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ABSTRACT

TLRs act as sentinels in professional immune cells to
detect and initiate the innate immune response to
pathogen challenge. TLR4 is a widely expressed TLR,
responsible for initiating potent immune responses to
LPS. TRAM acts to bridge TLR4 with TRIF, orchestrating
the inflammatory response to pathogen challenge. We
have identified a putative TRAF6-binding motif in TRAM
that could mediate a novel signaling function for TRAM
in TLR4 signaling. TRAM and TRAF6 association was
confirmed by immunoprecipitation of endogenous, ec-
topically expressed and recombinant proteins, which
was ablated upon mutation of a key Glu residue in
TRAM (TRAM E183A). TRAF6 and TRAM were ob-
served colocalizing using confocal microscopy follow-
ing ectopic expression in cells and the ability of TRAM
and TRAM E183A to activate luciferase-linked re-
porter assays was determined in HEK293 and TRAF6-
deficient cells. Importantly, TRAM-deficient macro-
phages reconstituted with TRAM E183A display signif-
icantly reduced inflammatory TNF-q, IL-6, and
RANTES protein production compared with WT TRAM.
These results demonstrate a novel role for TRAM in

Abbreviations: HA=hemagglutinin, HEK=human embryonic kidney,
IRAK=IL-1R-associated kinase, IRF3=IFN regulatory factor 3, Mal=MyD88-
adaptor like, MD2=myeloid differentiation protein 2, MEF=murine embry-
onic fioroblast, NHMRC=National Health and Medical Research Council,
NT=nontargeting, PAMP=pathogen-associated molecular pattern,
PRD=positive regulatory domain, PRR=pattern recognition receptor,
SARM=sterile a and hydroxyphenyl-ethyl-aminomethyl-tetralone-armadillo
motif, siRNA=small interfering RNA, TICAM=Tol/IL-1R-containing adaptor
molecule, TIR=Toll/IL-1R, TK=thymidine kinase, TRAF6=TNFR-associated
factor 6, TRAM=TRIF-related adaptor molecule, TRIF=Tol/IL-1R domain-
containing adaptor-inducing IFN-B, VSV-G=vesicular stomatitis virus G,
WT=wild-type
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TLR4-mediated signaling in regulating inflammatory
responses via its interaction with TRAF6, distinct from
its role as a bridging adaptor between TLR4 and TRIF.
J. Leukoc. Biol. 96: 427-436; 2014.

Introduction

Recognition of microbial pathogens is an essential element for
the initiation of innate immune responses such as inflamma-
tion. Detection is mediated by germ line-encoded PRRs that
are widely expressed on professional immune cells, such as
macrophages and dendritic cells. PRRs recognize molecular
patterns broadly shared by pathogens, known as PAMPs [1].
The TLRs are a critical family of innate immune PRRs respon-
sible for sensing components of pathogens and the initiation
of the proinflammatory response [2, 3]. Recognition of PAMPs
by TLRs leads to activation of inflammatory transcription fac-
tors, such as NF-kB and IRF3, which promote robust transcrip-
tion of inflammatory cytokines and IFNs [2, 3].

The cytosolic segment of TLRs is distinguished by a con-
served protein motif, termed the TIR domain, which mediates
recruitment of cytosolic TIR-containing adaptor proteins fol-
lowing ligand-induced receptor dimerization [4, 5]. There are
five TIR-containing adaptors: MyD88, Mal/TIR domain-con-
taining adaptor protein, TRIF/TICAM-1, TRAM/TICAM-2,
and SARM [6].

All TLRs, with the exception of TLRS3, recruit MyD88 to the
receptor complex, initiating recruitment of IRAK-1 and
IRAK-4, followed by TRAF6, to the complex [2, 7]. This signal-
ing complex activates the so-called canonical pathway, result-
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ing in the nuclear translocation of NF-kB and the initiation of
the proinflammatory response. Conversely, TLR3 recruits TRIF
directly to its receptor complex and initiates activation of
NF-kB and IRF3 via an alternative pathway to induce inflam-
matory cytokine production and IFN-f expression.

Whereas all TLRs activate NF-kB, the TLRs demonstrate
specificity in the recruitment of TIR-containing adaptor pro-
teins that provide a molecular basis for the variation of gene-
expression profiles induced by distinct TLRs. TLR2 and TLR4
specifically interact with Mal upstream of MyD88 recruitment
[8-10], whereas TLR4 uses TRAM upstream [11] of TRIF re-
cruitment [12, 13]. Although not required for positive TLR
signaling, SARM has been described to regulate negatively
TRIF-dependent signaling [14].

TRAM is unique among the TIR-containing adaptors, as it
is only required for TLR4 signaling and is specific in its re-
cruitment to endosomes following TLR4 ligation [15].
TLR4, which is responsible for the sensing of LPS or endo-
toxin, one of the most powerful immunostimulatory factors
known and perhaps the most widely studied TLR displays
the most complex signaling of all TLRs. Whereas TRAM is
constitutively found at the plasma membrane via an N-ter-
minal myristoylation site [16], following TLR4 activation,
TRAM localizes to the endosome, allowing recruitment of
TRIF to the signaling complex and initiation of the alterna-
tive signaling pathway to NF-«B and nuclear translocation of
IRF3 to induce IFN-B [16].

