions specifically involved in one of the interactions disturb the
MAPPIT signal. Based on homology modeling, sequence conser-
vation, and the results of an alanine scanning experiment of Ronni
et al. (25), we selected three possible binding sites in theTLR4TIR
domain.
Mutations in all three possible binding sites abrogate TLR4

TIR-TLR4 TIR interactions, whereas adapter binding is only
affected by mutations in binding site I and II. Only potential
binding sites I and II in the TLR4 TIR domain are critical for
LPS-induced NF-�B signaling, whereas an IRF3/GAL4-based
assay suggests that binding site III may be important for IRF-3
activation. Binding site I contains residues of the �A and �B
helix and of the BB and BC loop. Binding site II contains resi-
dues of the BB loop, DD loop, and �C helix.
Binding site II approximately corresponds with the interface

found in the dimer of the TLR10 TIR domain crystal structure
(15), which was proposed as a good model for TLR TIR
dimerization (15). In a model for a TLR4 dimer based on this

FIGURE 6. A, LPS-induced NF-�B activation of TLR4 mutant HEK293 cells were transiently co-transfected with a pMX-mMD-2, pMX-mCD14, and pMX-TLR4-
IRES-GFP WT or mutant vector together with the pNFconluc reporter plasmid. After 24 h, the cells were stimulated overnight with 0, 10, 100, or 1000 ng/ml LPS.
Luciferase measurements were performed in triplicate. B, effect of TLR4 mutant expression on IRF3/GAL4DBD activation. Data are presented as % of wild type
TLR4 and present the median of three separate transfection experiments. All tested mutants affect the IRF3/DBD activation.
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structure, binding site II forms the interface between two TLR4
TIR domains. The BB loops of twoTLRTIR domains interact at
the TLR TIR interface but are at the same time exposed, form-
ing a possible interaction site for adapter recruitment (15). The
exposed BB loops are part of the adjacent binding sites I of both
TLR4 TIR domains. These adjacent binding sites I form amore
extended platform, which may be important for adapter bind-
ing. An important role for this platform in TLR4 signaling is
supported by our MAPPIT data, by residue conservation, and
by the alanine scan data of Ronni et al. (25) (Fig. 9).
This extended platform may allow binding of two adapter

molecules. This would be consistent with the existence of three
types of interfaces, as postulated by Xu et al. (12), when report-
ing the first TIR domain crystal structures. Binding site II
between two TLR4 TIR domains would correspond to the “R”
face. The extended platform formed by two binding sites I of
TLR4 forms the “S” face between the TIR domains of the TLR
and the adapters. These adapter molecules presumably bind as
dimers that interact via the “A” face (Fig. 9G).

Núñez Miguel l et al. (38) presented a similar TLR4 TIR
model based on the dimer structure of the TLR10 TIR domain.
These authors used in silico protein-protein docking of homol-
ogy models to predict the binding site for the adapters TRAM

andMAL on this TLR4 dimer. Both adapters were predicted to
bind at symmetry-related sites at the TLR4 dimer interface
indicated in Fig. 9, D and F. These predicted docking sites are
not particularly conserved, and mutations at these sites do not
affect adapter binding in our MAPPIT assays nor any of the
tested TLR4 signaling pathways in the study of Ronni et al. (25).
We therefore favor a model with two adjacent binding sites I as
binding sites for MAL and TRAM.
The MAPPIT technique allows detecting mutations that

affect binding specificity for different interaction partners.
Nevertheless, in this study, we did not find mutations that spe-
cifically affect adapter recruitment. Instead, we find that muta-
tions in binding site I and II affect both the TLR4-TLR4 and
TLR4-adapter interactions in MAPPIT and AlphaScreenTM
assays. This indicates that the TLR4 TIR domain needs to
dimerize to allow recruitment ofMAL and TRAM. Conversely,
we were able to show that overexpression of TRAM enhances
dimerization of the intracellular TLR4 domain. This suggests
that binding of MAL or TRAM can stabilize the TLR4 TIR
dimerization in our MAPPIT assays. This cooperativity
between TLR4 TIR dimerization and adapter recruitment can
explain why we did not detect any mutation that affects adapt-

