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Background: TLR4 signaling is inhibited by poxviral protein A46, but the mechanism is unknown.
Results: We identify the protein interaction surfaces within the TLR4 complex that A46 antagonizes, and characterize the
interaction between A46 and TRAM.
Conclusion: A46 prevents receptor:adaptor interactions, and has a TRAM-specific interaction motif.
Significance: This work reveals the molecular basis for poxviral antagonism of TLR4.

Toll-like receptors (TLRs) have an anti-viral role in that they
detect viruses, leading to cytokine and IFN induction, and as
such are targeted by viruses for immune evasion. TLR4,
although best known for its role in recognizing bacterial LPS, is
also strongly implicated in the immune response to viruses. We
previously showed that the poxviral protein A46 inhibits TLR4
signaling and interacts with Toll-IL-1 receptor (TIR) domain-
containing proteins of the receptor complex. However the exact
molecular mechanism whereby A46 disrupts TLR4 signaling
remains to be established, and may yield insight into how the
TLR4 complex functions, since viruses often optimally target
key residues andmotifs on host proteins formaximal efficiency.
Herewe show thatA46 targets theBB loopmotif of TIRproteins
and thereby disrupts receptor:adaptor (TLR4:Mal and TLR4:
TRAM), but not receptor:receptor (TLR4:TLR4) nor adaptor:
adaptor (Mal:MyD88, TRAM:TRIF, and Mal:Mal) TIR interac-
tions. The requirement for an intact BB loop for TIR adaptor
interactions correlated with the protein:protein interfaces
antagonized by A46. We previously discovered a peptide frag-
ment derived fromA46 termedVIPER (Viral Inhibitory Peptide
of TLR4), which specifically inhibits TLR4 responses. Here we
demonstrate that the regionofA46 fromwhichVIPER is derived
represents the TLR4-specific inhibitory motif of the intact pro-
tein, and is essential for A46:TRAM interactions. This study
provides the molecular basis for pathogen subversion of TLR4
signaling and clarifies the importance of TIR motif BB loops,
which have been selected for viral antagonism, in the formation
of the TLR4 complex.

The innate immune response to viral pathogens is critical to
mobilize protective immunity. Cells of the innate immune sys-
tem detect viral infection largely through recognition of patho-

gen-associated molecular patterns (PAMPs)2 by pattern recog-
nition receptors (PRRs), such as Toll-like receptors (TLRs), the
retinoic acid-inducible gene I-like receptors (RLRs), the nucle-
otide-binding oligomerization domain-like receptors (NLRs)
and Absent in melanoma 2-like receptors (ALRs) (1, 2). Of the
PRRs, the TLRs are the best studied (3). The anti-viral roles of
TLR3, -7, -8, and -9, which recognize viral nucleic acids and
mount a potent antiviral response by inducing type I IFNs, are
well established (4). TLR2, known to recognize bacterial
ligands, is also involved in the recognition of viral glycopro-
teins, leading to the induction of proinflammatory responses
(5), and TLR2 has recently been shown to be required in vivo in
specific cell types for the induction of type I IFN in response to
the poxvirus vaccinia virus (VACV) (6). TLR4, although best
known for its role in recognizing LPS, also plays a role in the
immune response to viruses. For example, vesicular stomatis
virus (VSV) glycoprotein G induces type I IFN in a TLR4-de-
pendent manner (7), while the induction of proinflammatory
cytokines by the F protein of respiratory syncytial virus (RSV) is
also TLR4-dependent (8). In terms of poxviruses, TLR4 has
been shown to be protective in pulmonary VACV infection (9).
In that study, mice lacking TLR4 signaling displayed greater
viral replication, hypothermia and mortality than control ani-
mals (9). Further, a number of viral proteins that interfere with
TLR signaling have been identified, thus highlighting the
importance of TLRs in anti-viral immunity (10).
TLRs are type I transmembrane proteins which consist of an

ectodomain containing leucine-rich repeats that mediate the
recognition of PAMPs, a single-pass transmembrane domain,
and an intracellular Toll-interleukin 1 (IL-1) receptor (TIR)
domain, which is required for downstream signal transduction
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(11). PAMP binding to the ectodomain induces receptor oligo-
merization, bringing the juxtamembrane sequences into close
proximity and leading to the dimerization of the cytosolic TIR
domains (12, 13). This activated conformation of the receptor
provides a scaffold for the recruitment of TIR domain-contain-
ing adaptor proteins that engage downstream signal transduc-
tion pathways leading to activation of transcription factors such
as NF-�B and IFN regulatory factors (IRFs). TLRs utilize five
different TIR domain-containing adaptor proteins for signal-
ing, namely myeloid differentiation primary response gene 88
(MyD88), MyD88-adaptor-like (Mal), TIR domain-containing
adaptor-inducing IFN-� (TRIF), TRIF-related adaptor mole-
cule (TRAM), and sterile � and HEAT-armadillo motif protein
(SARM) (14).MyD88 is used by all TLRs except TLR3 (15). The
other adaptor proteins fulfill more specialized roles. The most
complex adaptor use is displayed by TLR4. Although the exact
molecular details remain to be clarified, activation of TLR4 by
lipopolysaccharide (LPS) leads to initial recruitment of TRAM
and/or Mal. These proteins are thought to function as “bridg-
ing” adaptors whereby Mal engages MyD88 (16) and TRAM
engages TRIF (17), thus transducing TLR4 signals from the cell
membrane or from the endosomal compartment, respectively
(18). Crystal structures for the TIR domains from TLR2 (19),
TLR10 (20), interleukin-1 receptor accessory protein-like (IL-
1RAPL) (21), and Mal (22, 23)), as well as the solution NMR
structure of theTIRdomain fromMyD88 (24), have beendeter-
mined. These studies have identified a number of conserved
regions, notably the BB loop that is positioned between the �B
strand and the �B helix, which has been shown in some TIR
proteins to be essential for functional TLR signaling ((16,
25–28). For TLR4, a P712Hmutation in the BB loop is respon-
sible for the unresponsiveness of C3H/HeJ mice to LPS (29). A
rationale for this has been provided by TLR4 mutagenesis and
modeling studies, which strongly suggests that the TLR4 BB
loop is required for TIR-TIR interactions in TLR4 dimer for-
mation (25, 30, 31). Although the BB loop of the TIR adaptors is
also likely essential for their TLR signal transducing functions,
the exact role of this motif in the adaptors, compared with
TLR4, is less clear.
The importance of TLRs in antiviral immunity is emphasized

by the fact that viruses target TLRs for immune evasion (10).
VACV encodes immunomodulatory proteins which act intra-
cellularly to target various components of innate immune sig-
nal transduction pathways. These viral proteins include A46
(32), A52 (33), N1 (34), B14 (35), K7 (36), and C6 (37). Of these,
A46 and A52 specifically disrupt TLR signaling, and we previ-
ously demonstrated a role for A46 in VACV virulence (32). A46
targets TLR4 in particular, and inhibits LPS-induced MAPK,
NF�B, and IRF activation. A46 can interact with all the known
components of the TLR4 complex that contain a TIR domain,
i.e. TLR4 itself and the TIR adaptor molecules Mal, MyD88,
TRAM, and TRIF (32). A46 is predicted to form a Bcl-2-like
fold, since the most significant structural homology was found
with the VACV Bcl-2-like proteins A52 and B14 (38, 39).
Remarkably, VIPER, which is an 11 amino acid peptide derived
from a surface patch of A46 predicted by the Bcl-2 model fused
to a cell-penetrating delivery sequence, potently inhibited
TLR4 responses, and associated with Mal and TRAM (38).

