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introduction downstream from the TLR; the TIR of MyD88 interacts with the

) o . TIR of the TLRs, and the DD of MyD88 interacts with the DD of
Toll-like receptors (TLRs) are representative innate immune IRAK4, which forms a large protein complex called the
receptors that recognize pathogen-associated molecular patterns Myddosome [4].

(PAMPs). MyD88, a cytosolic adaptor protein, is involved in the
signaling pathways initiated by all of the reported TLRs with the
exception of TLR3 [1]. Usually, PAMPs first bind to the

extracellular domain ?f the TLRs, af]d the cytosolic. region of pathway plays a major role in endotoxin shock. Two modes of the
TLRs then interact with MyD88, which allows the signal to be signaling have been described: the MyD88-dependent and
transmitted to the downstream ’kinase In'tcrleuki‘n (I‘L) -1 receptor MyD88-independent pathways. In the MyD88-dependent TLR4
associated kinase 4 (IRAI{_4)' .I'he resulting activation of IRAK? signal transduction pathway, another TIR domain-containing
eventually leads to the activation of the transcription factors NF- adaptor protein, Mal (also called TIRAP), plays an important role.
FB and AP-1 via conserved .phosphorylz?non casczjdes [2] MyDg8 Mal binds MyD88 via a homotypic TIR interaction and then
is cox?uposcd of two ﬁmcnonal. domziuns: an I\'te‘rmmal death associates with the plasma membrane using its PIP2-binding
domain (DD) and a C-terminal Toll/Interleukin-1 receptor  jomain, Thus, Mal has been suggested to serve as a “sorting
homology (TIR) domaxr} (31 T:he DD is a protein interaction adaptor” that recruits the “signaling adaptor”, MyD88, to the
module that is involved in a variety of cellular events. Similar to membrane region where the activated TLR# resides [5]. Mal is
tf]e DI_)’ the TIR. d?fnam als? medxa.tes protem-protein interac- not an essential factor for the signaling because signal transduction
txoni via homot}rp{c T'R-TIR Interactions. In ‘contrast‘to the DD, can occur even without Mal [6,7], but Mal can substantially
the TIR domain is almost exclusively found in the TLR related ¢, iilitate the signaling. A pair of TIR domain-containing adaptors,
cytosolic adaptors or in the cytosolic regions of the TLRs, IL-1 and TIR domain-containing adaptor inducing IFN-B (IRIF) and
IL-IS‘ receptors. Homotyp}c interactions of tl?es'e protein in- TRIF-related adaptor molecule (TRAM), is known to play
teraction modules play a pivotal role in transmitting the signals important roles in the MyD88-independent TLR4-signaling

TLR4 signaling, the best character17ed s!gnalmg pathway
-among a dozen of known TLR pathways, is activated by
lipopolysaccharide (LPS) from gram-negative bacteria, and the
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pathway in which TRIF and TRAM function as the signaling and
the sorting adaptors, respectively. This pathway transmits signals
from TLR4 at early endosomes after the LPS-induced internal-
ization of TLR4 [8,9]. TRAM is known to deliver TRIF to the
endosomes via a specific region of the plasma membrane by using
its myristoylation site and polybasic region [10]. These findings
indicate that the specific combinations of the sorting and the
signaling TIR-containing adaptors define the specific signal
transduction pathways.

MyD88 is also involved in acquired immune responses because
it mediates the signals from the inflammatory cytokines IL-1 and
1L-18; ligand-activated IL-1/IL-18 receptors that subsequently
interact with MyD88 to trigger downstream protein kinase
cascades that eventually activate the transcription factors NF-xB
and AP-1 in a similar mamner to TLR signaling. Although the
intracellular signaling pathway is similar to the MyD88-dependent
TLR4 pathway, the sorting-adaptor Mal is not involved [11]. As
mentioned above, TLR4 signaling is facilitated either by Mal
(MyD88-dependent pathway) or TRAM (MyD88-independent
pathway) in a pathway-dependent manner. The former mainly
localizes in PIP2 rich plasma membrane regions, while the latter is
found not only in the plasma membrane but also in the
internalized early endosomes that dispatch the signals. Thus,
different sorting adaptors recruit MyD88 to different membrane
regions and create distinct types of signal initiation complexes. In
contrast to TLR signals, IL-1/1L-18 signaling has not thus far
been thought to require such sorting adaptors. Interestingly,
Kagan ef al. reported that an engineered MyD88 that is endowed
with PIP2 binding ability could rescue the LPS-TLR4 signaling in
mouse embryonic fibroblast (MEF) cells from MyD88 and Mal
double knockout mice, although it failed to rescue IL-1 signaling in
the cells [5]. This observation suggests that TLR4 and IL-1R are
located in distinct regions of the plasma membrane, which then
raises the hypothesis that unidentified sorting adaptors selectively
bring MyD88 to the appropriate membrane region to form signal
initiation complexes with activated IL-1 and IL-18 receptors.