FIGURE 7. Competition between MAL and TRAM in MAPPIT. HEK293T
cells were transiently co-transfected with plasmids encoding for the Mock
or TLR4ic bait and the SVT (negative control), SH2� (positive control), and
MAL (A) or TRAM prey (B). A, comparison of TLR4ic-MAL interaction with
and without co-transfection of plasmid encoding for TRAM. Dashed arrow,
TRAM overexpression specifically inhibits the MAPPIT signal for the
TLR4ic-Mal interaction. B, comparison of the TLR4ic-TRAM interaction with
and without co-transfection of plasmid encoding for MAL. Dashed arrow,
MAL overexpression specifically inhibits the MAPPIT signal for the TLR4ic-
TRAM interaction.

FIGURE 8. A, adapter-induced dimerization of TLR4ic in MAPPIT. HEK293T
cells were transiently co-transfected with plasmids encoding for the mock
or TLR4ic bait and the SVT (negative control), SH2� (positive control), and
TLR4ic prey. Dashed arrow, TLR4ic-TLR4ic interaction is specifically
enhanced by co-transfection of TRAM. B, rescue experiment of the TLR4ic-
TLR4ic interaction of TLR4ic-binding site III mutants. 200 ng of plasmid
encoding for E-tagged TRAM or empty vector (Mock) was co-transfected
together with TLR4ic WT or mutant bait vector and TLR4ic prey vector. The
leftmost interaction is a TLR4-independent MAPPIT interaction of the
pCLG-CT2 bait with the pMG2-CT1 prey, used as a control. TLR4ic-TLR4ic
interactions disrupted by mutations in binding site III are rescued by co-
expression of the TRAM adapter protein.
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er-receptor TIR-TIR interaction without affecting receptor-re-
ceptor TIR-TIR interaction. Interestingly, the chemical com-
poundTAK-242 specifically targets Cys-747 in binding site II in
TLR4 and inhibits the MyD88-dependent and -independent
TLR4 signaling pathways (40). We suggest that this compound

inhibits TLR4 TIR dimerization and therefore adapter
recruitment.
All mutations that affect MAL binding also affect TRAM

binding in our MAPPIT assays, and our data suggest that the
binding sites forMAL and TRAMonTLR4 strongly overlap. In

FIGURE 9. Model of the TLR4 TIR domain dimer based on the TLR10 TIR domain structure (15). A, C, and E, top view showing the adjacent binding sites I.
B, D, F, and G, side view, showing the position of binding site II. The green line in E represents the conserved platform formed by two adjacent binding sites I. The
green line in D and F indicates the approximate docking site of the MAL (D) and TRAM (F) TIR domain in the model presented by Núñez Miguel et al. (38). A and
B, effect of a mutation on the TLR4 TIR-TRAM interaction. Residues are colored according to the MAPPIT signal in the TLR4 TIR-TRAM MAPPIT assay. Red, 0% of
WT (binding is completely disrupted); yellow, 50% of WT; green, 100% of WT (binding is unaffected). C and D, residue conservation of TLR4. Residues are colored
according to the ClustalX (45) score in an alignment of 29 TLR4 orthologues. Red, highly conserved; blue, less conserved. E and F, indication of the alanine
scanning mutagenesis data of Ronni et al. (25). Residues are colored according to the NF-�B signal versus the WT in that study. Blue, 100% of WT; red, 0% of WT;
black, not mutated in that study. G, effect of a mutation on the TLR4 TIR-TLR4 TIR interaction. Residues are colored according to the MAPPIT signal in the TLR4
TIR-TLR4 TIR MAPPIT assay. Red, 0% of WT (binding is completely disrupted); yellow, 50% of WT; green, 100% of WT (binding is unaffected). The position of
binding site I–III is indicated by dashed lines, and a possible binding mode for adapters MAL and TRAM is suggested and compared with the R, S, and A interfaces
as postulated by Xu et al. (12).
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line with this, thorough alanine scanning analysis of the TLR4
TIR domain by Ronni et al. (25) did not find anymutations that
affect specific signal transduction pathways. In our MAPPIT
assays, MAL and TRAM seem to compete for this common or
overlapping binding site, which in our model is formed by the
adjacent binding sites I. It is unclear whether this competition
plays a role in TLR4 signal transduction, as the MAL/MyD88
signaling pathway starts at the plasma membrane, whereas the
TRAM/TRIF-dependent pathway requires endocytosis (6, 7).
Themodel presented here for TLRTIR domain dimerization