However, the mechanism whereby A46 disrupts normal TLR4
complex function is still unclear.
Here we show that A46 impairs TLR4 signaling by disrupting

receptor:adaptor (TLR4:Mal and TLR4:TRAM), but not recep-
tor:receptor (TLR4:TLR4) nor adaptor:adaptor (Mal:MyD88,
TRAM:TRIF, andMal:Mal) TIR interactions. Further, we dem-
onstrate that A46 targets the conserved BB loop of TIR proteins
and cannot interact with those TIR proteins that do not have
this proline. Consistent with this, TLR4 complex receptor:a-
daptor interactions, but not adapter:adapter interactions,
required thatMal and TRAMhave an intact proline in their AB
and BB loops respectively, and also that TRAM have an intact
BB loop cysteine. Previous modeling studies have suggested
that the region of A46 fromwhich the TLR4-specific inhibitory
peptide, VIPER, is derived may be a TLR4-antagonistic site on
A46. When this region was disrupted, the anti-TLR4 ability of
A46 was lost, as was its ability to interact with TRAM. Thus we
identify motifs within TRAM and Mal targeted by poxviruses,
demonstrate that these motifs are essential for adaptor engage-
ment with TLR4, and reveal a TLR4-specific inhibitory surface
on A46 for TRAM antagonism.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293T cells were purchased from Euro-
pean Collection of Animal Cell Cultures (Salisbury, UK).
HEK293 cells stably transfected with IL-1R (HEK293-R1) were
a gift from Tularik (San Francisco, CA). HEK293 cells stably
transfected with TLR4, MD2 and CD14 (HEK293-TLR4) were
purchased from InvivoGen (San Diego, CA). HEK293 cells sta-
bly transfected with TLR2 (HEK293-TLR2) or TLR8 (HEK293-
TLR8) were a gift from Dr. K. Fitzgerald (The University of
Massachusetts Medical School, Worcester, MA). Cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% (v/v) FCS, 10 �g/ml Ciproflaxin and 2 mM

L-glutamine. Selection agents were used as follows: HEK293-
TLR4 cells, 10 �g/ml Blasticidin (Sigma) and 50 �g/ml of
HygroGold (Invivogen); HEK293-TLR2 cells, 1 mg/ml G-418
(Sigma), HEK293-TLR8 cells, 10 �g/ml Blasticidin.
Receptor Agonists—Ultrapure LPS from Escherichia coli

(99.9% pure in respect to contaminating protein, DNA, and
TLR2 agonists) was purchased from Alexis Biochemicals
(PlymouthMeeting, PA). IL-1�was obtained from theNational
Cancer Institute (Frederick,MD).N-palmitoyl-S-dipalmitoylg-
lyceryl Cys-Ser-(lys)4 (Pam3CSK4), macrophage-activating
lipopeptide-2 (MALP2) and CL075 were purchased from Invi-
vogen (San Diego, CA).
Antibodies—Mouse anti-cMyc mAb (clone 9E10) and anti

Flag M2 antibodies were purchased from Sigma. Mouse
anti-HA mAb was purchased from Covance (Princeton, NJ).
Antibodies against GST-A46, encoded by a plasmid synthe-
sized by inserting full length A46 downstream of GST in the
bacterial expression vector pGEX4T2 were raised as described
(32). The tumor necrosis factor receptor associated factor 6
(TRAF6) rabbit polyclonal antibody was purchased from Santa
Cruz Biotechnology. Anti-AU1 mAb was purchased from
Eurogentec (Seraing, Belgium).
Plasmids—Sources of expression plasmids were as follows:

pCMV-myc empty vector (Clontech), phRL-TK vector (Pro-
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mega), pFR-luciferase and IFN-stimulated response element
(ISRE)-luciferase reporter gene constructs (Stratagene), Gal4-
IRF3, Gal4-IRF7, Flag-TRAM, Flag-TRAM P116H (TRAM
PH), Flag-TRAM C117H (TRAM CH), and Flag-Mal (K.A.
Fitzgerald, The University of Massachusetts Medical School,
Worcester, MA), AU1-MyD88 and Myc-IL-1 receptor associ-
ated kinase 2 (IRAK2, M. Muzio, Mario Negri Institute, Milan,
Italy), Flag-TRIF (S. Sato, Research Institute for Infectious Dis-
eases, Osaka University, Japan), Myc-MyD88, AU1-MyD88
P200H (MyD88 PH), HA-Mal, HA-Mal P125H (Mal PH), and
the glutathione S-transferase (GST) fusions of Mal, MyD88,
TRAM,TIR-TRIF, TIR-TLR2, TIR-TLR3, TIR-TLR4, andTIR-
TLR4 P712H (TLR4 PH, L.A. O’Neill, Trinity College Dublin,
Dublin, Ireland), HA-TLR4 (J.V. McCarthy, University College
Cork, Cork, Ireland), the NF�B reporter gene (described in Ref.
40) and Flag-TRAF6 (Tularik, San Francisco, CA). The VACV
open reading frame (ORF) A46 was previously cloned by PCR
amplification from Western Reserve (WR) strain VACV DNA
(40). Myc-A46�VIPER was generated by GenScript Corpora-
tion, Piscataway, NJ and contained the following mutations:
K88D, F91S, K92D, L93G, I94G, and L95G.Myc-A46 andGST-
A46 were synthesized by inserting full-length A46 into the
mammalian expression vector pCMV-myc and the bacterial
expression vector pGEX4T2, respectively.
Recombinant VACV Viruses—VACV Western Reserve

(vWT) and a VACV mutant (strain WR) lacking 93.5% of the
A46 gene (v�A46) have been previously described (32).
ReporterGeneAssays—HEK293-TLR4 cells (4� 104 cells per

well) were seeded into 96-well plates and transfected 24 h later
with expression vectors and luciferase reporter genes using
GeneJuice (Novagen). In all cases, 20 ng/well of phRL-TK
reporter gene was cotransfected to normalize data for transfec-
tion efficiency. The total amount of DNA per transfection was
kept constant at 230 ng by addition of pCMV-Myc. Unless oth-
erwise indicated 100 ng of A46 or A46�VIPERwere used. After
24 h, cells were stimulated with 100 ng/ml LPS. After a further
8 h, cells were lysed in Passive Lysis Buffer (Promega), and
whole cell lysates were analyzed for luciferase activity. Firefly
luciferase activity was normalized to Renilla luciferase activity,
and data are expressed as the mean fold induction, relative to
control levels, for a representative experiment fromaminimum
of three separate experiments, each performed in triplicate. For
the NF�B and ISRE assays, 60 ng of either �B-luciferase or
ISRE-luciferase reporter genes were used. For the IRF3 and
IRF7 assays, IRF3-Gal4 and IRF7-Gal4 fusion vectors (3 ng)
were used in combination with 60 ng pFR luciferase reporter as
described previously (32). The RANTES promoter assay was
carried out using 60 ng of the RANTES promoter luciferase
reporter gene.
Preparation of GST Fusion Proteins—Empty pGEX.4T2 or

pGEX.4T2 plasmid containing A46, Mal, MyD88, or the TIR
domains of TRIF, TLR2, TLR3, TLR4 or TLR4 PH were trans-
formed into E. coli Rosetta-Gami B Host Strains (Novagen,
Darmstadt, Germany) and grown in LB Broth. Protein expres-
sionwas inducedwith 0.5mM IPTG at 18 °C forGST-TLR4 and
30 °C for all others. Bacterial cells were harvested by centrifu-
gation after 6 h of induction (18 h in the case of GST-TLR4) and
lysed by sonication in low-salt extraction buffer (300 mMNaCl,

1% Triton X-100, PBS). Insoluble fractions were removed by
centrifugation. The remaining soluble fractionswere cleared by
glutathione-Sepharose 4B affinity chromatography (Amer-
sham Biosciences) and levels of protein expression confirmed
by SDS-PAGE and Coomassie staining of the gel.
GST Pulldown Assays—HEK293T cells were seeded into