In this study, we sought the sorting adaptor for IL-18 signaling
and discovered that TRAM is responsible for this function.
TRAM was demonstrated to directly interact with MyD88 in in
sitro binding experiments in which a homotypic TIR-TIR
interaction plays a vital role. The efforts to identify the interacting
sites in the MyD88-TIR interaction revealed that two surface sites
of MyD88-TIR are direct interfaces with TRAM-TIR. Interest-
ingly, these interaction sites overlap with the sites for Mal binding
[12]. Furthermore, cellular assays demonstrated the functional
involvement of TRAM in the IL-18 signal transduction, and
TRAM changed the localization of MyD88 from the cytosol to the
membranous regions. These new findings strongly suggest that
TRAM is the membrane-sorting adaptor for MyD88 in IL-18
signaling and plays a critical role in transmitting the signal. Thus,
the mechanism of signal initiation is more conserved between the
MyD88-dependent TLR4 pathway and IL-18 signaling than
previously thought.

Results
Binding of TRAM to MyD88

Five TIR containing adaptor proteins have been previously
identified: MyD88, Mal, TRIF, TRAM and SARM. Mal and
TRAM were reported to be the sorting adaptors for MyD88 and
TRIF, respectively [13]. Because a model structure of the TIR
domain of TRAM represents a substantially large negatively
charged surface area (Figure S1), while the TIR domain of MyD88
is covered by positive charge, we expected some interaction

@ PLoS ONE | www.plosone.org

74

Interaction of MyD88 with TRAM

between these two adaptor molecules. We thus further hypothe-
sized that TRAM also functions as the sorting adaptor for MyD88
in the IL-18 signaling pathway. To test these ideas, we first
examined the direct interaction between MyD88 and TRAM. As
both of the adaptors contain the TIR domain, which mediates the
protein-protein interaction generally via homomeric or hetero-
meric TIR-TIR interactions, the direct interaction between the
MyD88-TIR and the TRAM-TIR was examined with a GST-pull
down assay. The results indicated that the wild-type MyD88-TIR
directly bound the TRAM-TIR with a higher affinity than Mal,
while the interaction between MyD88-TIR and TLRI-TIR,
which had been shown not to bind the MyD88-TIR [14], was not
detected in this method (Figure 1A). We then examined the
interaction between MyD88 and TRAM in cells using a co-
immunoprecipitation analysis. When Myc-MyD88 and FLAG-
TRAM were co-expressed in HEK293 cells, the Myc-MyD88
constitutively associated with the FLAG-TRAM (Ifigure 2), which
is consistent with our GST-pull down assay. Strikingly, upon
stimulation of the cells with IL-18, the MyD88-TRAM complex
gradually dissociated over a 30- to 120-minute time course. The
HEK293 cells inherently express IL-18Ra (formerly called IL-
1Rrp), which is a necessary component for IL-18 signaling, but
lack IL-18RB (formerly called IL-1AcPL). Thus, we additionally
co-expressed IL-18RP in the cells for this experiment.