Mal and TRAM have been described as “bridging adaptors”,
responsible for recruiting MyD88 and TRIF to the activated
TLR2 and TLR4 complexes. We have previously demonstrated
an interaction between Mal and TRAF6 via a TRAF6-binding
motif identified in Mal, which characterized a unique role for
Mal in mediating activation of NF-kB via a noncanonical route
[17, 18]. Furthermore, TRIF was also demonstrated to interact
with TRAF6 via a TRAF6-binding motif [19]. However, it is
unclear whether other TIR adaptors engage TRAF6 directly.

In this study, we have identified a TRAF6-binding motif
within TRAM, commensurate with those observed in Mal and
TRIF, and a direct functional link between TRAM and TRAF®6.
We have demonstrated direct interaction between TRAM and
TRAF6 that is dependent on this binding motif. TRAM colo-
calization with TRAF6 was dependent on this motif, and
TRAM-induced NF-«B, IFN-B, and p38 kinase reporter activity
is dependent on an intact TRAF6-binding motif. The protein
variant with a mutation of a critical Glu residue with the
TRAF6-binding motif (termed TRAM E183A) acted as a domi-
nant-negative to inhibit TLR4-mediated reporter activation,
and TRAM-induced reporter activity is inhibited in TRAF6-
deficient cells. Critically, TRAM-deficient macrophages recon-
stituted with TRAM E183A display significantly decreased pro-
tein expression of TNF-a, IL-6, and RANTES compared with
reconstitution with WI TRAM. These studies therefore identify
that similar to Mal and TRIF, TRAM contains a TRAF6-bind-
ing motif that is important in TLR4-induced signal transduc-
tion, providing a distinguishing signaling feature for TRAM,
distinct of its role in bridging TLR4 and TRIF.
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MATERIALS AND METHODS

Cell lines and reagents

HEK293, HEK293 T, HEK293 stably transfected cells expressing TLR4 and
MD2, and TRAF6-deficient MEFs were incubated in DMEM, supplemented
with 10% FCS and 2 mM glutamine and maintained in a 37°C humidified at-
mosphere. Immortalized TRAM-deficient macrophages were generated from
TRAM-deficient mice, as described previously [20], and cultured in DMEM/
10% FCS plus glutamine. THP-1 monocytes were maintained in RPMI -1640
medium, 2 mM glutamine, 10% FCS at 37°C, and 5% CO,. LPS K235 (Sigma,
St. Louis, MO, USA) was repurified as described previously [21], and ANTI-
FLAG M2 agarose beads were from Sigma.

Plasmids

TRAM-HA and IFN-B-luciferease reporter were kindly provided by Kather-
ine Fitzgerald (University of Massachusetts, North Worcester, MA, USA).
TRAM E183A was generated using the QuikChange site-directed mutagene-
sis kit with PfuTurbo (Stratagene, La Jolla, CA, USA), using the TRAM-HA
template. Cells were lysed with passive lysis buffer (Promega, Madison, WI,
USA) and assayed for luciferase and B-galactosidase activity using luciferase
assay reagent (Promega).

Transient transfections and gene reporter assays

HEK293 cells (2X10") were seeded in 96-well plates, 24 h before transfec-
tion. Transfections were performed with FuGENE 6 (Roche Diagnostics,
Indianapolis, IN, USA). NF-kB-dependent gene expression was determined
using the 5X kB-luciferase reporter construct (Stratagene) concomitantly
with indicated vectors. The p125-luc luciferase plasmid contains the full-
length IFN-B promoter upstream of the firefly luciferase gene [22] and is
referred to as the IFN-B-luciferase reporter. With the use of the PathDetect
transient transfection kit (Stratagene), cotransfection of pFR-luciferase in
combination with Gal4 fusions p65, pFA-Jun, pFA-CHOP, or pFA-Elk-1, re-
spectively, was used to analyze activation of p65 transactivation and MAPK,
respectively. The Renilla luciferase-TK (pRL-TK)-encoding plasmid (Pro-
mega) was used to normalize for transfection efficiency, and pEF-BOS
empty vector was used to maintain constant DNA. Transfected cells were
lysed using passive lysis buffer (Promega) and assayed for luciferase and
Renilla activity using luciferase assay reagent (Promega). Luminescence
readings were corrected for Renilla activity and expressed as fold increases
over nonstimulated control values.

TRAF6-deficient MEFs were seeded at 2 X 10° cells/ml in 96-well for-
mat, 24 h before transfection with indicated plasmids: TK-Renilla and Fu-
GENE 6. Cells were harvested 24 h later with passive lysis buffer and as-
sayed as described above.