15-cmdishes (3� 106 cells) 24 h before transfectionwithGene-
Juice. Cells were transfected with the relevant signaling mole-
cule along with indicated amounts of A46. The total amount of
DNA per transfection was kept constant by addition of pCMV-
myc plasmid. Cells were harvested after 48 h in 850 �l of lysis
buffer (50 mM Hepes, pH 7.5, 250 mM NaCl, 1 mM EDTA, 10%
glycerol, 1% Nonidet P-40 containing 0.01% aprotinin, 1 mM

sodium orthovanadate, and 1 mM PMSF) for 30 min on ice. For
assessment of pulldown of HA-TLR4 (Fig. 3B), the cells were
lysed in a different lysis buffer (150 mM NaCl, 50 mM Tris-HCl
(pH 7.6), 4 mM EDTA, 10 �g/ml aprotinin, 10 �g/ml leupeptin,
1 mM PMSF, 1% Brij, 0.5% n-octyl-�-D-glucoside, 0.5% Triton-
X-100). Whole cell extracts were clarified by centrifugation to
generate lysates. 50�l lysate was retained for analysis of protein
expression (i.e. input lysate), the remainder was divided in two
and was added to either purified GST or purified GST-fusion
protein coupled to glutathione-Sepharose and incubated for 2 h
at 4 °C. The immune complexes were precipitated and washed
four times in lysis buffer. For assessment of pulldown of HA-
TLR4, the immune complexes werewashed three times inwash
buffer (150 mMNaCl, 50 mM Tris-HCl (pH 7.6), 0.1% Brij, 0.1%
n-octyl-�-D-glucoside, 0.1% Triton-X-100). Pulldowns were
analyzed by SDS-PAGE and immunoblotting.
For assessment of the effect of VACV-expressed A46 on

interactions, HEK293T cells were infected with VACV vWT
(wild type virus) or v�A46 (virus lacking the A46R gene) 24 h
after transfection for 90 min at 37 °C, at a multiplicity of infec-
tion (MOI) of 1. The virus inoculum was aspirated and cell
monolayers were overlaid with 5% FCSDMEM. Cells were har-
vested 24 h after infection in lysis buffer and GST pulldowns
carried out as described.
Immunoprecipitation and Immunoblotting—HEK293T cells

were transfected and harvested as described for GST pulldown
assays. For co-immunoprecipitations, 4 �g of each construct
was transfected. The total amount of DNAper transfection was
kept constant by addition of pCMV-myc plasmid. For all co-
immunoprecipitations, the appropriate antibodies, along with
either protein A or protein G-Sepharose (Sigma), were incu-
bated with the lysates for 2 h at 4 °C. The immune complexes
were precipitated, washed four times in lysis buffer, and ana-
lyzed by SDS-PAGE and immunoblotting.
Statistical Analysis—Statistical analysiswas carried out using

paired Student’s t test.

RESULTS

A46 Impairs Ligand-induced TLR4-dependent Transcription
Factor Activation—We previously showed that VACV protein
A46 inhibited signals induced by overexpression of the consti-
tutively active TLR4, CD4-TLR4, such as NF�B, p38, ERK, and
IRF3 (32). To confirm similar effects on more physiologically
relevant ligand-induced TLR4 complex activation, the effect of
A46 on LPS-dependent human TLR4 activation was deter-
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mined. To do this, transcription factor activation in HEK293
cells stably expressing TLR4, CD14, andMD2wasmeasured by
reporter gene assay (32, 41), following LPS treatment of cells
transfected with an A46 expression plasmid, or an empty vec-
tor. This showed that expression of A46 potently blocked
ligand-dependent activation of NF�B, IRF3, and IRF7 by TLR4
(Fig. 1, A–C). LPS-induced activation of the RANTES (CCL5)
and IFN-� promoters was also impaired by A46 (data not
shown).
TheConservedBBLoopProline inTIRProteins Is Essential for

Interaction with A46—A46 has been previously shown to inter-
act with components of theTLR4 signaling complex containing
TIR domains, namely TLR4 itself, Mal, MyD88, TRIF, and
TRAM (32), and it is through these interactions that A46 can
likely exert its inhibitory effects. However, how exactly A46, a
protein predicted to have a bcl-2-like fold (38, 42) can interact
with and antagonize TIR proteins is unclear.We therefore ana-
lyzed the ability of A46 to interact with a range of TIR proteins,
with a view to obtaining further information on the basis for
such interactions. For this, a GST pulldown assay was used,
whereby the ability of A46 expressed in cells to interact with
GST fusions of TLR TIR domains was examined. Fig. 2A shows
that A46 interacted with the TLR2 and TLR4 TIR domains, but
not the TLR3 TIR domain (lanes 2–4), nor with GST alone
(lane 6). Coupled to this, we previously demonstrated that A46
does not interact with SARM (32). The TIR domains of both
SARM and TLR3 differ from those of TLR2 and TLR4 in that
instead of the conserved proline in the BB loop, there is an
alanine. Therefore, we wondered whether A46 required an
intact proline in the BB loop of TIR proteins for interaction. A
proline to histidine mutation in the BB loop region of TLR4
renders C3H/HeJ mice unresponsive to LPS (29). When this
mutation was introduced into the GST fusion of the TIR
domain of TLR4 (P714H), A46 could no longer interact with
this protein (Fig. 2A, lane 5). Thus for TLR proteins, the pres-
ence of a BB loop proline is predictive of an ability to interact
with A46.
To test whether this was also the case for the interactions

between A46 and the TLR4 adaptors, the corresponding BB

loop proline in MyD88, Mal, TRIF, and TRAM was mutated,
and the ability of wild type and mutant adaptor proteins
expressed in HEK 293 cells to co-immunoprecipitate with A46,
and to interact with GST-A46, was examined. A46 associated
with wild-typeMyD88 (Fig. 2, B and F, left panels), but not with
MyD88P200H (Fig. 2,B and F, right panels). Similarly, although
A46 interacted robustly withwild typeMal, this associationwas
lost for Mal P125H (Fig. 2, C and F). TRAM contains a cysteine
residue at the site of the conserved BB loop proline but also has
a proline directly adjacent to the cysteine.When either of these
residues was mutated to histidine (TRAM P116H or TRAM
C117H), A46 was unable to interact with TRAM in both co-
immunoprecipitation (Fig. 2D) and GST-pulldown experi-
ments (Fig. 2F) even though the A46-TRAM association was
clearly visible under the same experimental conditions (Fig. 2,
D and F). Similarly, A46 interacted with wild-type TRIF, but
could not do so with TRIF P434H (Fig. 2, E and F).

Consistent with the requirement for an intact TIR BB loop
proline for TIR adaptor:A46 binding, A46 lost its ability to
inhibit MyD88 or TRIF function when their BB loop proline
was mutated to histidine. Supplemental Fig. S1A shows that
transfection of either wild type MyD88 or MyD88 P200H into
cells led to activation of NF�B. Co-transfection with increasing
amounts of A46 led to dose-dependent inhibition of the
MyD88-dependent signal, but had no effect onMyD88 P200H-
dependent NF�B activation (supplemental Fig. S1A). Similarly,
A46 inhibited TRIF- but not TRIF P434H-induced NF�B (sup-
plemental Fig. S1A) and IRF3 (supplemental Fig. S1B) activa-
tion. These experiments were not possible for Mal P125H,
TRAM P116H, or TRAM C117H since these mutated proteins
lose the ability to drive transcription factor activation (41, 43,
44), which further attests to the importance of the TIR BB loop
domain for proper function.
These data show that the ability of A46 to interact with mul-

tiple TIR domain-containing proteins is in each case dependent
on such proteins having a proline residue in the BB loop
domain, and that A46 only inhibits signaling by adaptors with
intact BB loops, consistent with the notion that the BB loop
motif has been selected by poxviruses for antagonism.
A46 Disrupts Receptor:Adaptor, and Not Receptor:Receptor

nor Adaptor:Adaptor, Interactions in the TLR4 Complex—Evi-
dence suggests that the BB loop motif is critical for TIR func-
tion, and for at least some TIR:TIR interactions (see Introduc-
tion). Since A46 targets intact BB loop motifs of TIR proteins
for interaction with components of the TLR4 complex (TLR4,
MyD88,Mal, TRAM, and TRIF), it seemed likely that its mech-
anism of inhibition of TLR4 would involve disruption of some
or all of the TIR:TIR interactions required for intact signaling.
These can be classified as receptor:receptor (TLR4:TLR4),
receptor:adaptor (TLR4:Mal and TLR4:TRAM), and adaptor:
adaptor (Mal:MyD88 and TRAM:TRIF) interactions. Thus
competition GST-pulldown assays were used to investigate the
effects of A46 on these TIR protein interactions. To assess the
effect of A46 on the TLR4:TLR4 TIR interaction, cells were
co-transfected with TLR4 and an increasing amount of A46
plasmid. Lysates were then incubated with equal amounts of
either GST or GST-TLR4 TIR domain (Fig. 3A). As expected,
GST-TLR4 TIR domain pulled down HA-TLR4 (Fig. 3B, top

