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Interleukin-1 (IL-1) receptor-associated kinase (IRAK) plays an important role in the sequential formation
and activation of IL-1-induced signaling complexes. Previous studies showed that IRAK is recruited to the
IL-1–receptor complex, where it is hyperphosphorylated. We now find that the phosphorylated IRAK in turn
recruits TRAF6 to the receptor complex (complex I), which differs from the previous concept that IRAK
interacts with TRAF6 after it leaves the receptor. IRAK then brings TRAF6 to TAK1, TAB1, and TAB2, which
are preassociated on the membrane before stimulation to form the membrane-associated complex II. The
formation of complex II leads to the phosphorylation of TAK1 and TAB2 on the membrane by an unknown
kinase, followed by the dissociation of TRAF6-TAK1-TAB1-TAB2 (complex III) from IRAK and consequent
translocation of complex III to the cytosol. The formation of complex III and its interaction with additional
cytosolic factors lead to the activation of TAK1, resulting in NF-�B and JNK activation. Phosphorylated IRAK
remains on the membrane and eventually is ubiquitinated and degraded. Taken together, the new data reveal
that IRAK plays a critical role in mediating the association and dissociation of IL-1-induced signaling
complexes, functioning as an organizer and transporter in IL-1-dependent signaling.

Interleukin-1 (IL-1), a major inflammatory cytokine, exerts
its biological effects by activating the transcription of various
responsive genes (7). The transcription factors activated by
IL-1 include NF-�B, AP1, and ATF (2, 19, 20). The IL-1
receptor complex is composed of the type 1 receptor (IL-1R)
and the receptor accessory protein (IL-1RAcp) (8–10). Upon
IL-1 stimulation, the cytosolic proteins MyD88 (1, 15, 28) and
Tollip (3) are recruited to this receptor complex, where they
function as adaptors, recruiting IL-1 receptor-associated ki-
nase (IRAK) in turn. IRAK, a serine-threonine kinase, is phos-
phorylated at the receptor complex and then interacts with
TRAF6 (4, 5, 12–14). Phosphorylated IRAK is eventually ubi-
quitinated and degraded (31). IRAK4 has recently been shown
to be an essential component for the IL-1 signaling pathway
and proposed to function as an IRAK kinase (11, 24). IRAK
and TRAF6 interact with TAK1, a member of the MAP kinase
kinase kinase (MAPKKK) family, and two proteins that bind
to it, TAB1 and TAB2 (18, 25). The kinase activity of TAK1 is
thus activated upon IL-1 stimulation. While genetic studies
show that IRAK is required for the activation of TAK1 (26), in
vitro biochemical analyses reveal that TRAF6-mediated ubiq-
uitination may also play an important role in TAK1 activation
(27). The activation of TAK1 eventually leads to the activation
of I�B kinase (IKK) by an unknown mechanism. Activated

IKK phosphorylates the inhibitory I�B proteins, which are
then degraded, releasing NF-�B to activate transcription in the
nucleus (17, 22, 29, 35). Activated TAK1 has also been impli-
cated in the IL-1-induced activation of MKK6 and JNK (18),
leading to the phosphorylation and activation of ATF and AP1,
thereby also activating transcription.

We have previously taken a genetic approach to study IL-1-
dependent signaling pathways; through random mutagenesis,
we generated IL-1-unresponsive cell lines lacking specific com-
ponents of the pathways. Mutant cell line I1A, which lacks
both IRAK protein and mRNA (12, 13), has been used effec-
tively to study structure-function relationships of IRAK in IL-
1-dependent signaling (12, 13). Neither NF-�B nor JNK is
activated in IL-1-treated I1A cells, but these responses are
restored in I1A-IRAK cells, indicating that IRAK is required
for both. However, the kinase activity of IRAK is not required
for IL-1-dependent signaling (12, 13), since kinase-dead IRAK
mutants were still able to restore IL-1 responsiveness in mu-
tant I1A cells. On the other hand, IL-1-induced phosphoryla-
tion of IRAK probably plays a critical role in its interaction
with TRAF6, TAK1, TAB1, and TAB2 and in the activation of
TAK1 and IKK. The IRAK phosphorylated in response to IL-1
is membrane-bound, whereas TRAF6 and TAB2 are localized
on the membrane ever before stimulation. Previously, Qian et
al. (21) reported that IRAK is required for the IL-1-induced
translocation of TRAF6 and TAB2 from the membrane to the
cytosol, probably through their signal-dependent interaction
on the membrane, and proposed that the translocation of both
TAB2 and TRAF6 are required to form a TRAF6-TAK1-
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TAB1-TAB2 complex in the cytosol, leading to the activation
of NF-�B and JNK.