Protein production and purification

DNA-encoding residues 346-504 of TRAF6 (TRAF6,,, 5,,) were amplified
by PCR and inserted into the pET28b vector using the Neol and Xhol re-
striction enzyme cleavage sites. The resulting construct encodes C-terminal
Myc and Hisg tags. TRAM, 55, TRAM_ 555, and CD40,, 5,5 constructs
were inserted into the pMCSG10 vector using ligation-independent cloning
[23]. The resulting constructs encode N- terminal His; and GST tags. All of
the constructs were verified by sequencing. The proteins were expressed in
Escherichia coli BL21 (DE3) cells using autoinduction media [24]. Cells were
grown at 37°C until the midexponential phase (optical density of 600 nm
of 0.6—0.8) was reached. The temperature was then reduced to 20°C, and
the cultures were grown for ~16 h before harvesting.

The cells were lysed using sonication, and the resulting supernatant was
applied onto a 5-ml HisTrap or a 5-ml GSTrap FF column (GE Healthcare,
Pittsburgh, PA, USA). Bound protein was eluted using a linear gradient of
imidazole (30-250 mM) or 5 mM reduced glutathione. The fractions con-
taining the protein of interest were pooled and loaded onto a Superdex 75
or 200 HiLoad 26/60 gel-filtration column (GE Healthcare), pre-equili-
brated with 10 mM HEPES, pH 7.4, 150 mM NaCl, and 1 mM DTT. The
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peak fractions were pooled, concentrated to 0.75-1.5 mg/ml, and stored in
aliquots at —80°C.

Immunoprecipitation and immunoblot analysis

HEK293 T cells (2X10° cells/10 cm dish) were transfected using FuGENE
6 (Promega) with the indicated plasmids, where the total amount of DNA
(2.5 pg/dish) was kept constant. Twenty-four hours later, the cells were
lysed in KalB buffer, as described [25]. The indicated antibodies (2 pg) or
ANTI-FLAG-Sepharose beads (20 ul, 50% slurry) were incubated with the
cell lysates for 2 h, followed by the addition of 40 ul 50% protein G slurry
for 1 h. The immune complexes were precipitated, washed, eluted by the
addition of sample buffer, followed by SDS-PAGE, and immunoblotted us-
ing the indicated antibodies. For GST-pulldown experiments, the lysates
prepared from HEK293 T cells transfected with indicated vectors were used
in a GST-pulldown assay, whereby cell lysates were incubated for 2 h at 4°C
with recombinant GST fusion protein coupled to glutathione-Sepharose.
The complexes were washed three times in lysis buffer, separated by SDS-
PAGE, and immunoblotted as indicated in the figure legend. Endogenous
immunoprecipitations of TRAM and TRAF6 were performed as described
previously [18]. Anti-TRAF6 and anti-TRAM antibodies were sourced from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

To assay the interactions between purified proteins, a bait/prey mixture,
consisting of 10 pg-purified TRAF6,, ;,,-Myc and 100 ug-purified GST
fusion protein in 1.5 ml binding/wash buffer (50 mM HEPES, pH 7.4, 250
mM NaCl, 0.5 mM EDTA, 1 mM DTT, and 0.5% Triton X-100) with 1%
BSA, was incubated with glutathione-Sepharose resin for 4 h. After incuba-
tion, the resin was washed three times with 1 ml binding/wash buffer, and
bound protein was eluted by adding 50 ul SDS-PAGE sample buffer. Eluted
complexes were separated by SDS-PAGE and stained with Coomassie bril-
liant blue or immunoblotted, as indicated in the figure legend.

siRNA knockdown of TRIF

The 25-bp duplex of targeting stealth siRNA or NT siRNA (Invitrogen, Carls-
bad, CA, USA) was transfected into subconfluent HEK293 T cells, using siRNA
jetPRIME (Polyplus-Transfection, Illkirch, France). Double-stranded siRNAs,
containing equal parts of the following antisense sequences, were used to
knock down TRIF: siRNA2, 5'-CCCAUUGACGGUGUUUCGGACUGGA-3';
siRNA3, 5'-CCAUCACUUCCUAGCGCCUUCGACA-3'. The NT siRNA were
low GC and medium GC stealth RNA interference-negative control duplexes
(Invitrogen). Forty-eight hours after transfection, the cells were transfected
with the relevant constructs or analyzed by real-time quantitative PCR or West-
ern blot using anti-TRIF (Cell Signaling Technology, Danvers, MA, USA) and
B-actin (Ambion, Austin, TX, USA).

Cell imaging

HEK293 cells (4X10* cells/well) were plated onto eight-well plates over-
night and transfected with 115 ng TRAM-Cherry and TRAF6-FLAG, respec-
tively, for 24 h. Cells were washed three times PBS, permeabilized with
0.1% saponin, 2.5% FCS, followed by a 2-h incubation with anti-M2
(FLAG) antibody (1:1000; Sigma). Cells were washed three times with PBS,
supplemented with 0.1% saponin and 2.5% FCS, and three times with PBS.
Imaging was performed on a Leica SP5 multichannel Acousto-Optical
Beam Splitter confocal laser-scanning microscope and imaged as deconvo-
luted z-stacks. Images were analyzed using Imaris Scientific software (Bit-
plane, Zurich, Switzerland).