FIGURE 1. A46 impairs ligand-induced TLR4-dependent transcription fac-
tor activation. HEK293-TLR4 cells were transfected for 24 h with 150 ng myc-
A46 or pCMV-myc (EV) and the NF�B luciferase reporter gene (A), or the pFR
luciferase reporter gene along with either IRF3-Gal4 (B) or IRF7-Gal4 (C). Cells
were stimulated with 10 ng/ml LPS for 6 h and luciferase reporter gene activ-
ity was measured. The data are mean � S.D. of triplicate samples and are
representative of at least five separate experiments. *, p � 0.05; **, p � 0.005;
or ***, p � 0.0005 compared with LPS and EV.
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panel, lane 1), but GST alone could not (Fig. 3B, fourth panel,
lane 1). The presence of increasing amounts of A46 had little
effect on the ability of GST-TLR4 TIR domain to pull down
HA-TLR4 (Fig. 3B, top panel, lanes 2–4). Although some vari-
ability in the intensity of the TLR4-TLR4 interaction bands in
all lanes is observed due to the difficulty of immunoblotting for
TLR4 (Fig. 3B, top panel), there is still an interaction band vis-
ible at the highest dose ofA46 (lane 4), suggesting thatA46 does
not impair the receptor:receptor interaction in the TLR4 com-
plex. In contrast, using the same experimental set up, A46 could
be seen to strongly inhibit TLR4:adaptor interactions: the pres-
ence of increasing amounts of A46 significantly impaired the
ability of GST-TLR4TIR domain to pull downMal (Fig. 3C, top
panel, compare lanes 3 and 4 to lane 1). This observed impair-
ment was not due to unequal amounts of Mal present in the
different samples (Fig. 3C, third panel). A46 had an even more

dramatic effect on the TLR4-TRAM interaction, where even
the lowest dose of A46 plasmid severely affected the ability of
GST-TLR4 TIR to interact with TRAM (Fig. 3D, top panel,
compare lanes 2–4 to lane 1). Again, equal expression levels of
TRAM were observed in all experimental samples (Fig. 3D,
third panel). These data show that A46 can disrupt receptor:
adaptor interactions in the TLR4 complex.
To assess whether A46 can impair the TLR4-Mal or TLR4-

TRAM associations in the context of VACV infection,
HEK293T cells transfected with either HA-Mal (Fig. 3E) or
Flag-TRAM (Fig. 3F) were co-transfected with myc-A46,
infected with wild type VACV expressing A46 (vWT) or
infected with virus where the gene encoding A46 (A46R) was
absent (v�A46). Similar levels of A46 expressionwere observed
when cells were transfected with myc-A46 or infected with
VACV vWT (Fig. 3, E and F, second panel, lanes 2 and 3).

FIGURE 2. The conserved proline of the BB loop is essential for A46 to interact with the TIR adaptors. A, HEK293T cells were transfected with 4 �g of
myc-A46. After 48 h, lysates were incubated with GST-TLR TIR domains or GST alone as indicated, and together with input lysate (lane 1), were analyzed by
SDS-PAGE and immunoblotting. GST and GST fusion proteins were analyzed by SDS-PAGE and Coomassie staining to demonstrate equal inputs. B–E, HEK293T
cells were transfected with A46 and (B) AU1-MyD88 (left) or AU1-MyD88 P200H (right), (C) HA-Mal (upper panel) or HA-Mal P125H (lower panel), (D) Flag-TRAM
(upper panel), Flag-TRAM P116H (middle panel) or Flag-TRAM C117H (lower panel) or (E) Flag-TRIF (upper panel) or Flag-TRIF P434H (lower panel) as indicated.
After 48 h, lysates were subject to immunoprecipitation, SDS-PAGE, and immunoblotting with the indicated antibodies. F, HEK293T cells were transfected with
8 �g of the indicated TIR adapter molecules. After 48 h, lysates were incubated with GST alone (lane 2) or GST-A46 (lane 3), and together with input lysates (lane
1) were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. Each immunoblot is representative of three experiments.
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Although v�A46 viruses expressed no A46 as expected, they
did express A52 at similar levels to wild type virus ((Fig. 3, E and
F, fourth panel, lanes 3 and 4)). When GST pulldowns were
performed as before, the TLR4:Mal and TLR4:TRAM interac-
tions were impaired in cells infected with vWT (Fig. 3, E and F,
compare lane 3 to lane 1), or in cells expressing A46 (lane 2).
Compellingly, there was less impairment of the TLR4:Mal and
TLR4:TRAM interactions in cells infected with v�A46 com-
pared with cells infected with vWT (lane 3). These data show
that VACV infection is capable of impairing TLR4-Mal and
TLR4-TRAM associations and that virally expressed A46 is
largely responsible for disrupting these interactions.
We next used the GST pulldown system to investigate the

effect of A46 on the adaptor:adaptor interactions in the TLR4
complex, i.e. the associations between Mal-MyD88 and TRIF-
TRAM. When GST-Mal was used to pull down MyD88 in the
presence of increasing amounts of A46 no impairment of the
Mal-MyD88 interaction was observed, even at the highest
dose of A46 (Fig. 4A, top panel). Similarly, A46 could not impair
the interaction between GST-TRIF TIR and TRAM (Fig. 4B,
top panel). The crystal structure ofMal has recently been deter-
mined, which suggested that the physiologically relevant form
ofMal for signalingmay be a dimer (22, 23). Thus, in determin-
ing the effect ofA46 on adaptor:adaptor interactions relevant to
TLR4 complex function, we also tested the ability of A46 to
disrupt the Mal:Mal interaction, and found no effect of A46 on
this (Fig. 4C). Thus under identical experimental conditions

where receptor:adaptor interactions were impaired by A46
(TLR4:Mal, TLR4:TRAM), A46 had no effect on adaptor:adap-
tor associations (Mal:MyD88, TRAM:TRIF, Mal:Mal).
We also tested whether A46 binding to adaptor proteins

affected their interaction with downstream signaling proteins.
Previous studies have implicated IRAK-2 in IL-1R and TLR4
signaling, and shown that IRAK-2 can associate with MyD88
and Mal (43, 45–47). Here, either GST-Mal or GST-MyD88
could pull down IRAK2 from cell lysates, but A46was unable to
significantly impair these associations (Fig. 4D, first and second
panels). Studies have shown thatMal andTRAF6 directly inter-
act in response to TLR4 stimulation (48, 49), and hence the
effect of A46 on the Mal-TRAF6 interaction was also assessed.
Similar to the case forMyD88:IRAK2 andMal:IRAK2, theMal:
TRAF6 interaction was unimpaired by A46 (Fig. 4E, top panel).
Altogether, these data show that for the TLR4 complex, A46
targets receptor:adaptor, and not receptor:receptor, adaptor:
adaptor, nor adaptor:effector interactions for antagonism.
The Ability of A46 to Antagonize TIR:TIR Interactions Corre-

lates with a Requirement for an Intact Adaptor BB Loop for
These Interactions—Because A46 targets TIR BB loop motifs,
and interferes with receptor:adaptor but not adaptor:adaptor
interactions, we reasoned that the adaptor BB loopmotif would
be required for the former but not the latter type of interactions
within the TLR4 complex. Thus to examine the importance of
the adaptor BB loop in receptor:adaptor associations, the inter-
actions between TLR4 and Mal, Mal P125H, TRAM, TRAM