and adapter recruitment may apply for most if not all TLR TIR
domains. Analysis of conservation of a TLR2 and TLR10 dimer
for example shows a similar conserved binding site I platform
(data not shown). Interestingly, TLR1 acquires the ability to
bind MyD88 after mutation of residue 672 in its box1 motif
(41). This residue corresponds to residue Asp-711 in binding
site I of TLR4. Mutation of Arg-748, Phe-749, Leu-752, and
Arg-753 in the DD loop and �D helix of TLR2 decreases TLR2/
TLR1 signaling (42). These residues are in or at the edge of the
predicted binding site II, which may form the TLR-TLR TIR-
TIR interface in TLR2-mediated signaling.
Although mutations in predicted binding site I and II in this

work affect all tested aspects of TLR4 signal transduction, we
find thatmutations in binding site III only affect the TLR4 TIR-
TLR4TIR interaction in ourMAPPIT assay.Mostmutations in
binding site III did not strongly affect TLR4-induced NF-�B
signaling or MAL or TRAM recruitment. Interestingly, our
data suggest that binding site III may be specifically involved in
IRF-3 activation. This is probably not a consequence of defec-
tiveTRAMbinding, but itmay be related to the effect of binding
site III mutations on the TLR4-TLR4 interaction as observed
via MAPPIT. The inhibitory effect of the site III mutations on
TLR4ic-TLR4ic interaction could be rescued by overexpression
of TRAM. This probably means that binding site III mutations
only affect the weak interaction between isolated TLR4ic
domains. The mutations lose their effect when this interaction
is stabilized or enhanced by overexpression of TRAM or by
additional interactions in the activated full-length TLR4 recep-
tor complex. We cannot rule out a role for this area of the TIR
domain for receptor oligomerization. The higher order
MyD88-IRAK4 “myddosome” complexes suggest that TLR4
may indeed form oligomers upon activation (4).
It is unclear whether equivalents of the binding sites defined

in this work are present in the adapters MAL, MyD88, TRAM,
and TRIF. The inhibitory effect of BB loop mutations on
adapter functionality suggests that they may use similar type I-
and II-binding sites for interaction via the “S interfaces” and “A
interfaces” as defined above. Ohnishi et al. (16) reported three
possible binding sites in their MyD88 structure, based on the
effects of MyD88 TIR mutations on the inhibitory capacity of
the MyD88 TIR domain in TLR4-mediated NF-�B activation.
Binding sites II and III in this study were reported to mediate
interaction with MAL. Superposition and alignment of the
MyD88 and TLR4 structures and sequences show that these
sites correspond to our binding sites I and III. Mutations of
MAL at position Asp-198 inhibit TLR2 and TLR4 signaling and
affect its interaction with TLR4 andMyD88 (43, 44). Asp-198 is

found in a position that overlaps with the binding site III as
defined in this study (43).
In conclusion, we demonstrated the importance of two bind-

ing sites in TLR4 adapter binding and signaling. Our data sup-
port a model of TLR4 TIR domain dimerization as found in the
TLR10 TIR domain crystal structure. This dimerization is
required for formation of a large conserved platform that con-
tains the BB loop and box 1 motifs and that forms a potential
binding site for the adapters MAL and TRAM. MAL and
TRAM both bind to this platform, and adapter binding stabi-
lizes the complex. It remains to be determined how MAL and
TRAM interact with this binding site and how this leads to
recruitment ofMyD88. TheMAPPITmethod allows the detec-
tion of TLR4-MAL, TLR4-TRAM, MAL-MAL, and MAL-
MyD88 interactions. A strategy that combines MAPPIT with
mutagenesis of the adapter proteins as applied in this study can
help to further define the interfaces in the TLR-adapter
complexes.
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