Generation of TRAM WT/E183A macrophages and
LPS challenge

HEK293 T cells were plated at 0.5 X 10° cells/well in a six-well plate and
left to adhere overnight at 37°C. Cells were then tranfected with 2 ug pRH-
TRAM WT-=citrine or pRH-TRAM E183A-citrine, 1 ug gag-pol, and 100 ng
VSV-G, mixed with transduction reagent FUGENE 6 (Promega) at a ratio of
3:1. This mixture was then added to cells, and the cells incubated for 24 h
at 37°C. Media were then removed and replaced with DMEM containing
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30% heat-inactivated FCS, and the cells incubated for 24 h at 37°C. Media
were then harvested and filtered through a 0.45-um filter. TRAM-deficient
macrophages were transduced with retrovirus (VSV-G coat protein) con-
taining TRAM WT or TRAM E183A mutant. Macrophages were seeded at

1 X 10° cells/ml in a 24-well plate and incubated overnight at 37°C. Media
were then removed and replaced with media containing retrovirus for 24 h
at 37°C. Media containing virus were then removed and replaced with
DMEM, and the cells incubated for a further 48 h at 37°C. Cells were then
sorted using FACS and the positive cells collected and cultured for further
experiments. Cells were seeded at 4 X 10*/well in a 96-well plate, 24 h be-
fore stimulation with LPS (0.312-10 ng/ml) for a further 8 h. Cultured
supernatants were collected and assayed for TNF-a, IL-6 (BD Biosciences,
San Jose, CA, USA), and RANTES (R&D Systems, Minneapolis, MN, USA),
according to manufacturers’ instructions.

Statistical analysis

For statistical analysis, the data obtained from triplicate experiments are
presented as the means * sEM as indicated. All statistical analysis was per-
formed using GraphPad PRISM software (GraphPad Software, La Jolla, CA,
USA). Mean differences were calculated using Student’s +test. The levels of
significance are: *P < 0.05, **P < 0.01, and ***P < 0.001.

RESULTS

TRAM interacts with TRAF6 via a TRAF6-binding
motif

Structural analysis of TRAF6-binding partners [26] identified
the consensus sequence Pro-X-Glu-X-X-(aromatic/acidic residue) as
the TRAF6-binding motif. We have previously identified such a
motif in the TIR domain of TRAM: PRERTP {residues 181-186
(TRAM,4,_;56) [17]}. To test if TRAM could interact with
TRAF6, we performed coimmunoprecipitation experiments in
HEK293 T cells that were transiently transfected with FLAG-
tagged TRAF6 and HA-tagged TRAM. As shown in Fig. 1, we
were able to detect complexes containing TRAM- and TRAF6-

tagged proteins by immunoprecipitation (Fig. 1C, lane 2),
demonstrating an association between TRAM and TRAFG6.

Having established an ectopic interaction between TRAM
and TRAF6, we next wished to demonstrate if TLR stimulation
could induce association between the two proteins. As can be
observed in Fig. 1C, TRAF6 immunoprecipitated TRAM in a
time-dependent manner within 10-20 min of LPS stimulation
of human THP-1 monocytic cells, decreasing after 30 min. To-
gether, these results clearly demonstrate a TLR4-induced, di-
rect interaction between TRAM and TRAFG6.

To evaluate further TRAM interaction with TRAF6, we dem-
onstrated that recombinant GST-tagged TRAM (i.e., TRAM 5 o5,),
consisting of the TIR domain and TRAF6-binding motif, was
able to recognize and precipitate ectopically expressed FLAG-
TRAF6 from cellular lysates (Fig. 2A, lane 2). As TRIF associ-
ates with TRAF6 via three TRAF6-binding motifs [19] located
distal to its TIR domain (i.e., TRIFg, o1, _o4g_955 aNd _ogg_s09), WE
also determined whether the recombinant GST-TRIF TIR do-
main (TRIFg4,_460) could precipitate ectopically expressed
FLAG-TRAFG6. As can be observed in Fig. 2A, lane 3), TRIF was
able to recognize TRAF6, albeit with a significantly lower affin-
ity than that observed with TRAM (compare Fig. 2A, lanes 2
and 3). Importantly, recombinant GST alone was not able to
bind TRAF6. Therefore, to determine if the putative TRAF6-
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Figure 1. TRAF6 associates with
TRAM. (A) Schematic represen-
1B: o-Flag tation of TRAM, indicating the
position of the TIR domain (aa
IPro-Flag 73 _935) and the location of the
64 IB: a-Flag

putative TRAF6-binding motif
(PRERTP: aa 181-186). (B)
HEK293 T cells (2X10°) were transiently cotransfected with FLAG-
tagged TRAF6 and HA-tagged TRAM where indicated. Cells were
probed [immunoprecipitated (IP)] with anti (a)-FLAG M2-agarose
beads to precipitate TRAF6 and interacting complexes. Protein com-
plexes were separated by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted (IB) with anti-HA antibody to identify interact-
ing proteins. Cell extracts were also immunoblotted to check expres-
sion of HA- and FLAG-tagged constructs and FLAG immunoprecipita-
tion assessed by immunoblotting with anti-FLAG antibody. (C) Hu-
man monocytic THP1 cells (2X107) were stimulated with LPS (100
ng/ml) for indicated times. The cells were lysed, and cellular debris
was removed by centrifugation (14,000 rpm, 10 min, 4°C). The ly-
sates were precleared with protein A-Sepharose beads, and the lysates
were probed with a-TRAF6 mAb (1 ug) bound to a-mouse 1gG
beads. Detection of immunoprecipitated endogenous TRAM was ana-
lyzed by immunoblotting with «-TRAM antibody. Results presented
represent three independent experiments.