FIGURE 3. A46 inhibits TLR4 signaling by disrupting receptor:adaptor, and not receptor:receptor interactions in the TLR4 complex. A, Coomassie-
stained gel showing equal amounts of GST and GST-TLR4 TIR. B–D, HEK293T cells were transfected with the indicated amounts of HA-TLR4 (B), HA-Mal (C), or
Flag-TRAM (D), along with increasing amounts of myc-A46 or pCMV-myc and harvested after 48 h. E and F, HEK293T cells were transfected with HA-Mal (E) or
Flag-TRAM (F), along with either myc-A46 or pCMV-myc. After 24 h, cells were infected with VACV vWT or v�A46 (MOI � 1) as indicated. Cells were harvested
24 h after infection. B–F, clarified lysates were incubated with GST alone or GST-TLR4 TIR and, together with input lysates, were analyzed by SDS-PAGE and
immunoblotting with the indicated antibodies. Each immunoblot is representative of at least three experiments.
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C116H, or TRAM P117H were assessed. GST-TLR4 was capa-
ble of pulling downMal (Fig. 5A, top panel, lane 1), TRAM (Fig.
5B, top panel, lane 1), TRAMP117H (Fig. 5B, top panel, lane 2),
but was impaired in its ability to pull downMal P125H (Fig. 5A,
top panel, lane 2) or TRAM C117H (Fig. 5B, top panel, lane 3).
Thus the Mal and TRAM BB loop regions are required for
receptor:adaptor interactions. To assess the importance of the
BB loop motifs in adaptor:adaptor interactions, the abilities of
Mal and MyD88 to interact were compared with those of Mal
P125H andMyD88 P200H. Fig. 5C shows that Mal andMyD88
can be co-immunoprecipitated (top panel, lane 3), which was
also apparent for Mal P125H and MyD88 P200H (Fig. 5D, top
panel, lane 3), as has been previously reported (16). Thus the
adaptor:adaptor interaction between Mal and MyD88 is inde-
pendent of their BB loop prolines. Hence there is a correlation
between the TIR:TIR interactions that are antagonized by A46,
and those that require an intact adaptor BB loop motif.
Identification of a TLR4-specific Inhibitory Motif in A46—

Based on the premise that immune inhibitory viral proteins
have optimized surface motifs to maximally target host pro-
teins by directly binding to them, we recently screened peptides
derived from A46R to ascertain whether individual peptides
would recapitulate any of the TLR inhibitory ability of the full-
length protein. Intriguingly we found one such peptide, which
we called VIPER (38). Although A46 can inhibit signaling by
multiple TLR complexes (32), VIPER (containing the 11 amino
acids KYSFKLILAEY from A46 fused to a cell-penetrating
delivery sequence), potently and specifically inhibited TLR4
responses and was inert against other TLRs (38). Further,
VIPER could pull down Mal or TRAM (but not MyD88 or
TRIF) from cell lysates (38). Thus we wondered whether the

region of A46 from which VIPER was derived represented the
TLR4-specific inhibitory surface of A46, and whether disrup-
tion of this sequence would impair the ability of A46 to interact
with TRAM and/or Mal. To test this, a portion of the sequence
corresponding to VIPER in A46, KYSFKLIL, was mutated to
DYSSDGGG to generate A46�VIPER, which was expressed in
cells at a similar level to A46 (Fig. 6A).
Remarkably, A46�VIPER selectively lost its ability to inhibit

TLR4, and not other TLR pathways. In contrast to A46,
A46�VIPER could no longer inhibit LPS-inducedNF�B activa-
tion (Fig. 6B) nor could it impair LPS-induced activation of the
IRF3-dependent ISRE (Fig. 6C). However, A46�VIPER was
equally as potent as A46 in inhibiting IL-1R-, TLR2- and TLR8-
dependent NF�B activation (Figs. 6, D–F). Interestingly,
A46�VIPER failed to co-immunoprecipitate with TRAM, in
contrast to A46 (Fig. 6G, top panel, lane 4), but still retained the
ability to interact with Mal (Fig. 6G, top panel, lane 3). Consis-
tent with this, A46�VIPER inhibited Mal- but not TRAM-me-
diated NF�B activation (Fig. 6H). Together, these data show
that the region of A46 from which VIPER is derived is a TLR4-
specific inhibitory surface that selectively targets TRAM, and
not Mal, in the intact protein.

DISCUSSION

Although the viral or endogenous ligand that mediates the
anti-poxviral TLR4 activity is yet to be discovered, the fact that
TLR4 is protective in pulmonary VACV infection (9) provides a
rationale as to why poxviruses such as VACV encode for the
TLR4 inhibitor A46. A46 is expressed early during infection of
cells, and VACV lacking A46 has been found to be less virulent
(32). However, how exactly A46would antagonize TLR4 signal-

FIGURE 4. A46 does not disrupt adaptor:adaptor interactions in the TLR4 complex. A–E, HEK293T cells were transfected with the indicated amounts of
myc-MyD88 (A), Flag-TRAM (B) HA-Mal (C), myc-IRAK2 (D) or Flag-TRAF6 (E), along with increasing amounts of myc-A46 or pCMV-myc. After 48 h, lysates were
incubated with GST alone or GST fusion protein and, together with input lysates, were analyzed by SDS-PAGE and immunoblotting with the indicated
antibodies. Each immunoblot is representative of at least three experiments.
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ing remained to be discovered. Here we present data demon-
strating that A46 prevents critical protein:protein interactions
necessary for proper TLR4 signaling, and also identify motifs
within the host proteins targeted, and within A46, required for
the inhibition of TRAM, the TLR4-specific TIR adaptor.
A46 was originally identified on the basis of sequence simi-

larity to TIR domains (32, 40). Therefore, it was assumed that
A46would adopt a TIR fold and bind to TIR proteins via homo-
typic interactions. However, the crystal structures of A52 and
B14, poxviral proteins related to A46, have been determined
and shown that the proteins adopt a bcl-2-like fold, (39). Sub-
sequent biophysical analysis of the purified C-terminal region

of A46 (residues 81–230) revealed a highly �-helical structure,
consistent with a bcl-2 fold (42). Thus defining the mechanism
of action of A46 becamemore challenging as, instead of being a
viral mimic of a host TIR domain that could act as a dominant
negative, it is likely a Bcl-2-like protein which targets TIR pro-
teins in a manner not involving homotypic TIR-TIR interac-
tions. It is not unprecedented for TIR proteins and Bcl-2-like
proteins to interact, since TRIF and MyD88 can associate with
both Beclin-1 and Bcl-2, and are thought to regulate autophagy
by disrupting the Beclin1-Bcl2 interaction (50). A46 is part of a
family of poxviral proteins either demonstrated or predicted to
contain a bcl-2 fold, all of which inhibit PRR signaling, but do so
by interacting with diverse and structurally dissimilar host pro-
teins. Thus A52 targets IRAK-2 and TRAF6 (33, 46, 51), B14
interacts with IKK� (35), K7 interacts with DDX3 (36), and C6
associates with TANK, NAP1, and SINTBAD (37). This is
accomplished by each viral protein having, as well as the core
bcl-2 fold, unique host protein interaction surfaces or loops.
Here we showed that A46 targets the conserved BB loop pro-