Binding of TRAM to IL-18 Receptors

For the activation of IL-18 signaling, the heterodimerization of
two IL-18 receptors, IL-18Ra and 1L-18R B, has been shown to be
required [15]. These receptors belong to the IL-1 receptor
superfamily and are thus structurally homologous to one another.
The extracellular region contains immunoglobulin (Ig)-like chains,
while the cytosolic region has a TIR domain that interacts with the
TIR domain of MyD88. To test the interaction of TRAM with
these IL-18 receptors, we performed GST pull-down assays using
the TIR domains of the IL-18 receptors and TRAM. The results
showed that the TIR domains from both IL-18Rea and IL-18R
directly bound the TRAM-TIR (Figure 1B).

Involvement of TRAM in IL-18 Signaling

After obtaining the evidence that TRAM interacts with MyD88
both in witro and in cells, we then examined the possible
involvement of TRAM in IL-18 signaling. We knocked-down
the endogenous TRAM expression in HEK293 cells using siRINA
techniques and then performed NF-kB reporter assays for the IL-
18 signal transduction in the cells. The shRNA for the TRAM
expressing vector was generated based on the previously reported
target sequence [16]. When the expression of TRAM was
knocked-down (Figure 3A), NF-kB activity after IL-18 stimulation
was markedly decreased relative to the negative control experi-
ments that used scrambled shRNA (Figure 3B). This result
indicates that the knock-down of TRAM expression actually
impaired the I1-18 signal transduction. We confirmed the knock-
down effect of this shRNA sequence for TRAM via the LPS-
stimulated activation of IFN-B promoter, which is presumably due
to the suppression of the MyD88-independent TLR4 pathway
mediated by TRAM and TRIF (Figure 3C). The effect was similar
when compared to the results obtained from a dominant negative
form of TRAM (C117H). TRAM (C117H) showed an almost
complete shutdown of the LPS/TLR4/IFN-B signaling in the cells
(Figure 3D) and the decrease of the enhancement of NF-xB
activity induced by IL-18 (Figure 3E). To further confirm the
involvement of TRAM in the IL-18 signaling pathway, we
evaluated the cytokine production from helper type 1 differenti-
ated T (Thl) cells isolated from TRAM-deficient mice and
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MyD88-deficient mice. IL-18 did not produce IFN-y from not
only MyD88-deficient Thl cells but also TRAM-deficient Thl
cells, significantly. And, IL-18 alone or IL-18 and IL-12 co-
stimulated TRAM-deficient Th1 cells produced significantly lower
IFN-v levels than those of wild-type Thl cells (Figure 4).

I1L-18 Modulates MyD88-TRAM Subcomplex in Human
Cells

Next, we further investigated whether MyD88 actually inter-
acted with TRAM in human HEK293T cells by live cell
fluoroimaging. When we transiently transfected a DsRed-TRAM
construct into HEK293T cells, the protein localized to the plasma
membrane region, which was consistent with a previous report
[10] (Figure 5A). In contrast, GFP-MyD88 was dominantly found
as foci in the cytosol in the cells expressing the protein; this has also
been shown by others [17] (Figure 5B). Strikingly, when
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HEK293T cells were co-transfected with expression plasmids for
GFP-MyD88 and DsRed-TRAM, MyD88 proteins moderately
co-localized with TRAM in the membrane regions (Figure 5C).
These data strongly suggest that this transient interaction between
the two proteins dramatically altered the localization of GFP-
MyD88 from the cytosol to the membranes. Thus, TRAM both
bound and endowed MyD88 with membrane targeting properties
as has been previously demonstrated for Mal [5].

Identification of Important Amino Acid Residues of the
MyD88-TIR in IL-18 Signaling

Having established that MyD88 and TRAM directly interact
and that the Interaction is critical in IL-18 signaling, we next
carried out experiments to identify the amino acid residues of
MyD88 that are important in this interaction. A cell-based
reporter assay system was utilized to examine various mutations in
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Figure 2. Assay of the interaction between MyD88 and TRAM in IL-18 signaling. (A) MyD88 and TRAM were co-expressed in HEK293T cells
along with IL-18RB. IL-18 stimulation was carried out as indicated. MyD88 was immunoprecipitated using the Myc-tag antibody; co-
immunoprecipitated TRAM was also detected. (B) The opposite direction co-immunoprecipitation assay between MyD88 and TRAM. Myc-MyD88