Lane: 1 2 3

binding motif within TRAM was responsible for this associa-
tion, we probed cellular lysates expressing HA-TRAM or HA-
TRAM EI183A, which encodes a point mutation of the critical
Glu residue, described previously as crucial for target protein
binding of TRAF6 [26]. As can be observed in Fig. 2B, recom-
binant GST-TRAF6 was able to immunoprecipitate HA-TRAM
(Fig. 2B, lane 1) but did not associate with HA-TRAM E183A
(Fig. 2B, lane 2), indicating that mutation of the critical Glu
residue in TRAM ablated association between TRAM and
TRAF6, consistent with previous TIR-containing adaptor pro-
tein association studies with TRAF6 [17-19]. Taken together,
these results demonstrate that TRAM interacts with TRAF6 via
its TRAF6-binding motif, which is contained within the C-ter-
minal region of TRAM.

As TRIF has also been documented to associate with TRAF6
[19], we next examined if TRAM could interact with TRAF6
independent of TRIF. As can be observed in Fig. 2C, Flag-
tagged TRAF6 was able to immunoprecipitate coexpressed,
Myc-tagged TRAM in the presence (Fig. 2C, lanes 1 and 2) or
absence (Fig. 2C, lanes 3 and 4) of TRIF depleted by siRNA.
Successful depletion of TRIF by siRNA was confirmed by im-
munoblot of HEK293 T cells (Fig. 2D). To exclude further the
possibility that TRIF may be bridging TRAM and TRAF6, we
next demonstrated direct interaction by immunoprecipitating
TRAM and TRAF6 in a cell-free environment. As can be seen
in Fig. 2E, recombinant full-length GST-fusion TRAM,_,5-
(Fig. 2E, lane 3) and truncated GST-TRAM comprising the TIR
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domain only (TRAM,_o45; Fig. 2E, lane 2) immunoprecipitated
recombinant Myc-tagged TRAF6,,4 5., (Fig. 2E, lower) produced
in E. coli. These results clearly demonstrate that TRAM interacts
directly with TRAF6, independent of TRIF.

TRAM colocalization with TRAF6 requires an intact
TRAF6-binding motif

TRAM localizes to the plasma membrane in resting cells via an
N-terminal myristoylation site [16] but relocates to endosomes
following TLLR4 activation to initiate TRAM-TRIF signaling
[15]. As ectopic expression of TRAM can activate NF-«kB and
IRF3 signaling pathways, mimicking function without the need
for TLR4 activation [11, 15, 16, 27, 28], we sought to deter-
mine whether localization of TRAM and TRAF6 occurs at the
plasma membrane or cytosol in HEK293 cells by fluorescence
microscopy. We found that, consistent with earlier reports,
Cherry-tagged TRAM (red) was visualized at the plasma mem-
brane (Fig. 3A) and also at structures that appear consistent
with previous reports of TRAM-induced endosomal formation
in the cytosol (Fig 3, arrows) [11, 16]. Interestingly, although
FLAG-TRAF6 (green) was also observed in the cytosol, it also
appears to be colocalizing with TRAM along the edge of these
endosomes, evident in the fluorescence overlay (yellow). This
suggests that TRAFG6 is recruited to the endosomes following
ectopically expressed, TRAM-induced signaling activation. Con-
versely, we noted that whereas Cherry-TRAM E183A (red) was
also observed located at the plasma membrane (Fig. 3B), we
did not observe obvious formation of the cytosolic endosomal
structures seen with WT TRAM. Furthermore, we failed to ob-
serve colocalization of TRAM E183A and TRAF6, as evidenced
by overlay (yellow), and TRAF6 appeared diffuse throughout
the cytosol, consistent with an inability of the binding motif
mutant of TRAM to recruit TRAF6 to the plasma and endo-
somal membrane, supporting our immunoprecipitation results.

TRAM-induced activation of NF-kB and IFN-f3
reporter activity is dependent on interaction with
TRAF6
Having established that TRAM interacts with and localizes with
TRAF®6 via its TRAF6-binding motif, we next investigated if this
interaction affected downstream signaling. As noted above,
ectopic expression of TRAM can activate TRAM-TRIF-depen-
dent signaling pathways to induce inflammation [11, 16].
Therefore, we next assessed the ability of TRAM and TRAM
E183A to drive NF-«kB- and IFN-B-luciferase reporter activity.
As expected, WT TRAM was able to induce an eight to 21-fold
increase in NF-«kB-luciferase reporter activity (Fig. 4A) in a
dose-dependent manner. Additionally, WT TRAM also in-
duced an 11- to 12-fold increase in IFN-B-luciferase reporter
activity (Fig. 4B). Consistent with our immunoprecipitation
and localization data, TRAM E183A, however, displayed a
decreased ability to drive NF-kB-luciferase activation (three-
to ninefold increase) and ablated IFN-B-luciferase activation
compared with WT.