line of TIR proteins and has no ability to associate with TLRs or
TIR adaptors that lack this conserved proline residue. Further,
A46 acted on the TLR4 complex by disrupting the TLR4-Mal
and TLR4-TRAM interactions. We also demonstrated that
these interactions were targeted by VACV during the course of
viral infection. However, A46 had no effect on the TLR4-TLR4,
Mal-MyD88, or TRAM-TRIF interactions. We found that the
requirement for a BB loop for protein interface interactions
correlated with the protein:protein interfaces antagonized by
A46. Previous data indicate the interactions between TLR4 and
Mal or TRAMrequires the presence of the conserved proline in
the BB loops of these proteins (16, 44), and also cysteine in
the case of TRAM (41). Consistent with Dunne et al. (16) here
we foundMal P125H interacts withMyD88 P200H to the same
extent as wt Mal associates with wt MyD88. A46 requires the
presence of the conserved proline to associate with its TIR
interaction partners, and only impairs associations where these
BB loop prolines are required. Thus our data, together with
previous work, altogether suggests that TIR BB loop prolines
are important only in receptor:adaptor interactions and not in
adaptor:adaptor interactions.
The crystal structure of the TIR domain of Mal has recently

been described (22, 23). These studies showed that theMal-TIR
fold differs from other TIR domain structures because it lacks a
helical segment (�B) between the �B- and �C-strands and
instead contains a long loop (AB) connecting the first helix (�A)
and the �B-strand. This AB loop sequence, whose structure
could not be fully determined likely due to inherent flexibility,
shows significant sequence similarity with the functionally
important BB loop segment in other TIR domains, suggesting
that the sequence retains BB loop functions despite a structural
rearrangement having occurred (22, 23). That the Mal AB loop
is very similar to other TIR BB loops is consistent with the fact
that A46 targets Mal, and requiresMal P125 to do so. Valkov et
al. (22) usedMalmutagenesis,modeling, anddocking studies to
suggest a scenario whereby the Mal:TLR4 interaction surface
required the Mal AB loop, while the Mal:Mal and Mal:MyD88
interaction surfaces did not, consistent with our data here, and

FIGURE 5. Receptor:adaptor but not adaptor:adaptor interactions
require intact adaptor BB loops. A and B, HEK293T cells were transfected
with 4 �g HA-Mal, HA-Mal PH (A) or Flag-TRAM, Flag-TRAM PH and Flag-TRAM
CH (B). After 48 h, lysates were incubated with GST-alone or GST-TLR4 TIR, and
together with input lysates, were analyzed by SDS-PAGE and immunoblot-
ting. C and D, HEK293T cells were transfected with 4 �g of HA-Mal and AU1-
MyD88 (C) or 4 �g of HA-Mal PH and AU1-MyD88 PH (D). After 48 h, lysates
were subject to immunoprecipitation, SDS-PAGE, and immunoblotting with
the indicated antibodies. Each immunoblot is representative of three
experiments.
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with the ability of A46 to only disrupt Mal:TLR4, and not Mal:
Mal nor Mal:MyD88 interactions.
By preventing or disrupting TLR4:Mal and TLR4:TRAM

interactions, A46 would be expected to prevent ligand-stimu-
lated activation of the TLR4 complex, and disable downstream
transcription factor activation, as is shown here (Figs. 1 and 6).
Although both Mal and TRAM are localized to the plasma
membrane via a PIP2 binding motif (52) and lipid-raft localiza-
tion signal, respectively (53), Mal-dependent signaling occurs
at the plasma membrane via engagement of the MyD88-con-
taining myddosome leading to early NF�B activation, while
TRAM-dependent signaling occurs from endosomes via
engagement of TRIF leading to late NF�B and IRF3 activation
(52, 53). A model has recently been proposed whereby TRAM
would be engulfed with the TLR4 complex when the receptor
complex is endocytosed after plasma membrane Mal-depen-
dent signaling, but would only properly engage with TLR4 once
the receptor undergoes an endosome-specific conformational
change, due to the lower pHof endosomes (18). ThusA46 likely
antagonizes TLR4 both at the plasma membrane (to disrupt
Mal signaling) and at the endosome (to inhibit TRAM), either
by preventing Mal being recruited to TLR4 at the membrane,
and TRAM engaging properly with TLR4 at the endosome
and/or displacing TRAM or Mal from activated TLR4
complexes.
In the case of the A46:TRAM interaction, we were able to

identify the motif on A46 that targets TRAM. The VIPER pep-
tide derived from A46 inhibits TLR4 (and not other TLRs) and
associates with Mal and TRAM in cell lysates (38). When the
region of A46 from which VIPER is derived was mutated to
generate A46�VIPER, the ability of A46 to impair LPS-induced
NF�B activation was lost, as was its ability to interact with
TRAM and to inhibit TRAM-mediated NF�B activation. How-
ever A46�VIPER still associated with Mal and inhibited Mal-,
IL-1R-, TLR2-, andTLR8-dependentNF�Bactivation. The rea-
son why VIPER peptide interacts with both Mal and TRAM in
cell lysates, while A46�VIPER only loses its ability to interact
with TRAM and notMal remains to be resolved, but is consist-
ent with our previous suggestion that A46 does not have a
generic interaction site for all the TIR proteins it antagonizes,
but rather different regions of A46 are specific for interaction
with different proteins (38). Thus in the intact protein, the
VIPER motif represents the region of A46 that specifically
interacts withTRAM. It is unlikely that the conformation of the
isolated VIPER peptide is identical to the predicted three-di-
mensional epitope formed by this segment in intact A46, which
may partly explain the difference. Very interestingly, the mon-
keypox A46 protein has a substitution of a proline instead of a
leucine in the VIPER motif, and monkeypox A46 inhibits Mal-
but not TRAM-dependent NF�B activation (data not shown),
consistent with the VIPER motif being particularly important
for TRAM antagonism. Furthermore, since viruses optimally

FIGURE 6. The region of A46 from which the VIPER peptide is derived is
required for TLR4 inhibition and TRAM binding. A, HEK293-TLR4 cells were
transfected with 2 �g of pCMV-myc, myc-A46, or myc-A46�VIPER. After 24 h,
clarified lysates were subject to SDS-PAGE and immunoblotting with the anti-
myc antibody. B and C, HEK293-TLR4 cells were transfected with pCMV-myc
(EV), 50 –150 ng myc-A46, or 50 –150 ng myc-A46�VIPER, and the NF�B (B), or
the ISRE (C) luciferase reporter gene. Cells were stimulated with 10 ng/ml LPS
for 6 h, and luciferase reporter gene activity was measured. The data are
mean � S.D. of triplicate samples and are representative of at least four sep-
arate experiments. D–F, HEK293 cells stably expressing the IL-1 receptor (D),
TLR2 (E), or TLR8 (F) were transfected with pCMV-myc (EV), 50 –150 ng myc-
A46 or 50 –150 ng myc-A46�VIPER, and the NF�B luciferase reporter gene.
Cells were stimulated with either 50 ng/ml IL-1� (D), 20 nM MALP2 (E), 20
ng/ml Pam3Csk4 (E), or 2.5 �g/ml CL075 (F) for 6 h and luciferase reporter
gene activity was measured. The data are mean � S.D. of triplicate samples
and are representative of at least four experiments. G, HEK293T cells were
transfected with 4 �g of Flag-Mal or Flag-TRAM along with either myc-A46 or
myc-A46�VIPER. After 48 h, lysates were subject to immunoprecipitation,
SDS-PAGE, and immunoblotting with the indicated antibodies. Each immu-
noblot is representative of three experiments. H, HEK293T cells were trans-

fected with 25 ng of Flag-Mal or Flag-TRAM and 50 –150 ng of A46, 50 –150 ng
of A46�VIPER or pCMV-myc (EV), along with the NF�B luciferase reporter
gene. The data are presented as percentage inhibition of fold induction and
are representative of three experiments. *, p � 0.05 or **, p � 0.005 compared
with stimulus only.
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target residues and motifs in host proteins that are critical for
function, future studies may reveal novel sites on TRAM to
target therapeutically. Overall this study provides the molecu-
lar basis for poxviral subversion of TLR4 signaling and clarifies
the importance of TIR motif BB loops in the formation of the
TLR4 complex.