was detected with immunoprecipitated FLAG-TRAM.
doi:10.1371/journal.pone.0038423.9002

the MyD88-TIR as previously reported [12]. The results are
shown in Figure 6A. An alanine substitution of any one of eight
residues (Argl96, Aspl97, Lys214, Arg217, Lys238, Arg269,
Lys282 or Arg288) caused significantly reduced dominant negative
inhibitory effects on IL-18 signaling indicating that these residues
are involved in the signal transduction. These eight residues are
mapped on the protein structure of the MyD88-TIR (PDB code:
2z5v) (Figure 6B). In our previous experiments for LPS/TLR4
signaling using the same luciferase reporter system, three discrete
functional sites were found on the surface of the MyD88-TIR,
which we designated Site 1, Site II, and Site III (Figure 6B) [12].
Five out of the eight residues, Argl96 (Site II), Asp197 (Site I),
Arg217 (Site I), Lys282 (Site IlI) or Arg288 (Site III) were
previously found to be important in the LPS/TLR#4 signaling. We
then examined the direct binding of the representative mutants of
each functional sites of MyD88-TIR to the TRAM-TIR using
GST pull-down assays (Figure 6C). The results indicate that the
binding between the MyD88-TIR and TRAM-TIR is dependent
on Sites II and III because the alanine substitution of either
Arg196 or Arg288 resulted in decreased binding. Furthermore, the
interaction between the MyD88-TIR and TRAM-TIR was
completely abrogated when both Argl96 and Arg2838 were
mutated. Additionally, co-immunoprecipitation assay also showed
the reduction of interaction between MyD88 R196A-R288A
mutant and TRAM (Figure 6D). In contrast, a Site I mutant,
R217A, did not show a significant decrease in binding affinity.
Overall, these interactions are very similar to those observed
between the MyD88-TIR and Mal-TIR [12], indicating that
TRAM and Mal share the same binding sites on MyD88-TIR.

Discussion

Involvement of TRAM in the IL-18 Pathway
Mal has been reported to function as the sorting adaptor in the
TLR4 signaling that brings MyD88 to the plasma membrane to
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mediate the interactions between TLR4 and MyD88 [5]. Because
the IL-1 and IL-18 receptors also form signal initiation complexes
that contain MyD88, presumably at distinct membrane regions
from TLR4, the existence of currently unidentified sorting
adaptors that recruit MyD88 to specific membrane regions and
mediate the interactions between MyD88 and the IL-1/IL-18
receptors has been hypothesized [5]. Although several reports
have been published to date, the involvement of TRAM in IL-1
signaling remains controversial [16,18,19,20]. Using TRAM-
deficient mice, Yamamoto e al showed that TRAM is not
involved in IL-1 signaling. Despite the homology between IL-1
and IL-18, the relationship between TRAM and IL-18 had not yet
been elucidated. In this study, we sought the sorting adaptor that
acts in IL-18 signaling and found that TRAM fulfils this role. It
was proposed that the electric potential is important for the
specific interactions between the TIR domain proteins [21].
According to the electric surface potentials of the TIR domain
structures, the TRAM-TIR and Mal-TIR both have a largely
acidic surface patch, while the MyD88-TIR has a largely basic
surface patch (Figure S1). Therefore we hypothesized that TRAM
interacts with MyD88 and works as the sorting adaptor that
recruits MyD88 in IL-18 signaling. In fact, TRAM has already
been reported as the sorting adaptor in the MyD88-independent
TLR4 pathway in which TRAM recruits TRIF to specific
membrane regions [10,22]. Nonetheless, in this work we obtained
multiple results that indicate that TRAM functions as the sorting
adaptor for IL-18 signals as we initially hypothesized. First,
TRAM bound to MyD88 in witro and in cells (Figure 14, 2, and
5C). Second, the intracellular TIR domains of IL-18 receptors also
bound to TRAM-TIR (Figure 1B). Finally, the shRNA knock-
down of TRAM expression and knock-out of TRAM caused
a significant decrease in the cellular response to IL-18 stimulation
(Figure 3 and 4). These findings strongly suggest that TRAM
functions as the sorting adaptor for MyD88 in IL-18 signaling. On
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