Previously, we have demonstrated that Mal interaction with
TRAF6 mediated Mal-induced p65 transactivation and JNK and
ERK activation but not p38 kinase activity [17, 18]. Contrary to
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anti-TRIF antibody for endogenous TRIF detection and anti-B-actin for loading control. (E) Pull-down analysis of recombinant GST-
TRAM and TRAF6-Myc, expressed and purified in E. coli. The TRAF6-binding region of CD40 was used as a positive control. Protein
complexes were coincubated in PBS and interacting complexes immunoprecipitated with glutathione-agarose beads, which were
washed, boiled in Laemmli buffer, separated by SDS-PAGE, and then stained with Coomassie brilliant blue (CBB), or transferred to
nitrocellulose membranes, which were probed with anti-Myc antibody to identify interacting proteins. All results shown are representa-

tive of three independent experiments.

these results, we observed that TRAM drove p38-dependent
luciferase activity (3.3-fold; P<<0.001), whereas TRAM E183A
failed to induce p38-dependent luciferase activity (Fig. 4C).
Furthermore, TRAM failed to induce p65-mediated transactiva-
tion-, JNK-, or ERK-dependent luciferase activity, different
from what was observed with Mal and TRAF6. Together, these
results suggest that TRAM interaction with TRAF6 is required
specifically for p38 MAPK, NF-kB, and IRF3 activation.

We next addressed the role of TRAM/TRAF6 interaction in
TLR4-mediated activation of NF-kB and IRF3. HEK293 cells
stably expressing TLR4/MD2 were transiently transfected with
the NF-«kB- and IFN-B/IRF3-dependent luciferase reporter plas-
mid and stimulated with 10 ng/ml LPS. As can be seen in
Fig. 5A, TRAM E183A was able to inhibit TLR4-mediated acti-
vation of NF-kB- and IFN-B-luciferase reporter activity (Fig.
5B) in a dose-dependent manner.

Next, we wished to examine if the absence of TRAF6 im-
paired the ability of TRAM to induce NF-«B- or IFN-G-lu-
ciferase reporter activity. Whereas ectopic expression of TRAM
was able to induce a 2.0- to 3.2-fold, dose-dependent increase
in NF-«kB-luciferase activity (Fig. 6A) in WT MEFs, expression
of TRAM in TRAF6-deficient MEFs displayed ablated responses
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(1- to 1.5-fold increases). Consistent with what was observed
for NF-kB activation, TRAM induced a similar two- to three-
fold dose-dependent increase in IFN-B-luciferase activation
(Fig. 6B), which was similarly ablated in TRAF6-deficient
MEFs. Importantly, constitutively active IRF3, which has had
five critical Ser residues mutated to phosphomimetic Asp, gen-
erated a constitutively active form of IRF3 [29] (termed IRF3
5D) and was able to activate the IFN-B-luciferase reporter in
the presence or absence of TRAF6.

TRAM association with TRAF®6 is critical for
TLR4-mediated inflammatory responses

Finally, to determine whether TRAM/TRAF6-mediated signal-
ing plays a role in the inflammatory response to TLR4 stimula-
tion, we investigated TLR4-induced cytokine expression in re-
constituted TRAM-deficient macrophages, which were reconsti-
tuted with WT TRAM or TRAM E183A tagged with the
fluorescent protein citrine. Reconstituted cells expressing com-
mensurate amounts of citrine-tagged WT TRAM and TRAM
E183A were sorted by FACS (Fig. 7A) and stimulated with LPS
to induce TLR4-dependent signaling. As can be seen in Fig. 7,
B and C, whereas LPS induced a robust, dose-dependent in-
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Figure 3. TRAM colocalization with
TRAFG6 at the cell membrane requires an
intact TRAF6-binding motif. HEK293
cells were transiently transfected with flu-
orescent monomeric Cherry (mCherry)
tagged-TRAM or TRAM E183A fluores-
cently tagged monomeric Cherry and
TRAF6-FLAG, where indicated for 24 h.
Immunofluorescence microscopy was per-
formed on individual cells. (A) Colocal-
ization (overlay) illustrates TRAF6-FLAG
colocalizing with TRAM-mCherry at the
plasma membrane and what appears to
be early endosomes (indicated with ar-
rows), consistent with TRAM-mediated
activation of the signaling pathway (bars,
6 wm). (B) Expression of TRAM E183A-
mCherry demonstrates a lack of colocal-
ization with TRAF6, which appears dif-
fuse throughout the cytosol. Representa-

tive images shown are flattened maximum intensity projections of three-dimensional, deconvolved z-stacks using Imaris Scientific software (bars, 5
um). All images are representative of multiple cells observed in three individual experiments.

duction of NF-kB-dependent cytokines TNF-o and IL-6, respec-
tively, macrophages expressing TRAM E183A display signifi-
cantly lower expression of both cytokines, particularly at the
lower concentrations of LPS. Importantly, TRAM association
with TRAF6 was also required for protein expression of the
chemokine RANTES (Fig. 7D), which requires NF-kB and
IRF3 transcription factors [30], further demonstrating the re-
quirement of TRAF6 association with TRAM for the NF-«kB
and IRF3 signaling pathways.