Acknowledgments—We thankDrs. K. Fitzgerald,M.Muzio, S. Sato, L.
O’Neill, and J. McCarthy for the kind gift of expression plasmids and
cell lines and Dr. T. Monie (University of Cambridge) for helpful dis-
cussions during the course of this work.

REFERENCES
1. Keating, S. E., Baran, M., and Bowie, A. G. (2011) Cytosolic DNA sensors

regulating type I interferon induction. Trends Immunol. 32, 574–581
2. Akira, S., Uematsu, S., and Takeuchi, O. (2006) Pathogen recognition and

innate immunity. Cell 124, 783–801
3. Kawai, T., and Akira, S. (2010) The role of pattern-recognition receptors

in innate immunity: update on Toll-like receptors. Nat. Immunol. 11,
373–384

4. Kawai, T., and Akira, S. (2008) Toll-like receptor and RIG-I-like receptor
signaling. Ann. N.Y. Acad. Sci. 1143, 1–20

5. Thompson, M. R., Kaminski, J. J., Kurt-Jones, E. A., and Fitzgerald, K. A.
(2011) Pattern recognition receptors and the innate immune response to
viral infection. Viruses 3, 920–940

6. Barbalat, R., Lau, L., Locksley, R. M., and Barton, G. M. (2009) Toll-like
receptor 2 on inflammatory monocytes induces type I interferon in re-
sponse to viral but not bacterial ligands. Nat. Immunol. 10, 1200–1207

7. Georgel, P., Jiang, Z., Kunz, S., Janssen, E., Mols, J., Hoebe, K., Bahram, S.,
Oldstone, M. B., and Beutler, B. (2007) Vesicular stomatitis virus glyco-
protein G activates a specific antiviral Toll-like receptor 4-dependent
pathway. Virology 362, 304–313

8. Kurt-Jones, E. A., Popova, L., Kwinn, L., Haynes, L. M., Jones, L. P., Tripp,
R. A.,Walsh, E. E., Freeman,M.W., Golenbock, D. T., Anderson, L. J., and
Finberg, R. W. (2000) Pattern recognition receptors TLR4 and CD14 me-
diate response to respiratory syncytial virus. Nat. Immunol. 1, 398–401

9. Hutchens, M. A., Luker, K. E., Sonstein, J., Núñez, G., Curtis, J. L., and
Luker, G. D. (2008) Protective effect of Toll-like receptor 4 in pulmonary
vaccinia infection. PLoS Pathog. 4, e1000153

10. Bowie, A. G., and Unterholzner, L. (2008) Viral evasion and subversion of
pattern-recognition receptor signaling. Nat. Rev. Immunol. 8, 911–922

11. Gay, N. J., Gangloff, M., and O’Neill, L. A. (2011) What the Myddosome
structure tells us about the initiation of innate immunity. Trends Immu-
nol. 32, 104–109

12. Bryant, C. E., Spring, D. R., Gangloff, M., and Gay, N. J. (2010) Themolec-
ular basis of the host response to lipopolysaccharide. Nat. Rev. Microbiol.
8, 8–14

13. Jin, M. S., and Lee, J. O. (2008) Structures of the toll-like receptor family
and its ligand complexes. Immunity 29, 182–191

14. O’Neill, L. A., and Bowie, A. G. (2007) The family of five: TIR-domain-
containing adaptors in Toll-like receptor signaling.Nat. Rev. Immunol. 7,
353–364

15. Takeuchi, O., and Akira, S. (2002) MyD88 as a bottle neck in Toll/IL-1
signaling. Curr. Top. Microbiol. Immunol. 270, 155–167

16. Dunne, A., Ejdeback, M., Ludidi, P. L., O’Neill, L. A., and Gay, N. J. (2003)
Structural complementarity of Toll/interleukin-1 receptor domains in
Toll-like receptors and the adaptors Mal and MyD88. J. Biol. Chem. 278,
41443–41451

17. Oshiumi, H., Sasai, M., Shida, K., Fujita, T., Matsumoto, M., and Seya, T.
(2003) TIR-containing adapter molecule (TICAM)-2, a bridging adapter
recruiting to toll-like receptor 4 TICAM-1 that induces interferon-�.
J. Biol. Chem. 278, 49751–49762

18. Gangloff, M. (2012) Different dimerisation mode for TLR4 upon endo-
somal acidification? Trends Biochem. Sci. 37, 92–98

19. Xu, Y., Tao, X., Shen, B., Horng, T.,Medzhitov, R.,Manley, J. L., andTong,

L. (2000) Structural basis for signal transduction by the Toll/interleukin-1
receptor domains. Nature 408, 111–115

20. Nyman, T., Stenmark, P., Flodin, S., Johansson, I., Hammarström,M., and
Nordlund, P. (2008) The crystal structure of the human toll-like receptor
10 cytoplasmic domain reveals a putative signaling dimer. J. Biol. Chem.
283, 11861–11865

21. Khan, J. A., Brint, E. K., O’Neill, L. A., andTong, L. (2004) Crystal structure
of the Toll/interleukin-1 receptor domain of human IL-1RAPL. J. Biol.
Chem. 279, 31664–31670

22. Valkov, E., Stamp, A., Dimaio, F., Baker, D., Verstak, B., Roversi, P., Kellie,
S., Sweet, M. J., Mansell, A., Gay, N. J., Martin, J. L., and Kobe, B. (2011)
Crystal structure of Toll-like receptor adaptor MAL/TIRAP reveals the
molecular basis for signal transduction and disease protection. Proc. Natl.
Acad. Sci. U.S.A. 108, 14879–14884

23. Lin, Z., Lu, J., Zhou, W., and Shen, Y. (2012) Structural insights into TIR
domain specificity of the bridging adaptor Mal in TLR4 signaling. PLoS
One 7, e34202

24. Ohnishi, H., Tochio, H., Kato, Z., Orii, K. E., Li, A., Kimura, T., Hiroaki, H.,
Kondo, N., and Shirakawa, M. (2009) Structural basis for the multiple
interactions of the MyD88 TIR domain in TLR4 signaling. Proc. Natl.
Acad. Sci. U.S.A. 106, 10260–10265

25. NúñezMiguel, R.,Wong, J.,Westoll, J. F., Brooks, H. J., O’Neill, L. A., Gay,
N. J., Bryant, C. E., and Monie, T. P. (2007) A dimer of the Toll-like
receptor 4 cytoplasmic domain provides a specific scaffold for the recruit-
ment of signalling adaptor proteins. PLoS One 2, e788

26. Loiarro, M., Capolunghi, F., Fantò, N., Gallo, G., Campo, S., Arseni, B.,
Carsetti, R., Carminati, P., De Santis, R., Ruggiero, V., and Sette, C. (2007)
Pivotal Advance: Inhibition of MyD88 dimerization and recruitment of
IRAK1 and IRAK4 by a novel peptidomimetic compound. J. Leukoc. Biol.
82, 801–810

27. Loiarro, M., Sette, C., Gallo, G., Ciacci, A., Fantò, N., Mastroianni, D.,
Carminati, P., and Ruggiero, V. (2005) Peptide-mediated interference of
TIR domain dimerization inMyD88 inhibits interleukin-1-dependent ac-
tivation of NF-{�}B. J. Biol. Chem. 280, 15809–15814

28. Jiang, Z., Georgel, P., Li, C., Choe, J., Crozat, K., Rutschmann, S., Du, X.,
Bigby, T., Mudd, S., Sovath, S., Wilson, I. A., Olson, A., and Beutler, B.
(2006) Details of Toll-like receptor:adapter interaction revealed by germ-
line mutagenesis. Proc. Natl. Acad. Sci. U.S.A. 103, 10961–10966

29. Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Van Huffel, C., Du, X.,
Birdwell, D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M., Ricciardi-
Castagnoli, P., Layton, B., and Beutler, B. (1998) Defective LPS signaling in
C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282,
2085–2088

30. Ronni, T., Agarwal, V., Haykinson, M., Haberland, M. E., Cheng, G., and
Smale, S. T. (2003) Common interaction surfaces of the toll-like receptor
4 cytoplasmic domain stimulate multiple nuclear targets. Mol. Cell Biol.
23, 2543–2555