DISCUSSION

In this study, we have found a novel feature in TRAM that
shows it has activities beyond its function as a bridging adaptor
to recruit TRIF to the TLR4 complex. TRAM contains a
TRAF6-binding motif that is required for TRAM to signal. The
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presence of this TRAF6-binding motif is important for TRAM
function, as mutation of a critical amino acid within the motif,
TRAM EI183A, inhibited the ability of TRAM to activate p38
MAPK and NF-«B- and IFN-S-luciferase promoters, while also
inhibiting TLR4-induced inflammatory responses. Additionally,
whereas TRAM interacts directly with TRAF6, TRAM E183A
could no longer recruit TRAF6. Importantly, the mutated
TRAM EI83A acted as a dominant-negative toward TLR4-medi-
ated signal transduction, and TRAF6 was demonstrated to be
important for TRAM-mediated signaling, as TRAF6-deficient
MEFs were not responsive to TRAM-induced activation of NF-«xB
and IFN-B. Based on the new data presented here, we propose
that TRAM directly recruits TRAF6 to the TLR4 signaling com-
plex and that this recruitment is important for NF-«B activation
and IFN-f induction, promoting a new role for TRAM in addi-
tion to its role as a bridging adaptor for TRIF.
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Figure 4. TRAM interaction with TRAF6 mediates NF-kB and IFN- activation. HEK293 cells (2X10*/ml) were transiently transfected with TK-
Renilla and (A) «B-luciferase and (B) IFN-B-luciferase reporter constructs in conjunction with TRAM or TRAM E183A (10—40 ng). Readings are
normalized as expressed luciferase reporter activity over constitutively expressed TK-Renilla luminescence. Results are mean * sEM of triplicate
determinations performed in three independent experiments. (C) HEK293 cells (2X10*) were cotransfected with the components of the pFR-lu-
ciferase (80 ng) and p65"'°"-Gal4, ¢jun (JNK pathway; 2 ng), CHOP (p38 pathway; 5 ng), and Elk-1 (ERK pathway; 5 ng) Gal4 fusion vectors,
respectively, together with TRAM and TRAM E183A plasmids (40 ng). Results are mean = seM for triplicate determinations (¥*¥*P<0.001; n=3).
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Figure 5. Expression of TRAM E183A inhibits TLR4-mediated activa-
tion of NF-kB- and IFN-B-luciferase activity. HEK293 cells (2x10%),
stably expressing TLR4 and MD2, were transiently transfected with
TK-Renilla and (A) NF-«kB-luciferase and (B) IFN-B-luciferase re-
porter constructs in conjunction with indicated amounts of TRAM
E183A (1-80 ng) for 24 h. Cells were stimulated for 6 h with 10
ng/ml LPS and assessed for luciferase activity. Results are normal-
ized to each individual cell line and represented as means = SEM of
three independent experiments.

Previous studies have demonstrated that Mal and TRIF bind
TRAFG via their respective TRAF6-binding motifs [17-19].
However, it should be noted that the role of TRAF6 in TRIF
signaling is controversial. Whereas some studies found that
TRAF6 functions exclusively in MyD88-directed signaling, oth-
ers suggest a secondary role in TRIF-mediated activation of
NF-kB [31, 32]. Our study demonstrates that TRAM also inter-
acts with TRAF6 and regulates signaling. Together, these stud-
ies suggest that adaptor interaction with TRAF6 may mediate
“alternate” signals emanating from the membrane-bound sig-
naling complexes that allow specificity and fine-tuning of TLR
signal transduction. It is important to note that MyD88 does
not contain a TRAF6-binding motif nor does it interact di-
rectly with TRAF6. It would appear that the role of MyD88 is
to direct the canonical signaling pathway that recruits TRAF6
to the signaling complex via IRAKI and IRAK4 to induce
NF-«B nuclear translocation in response to multiple TLRs.
Thus, the ability of the other adaptors—Mal (in response to
TLR2 and TLR4), TRIF (in response to TLR3 and TLR4) and
TRAM (in response to TLR4)—to associate independently
with TRAF6 allows modulation of the inflammatory response
by a subset of TLRs as a means of adding specificity and
regulatory control to the wide range of inflammatory re-
sponses to different TLRs. Our findings also suggest that
TRAFG plays a crucial role in mediating TRAM-dependent
signaling in TLR4 responses.