31. Bovijn, C., Ulrichts, P., De Smet, A. S., Catteeuw,D., Beyaert, R., Tavernier,
J., and Peelman, F. (2012) Identification of interaction sites for dimeriza-
tion and adapter recruitment in Toll/interleukin-1 receptor (TIR) domain
of Toll-like receptor 4. J. Biol. Chem. 287, 4088–4098

32. Stack, J., Haga, I. R., Schröder, M., Bartlett, N. W., Maloney, G., Reading,
P. C., Fitzgerald, K. A., Smith, G. L., and Bowie, A. G. (2005) Vaccinia virus
protein A46R targets multiple Toll-like-interleukin-1 receptor adaptors
and contributes to virulence. J. Exp. Med. 201, 1007–1018

33. Harte, M. T., Haga, I. R., Maloney, G., Gray, P., Reading, P. C., Bartlett,
N. W., Smith, G. L., Bowie, A., and O’Neill, L. A. (2003) The poxvirus
protein A52R targets Toll-like receptor signaling complexes to suppress
host defense. J. Exp. Med. 197, 343–351

34. DiPerna, G., Stack, J., Bowie, A. G., Boyd, A., Kotwal, G., Zhang, Z., Ar-
vikar, S., Latz, E., Fitzgerald, K. A., and Marshall, W. L. (2004) Poxvirus
protein N1L targets the I-�B kinase complex, inhibits signaling to NF-�B
by the tumor necrosis factor superfamily of receptors, and inhibits NF-�B
and IRF3 signaling by toll-like receptors. J. Biol. Chem. 279, 36570–36578

35. Chen, R. A., Ryzhakov, G., Cooray, S., Randow, F., and Smith, G. L. (2008)
Inhibition of I�B kinase by vaccinia virus virulence factor B14. PLoS Pat-
hog. 4, e22

36. Schröder, M., Baran, M., and Bowie, A. G. (2008) Viral targeting of DEAD

Mechanism of Inhibition of TLR4 by Poxviral A46

JUNE 29, 2012 • VOLUME 287 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 22681

 at IR
eL (T

rinity C
ollege D

ublin), on January 30, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


box protein 3 reveals its role in TBK1/IKKepsilon-mediated IRF activa-
tion. EMBO J. 27, 2147–2157

37. Unterholzner, L., Sumner, R. P., Baran,M., Ren, H.,Mansur, D. S., Bourke,
N. M., Randow, F., Smith, G. L., and Bowie, A. G. (2011) Vaccinia virus
protein C6 is a virulence factor that binds TBK-1 adaptor proteins and
inhibits activation of IRF3 and IRF7. PLoS Pathog. 7, e1002247

38. Lysakova-Devine, T., Keogh, B., Harrington, B., Nagpal, K., Halle, A., Go-
lenbock, D. T., Monie, T., and Bowie, A. G. (2010) Viral inhibitory peptide
of TLR4, a peptide derived from vaccinia protein A46, specifically inhibits
TLR4 by directly targetingMyD88 adaptor-like and TRIF-related adaptor
molecule. J. Immunol. 185, 4261–4271

39. Graham, S. C., Bahar, M. W., Cooray, S., Chen, R. A., Whalen, D. M.,
Abrescia, N. G., Alderton, D., Owens, R. J., Stuart, D. I., Smith, G. L., and
Grimes, J. M. (2008) Vaccinia virus proteins A52 and B14 Share a Bcl-2-
like fold but have evolved to inhibit NF-�B rather than apoptosis. PLoS
Pathog. 4, e1000128

40. Bowie, A., Kiss-Toth, E., Symons, J. A., Smith, G. L., Dower, S. K., and
O’Neill, L. A. (2000) A46R andA52R from vaccinia virus are antagonists of
host IL-1 and toll-like receptor signaling. Proc. Natl. Acad. Sci. U.S.A. 97,
10162–10167

41. Fitzgerald, K. A., Rowe, D. C., Barnes, B. J., Caffrey, D. R., Visintin, A., Latz,
E., Monks, B., Pitha, P. M., and Golenbock, D. T. (2003) LPS-TLR4 signal-
ing to IRF-3/7 andNF-kappaB involves the toll adapters TRAMandTRIF.
J. Exp. Med. 198, 1043–1055

42. Oda, S., Franklin, E., and Khan, A. R. (2011) Poxvirus A46 protein binds to
TIR domain-containing Mal/TIRAP via an �-helical sub-domain. Mol.
Immunol. 48, 2144–2150

43. Fitzgerald, K. A., Palsson-McDermott, E. M., Bowie, A. G., Jefferies, C. A.,
Mansell, A. S., Brady, G., Brint, E., Dunne, A., Gray, P., Harte, M. T.,
McMurray, D., Smith, D. E., Sims, J. E., Bird, T. A., andO’Neill, L. A. (2001)
Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal
transduction. Nature 413, 78–83

44. Horng, T., Barton, G. M., and Medzhitov, R. (2001) TIRAP: an adapter

molecule in the Toll signaling pathway. Nat. Immunol. 2, 835–841
45. Muzio, M., Ni, J., Feng, P., and Dixit, V. M. (1997) IRAK (Pelle) family

member IRAK-2 and MyD88 as proximal mediators of IL-1 signaling.
Science 278, 1612–1615

46. Keating, S. E., Maloney, G. M., Moran, E. M., and Bowie, A. G. (2007)
IRAK-2 participates in multiple toll-like receptor signaling pathways to
NF�B via activation of TRAF6 ubiquitination. J. Biol. Chem. 282,
33435–33443

47. Flannery, S. M., Keating, S. E., Szymak, J., and Bowie, A. G. (2011) Human
interleukin-1 receptor-associated kinase-2 is essential for Toll-like recep-
tor-mediated transcriptional and post-transcriptional regulation of tumor
necrosis factor �. J. Biol. Chem. 286, 23688–23697

48. Verstak, B., Nagpal, K., Bottomley, S. P., Golenbock, D. T., Hertzog, P. J.,
andMansell, A. (2009)MyD88 adapter-like (Mal)/TIRAP interactionwith
TRAF6 is critical for TLR2- and TLR4-mediated NF-�B proinflammatory
responses. J. Biol. Chem. 284, 24192–24203

49. Mansell, A., Brint, E., Gould, J. A., O’Neill, L. A., and Hertzog, P. J. (2004)
Mal interacts with tumor necrosis factor receptor-associated factor
(TRAF)-6 to mediate NF-�B activation by toll-like receptor (TLR)-2 and
TLR4. J. Biol. Chem. 279, 37227–37230

50. Shi, C. S., and Kehrl, J. H. (2008)MyD88 and Trif target Beclin 1 to trigger
autophagy in macrophages. J. Biol. Chem. 283, 33175–33182

51. Maloney, G., Schröder, M., and Bowie, A. G. (2005) Vaccinia virus
protein A52R activates p38 mitogen-activated protein kinase and po-
tentiates lipopolysaccharide-induced interleukin-10. J. Biol. Chem.
280, 30838–30844

52. Kagan, J. C., and Medzhitov, R. (2006) Phosphoinositide-mediated adap-
tor recruitment controls Toll-like receptor signaling. Cell 125, 943–955

53. Rowe, D. C., McGettrick, A. F., Latz, E., Monks, B. G., Gay, N. J.,
Yamamoto, M., Akira, S., O’Neill, L. A., Fitzgerald, K. A., and Golenbock,
D. T. (2006) The myristoylation of TRIF-related adaptor molecule is es-
sential for Toll-like receptor 4 signal transduction. Proc. Natl. Acad. Sci.
U.S.A. 103, 6299–6304

Mechanism of Inhibition of TLR4 by Poxviral A46

22682 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 27 • JUNE 29, 2012

 at IR
eL (T

rinity C
ollege D

ublin), on January 30, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/