At present, we have a limited understanding of the molecu-
lar mechanisms by which postreceptor complexes form during
TLR signaling. Analysis of the crystal structure of Mal [33, 34]
and homology model of the TRAM TIR domain shows that the
critical glutamate residue in the P, position of the TRAF6-
binding motif (the nomenclature follows) [26] is surface-ex-
posed and can mediate direct interaction with TRAF6 (Fig. 8).
It should be noted that the Py position in the TRAM TRAF6-
binding motif is occupied by proline, not the prototypic aro-
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matic/acidic group assigned to a classic TRAF6-binding motif.
This may suggest that alternate residues may occupy the Py
position; however, the effect on binding avidity for TRAF6
is unknown. We have also noted that the side-chain of the
proline residue at the P_, position is partially buried in Mal
and TRAM, and the overall configuration of the TRAF6 mo-
tifs is not optimal compared with the structure of the CD40-
TRAF6 complex [26]. Furthermore, neither TRAM nor Mal
has acidic residues in the P, and P, positions, which have
previously been shown to increase the binding affinity to
TRAF6 [26] (Fig. 8C). Overall, this suggests that Mal and
TRAM may undergo a conformational change upon binding to
TRAF6 or that apart for the critical glutamate residue in the P,
position, the binding mode of Mal and TRAM to TRAF6 is dis-
tinct from CD40.

An interesting finding from these studies was the require-
ment of TRAF6 for TRAM-induced activation of the IFN-3-
luciferase promoter. These observations may be a result of
the previous finding that NF-kB is required to bind the PR-
DII that forms a component of the IFN-B enhanceosome
[36, 37]. NF-kB and IRF3 (via binding of the PRDI/III do-
main) are therefore both required for IFN-B promoter acti-
vation and expression. Therefore, the absence of TRAF6
recruitment to the signaling complex, either through an
inability to interact with TRAM (Fig. 2) or the absence of
TRAF6 (Fig. 6), would therefore not only affect NF-«B acti-
vation, as we observed, but also induction of IFN-f3, as a re-
sult of a lack of NF-kB in the IFN- enhanceosome. These
results exemplify further the requirement of an orches-
trated signaling pathway that converges on multiple transcription
factors and promoter binding sites to initiate the optimal inflam-
matory response. Disruption of this coordinated process can
therefore lead to dysregulated inflammation.

We have reported previously that Mal/TRAF6 association
regulates the activation of MAPKs, ERK and JNK, but not p38,
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Figure 6. TRAF6 is required to mediate TRAM-induced activation of
NF-kB and IFN-B. TRAF6-deficient MEFs (2X10°) were transfected
with TRAM or TRAM E183A (1-25 ng) in conjunction with TK-Renilla
and (A) NF-kB- or (B) IFN-B-luciferase. Cells were also transfected
with constitutively active IRF3 5D to assess activation of IFN-Buciferase pro-
moter activity. Shown is the mean relative luciferase activity = sEm for
a representative experiment from three separate experiments. The
readings are normalized for reporter luciferase expression over TK
Renilla expression.
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and that disruption of the Mal/TRAF6 interaction did not ab-
late TNF-a production, despite inhibiting NF-«B transcrip-
tional activation and IL-6 production [18]. Intriguingly, in this
study, we found that TRAM drove p38 activation, which was
inhibited upon disruption of the ability of TRAM to recruit
TRAF6 (i.e., in TRAM E183A). Importantly, p38 has been
shown to play a role in regulating TNF-o message stability and
protein expression [38, 39]. TLR4 induction of TNF-a has
been described previously as requiring the MyD88- and
TRAM/TRIF-dependent pathways to induce optimal expres-
sion [40, 41], and TRAM has been implicated further in
TLR4-induced translation of TNF-a [42]. As such, it may be
that TRAM association with TRAF6 acts to enhance or sensi-
tize responses, as evidenced by TRAM E183, predominately
affecting lower concentrations of LPS (Fig. 7), which was not
as apparent at higher concentrations, where sensitivity may not
be such an issue. Our finding that TRAM association with
TRAF6 regulates p38 activation complements our earlier
studies on Mal-dependent signaling via TRAF6 and may pro-
vide an understanding of the convergence of signaling path-
ways that promote optimal expression of this prototypic in-
flammatory cytokine.

In conclusion, we demonstrate TRAM as a novel interacting
partner of TRAF6, completing our understanding of how TIR-
containing adaptor proteins interact directly, in the case of
TRAM, Mal, and TRIF with TRAF6, or indirectly, in the case
of MyD88. Interestingly, a recent study found that TRAM was
required for IL-18 signaling and acted as a sorting adaptor for
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MyD88, further suggesting that there are alternate roles for
TRAM other than as an obligate bridging adaptor between
TLR4 and TRIF. Whereas future studies would concentrate on
understanding the molecular mechanisms underpinning how
TRAF6/TRAM association regulates signaling pathways, these
studies have identified a critical role for TRAM interacting
with TRAF6 to modulate downstream inflammation from
TLR4, adding further complexity to regulation of TLR signal-
ing. Importantly, TRAM is only used in TLR4 signaling. There-
fore, the ability to manipulate the interaction between TRAM
and TRAF6 may provide therapeutic opportunities to moder-
ate TLR4-mediated inflammation, which plays such a critical
role in many chronic inflammatory diseases. Whereas many
current therapies target MyD88, a limiting factor is the generic
dependency of nearly all inflammatory pathways on MyD88.
Our studies presented here suggest that modulation of TRAM
and TRAF6 association may specifically target only TLR4-medi-
ated inflammation, targeting potentially NF-kB and IFN path-
ways—something that targeting MyD88 alone would not achieve.
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