Although much progress has been made in understanding
IL-1-mediated signaling, many questions still remain. For ex-
ample, we do not know exactly how TAK1 is activated, nor do
we understand the precise role of IRAK in TAK1 activation. It
is also unknown how activated TAK1 leads to the activation of
IKK and JNK. We now attempt to elucidate the details of the
molecular mechanism of IL-1-dependent signal transduction
by investigating the sequential formation and activation of
signaling complexes upon IL-1 stimulation. We find that
TRAF6 is recruited to the IL-1 receptor complex (complex I)
through IRAK upon IL-1 stimulation. IRAK-TRAF6 then
leaves the receptor to form complex II with TAK1, TAB1, and
TAB2, which are preassociated on the membrane before stim-
ulation. Importantly, formation of this complex II leads to the
phosphorylation of TAK1 and TAB2 but not the activation of
TAK1 on the membrane. TRAF6, TAB2, TAK1, and TAB1
(complex III) subsequently dissociate from IRAK and translo-
cate from the membrane to the cytosol, where the TAK1 is
activated.

MATERIALS AND METHODS

Biological reagents and cell culture. Recombinant human IL-1� was provided
by the National Cancer Institute. Anti-IL-1R and anti-IRAK polyclonal antibod-
ies were a kind gift of Zhaodan Cao (Tularik, South San Francisco, Calif.).
Anti-TRAF6 and anti-actin polyclonal antibodies were from Santa Cruz (Santa
Cruz, Calif.). Rabbit anti-TAK1, anti-TAB1, and anti-TAB2 polyclonal antibod-
ies were described previously (18, 25). 293-TK/Zeo cells (12), I1A cells, and I1A
cells transfected with IRAK deletion mutants (13) were maintained in Dulbec-
co’s modified Eagle’s medium, supplemented with 10% fetal calf serum, peni-
cillin G (100 �g/ml), and streptomycin (100 �g/ml).

Recombinant plasmids and stable transfection. IRAK deletion constructs
were described previously (13). pE-selectin-luc, an NF-�B-dependent E-selectin-
luciferase reporter plasmid, was described by Schindler and Baichwal (23). For
stable transfections, 2 � 105 cells were seeded onto a 10-cm-diameter plate and
cotransfected the following day by the calcium phosphate method with 10 �g of
each expression vector and 1 �g of pBabePuro. After 48 h, the cells were selected
with 1 �g of puromycin per ml until clones appeared.

Coimmunoprecipitation and immunoblotting. Cells that were not treated or
treated with IL-1 (100 U/ml) were lysed in a Triton-containing lysis buffer (0.5%
Triton X-100, 20 mM HEPES [pH 7.4], 150 mM NaCl, 12.5 mM �-glycerophos-
phate, 1.5 mM MgCl2, 10 mM NaF, 2 mM dithiothreitol, 1 mM sodium or-
thovanadate, 2 mM EGTA, 20 �M aprotinin, 1 mM phenylmethylsulfonyl fluo-
ride). Cell extracts were incubated with 1 �g of antibody or preimmune serum
(negative control) for 2 h, followed by a 2-h incubation with 20 �l of protein
A-Sepharose beads (prewashed and resuspended in phosphate-buffered saline at
a 1:1 ratio). After incubation, the beads were washed four times with lysis buffer,
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to Immobilon-P membranes (Millipore), and analyzed by
immunoblotting.

In vitro phosphorylation assay. TAK1 and TAB2 immunoprecipitates were
incubated with 1 �g of bacterially expressed MKK6 in 20 �l of kinase buffer
containing 10 mM HEPES (pH 7.4), 1 mM dithiothreitol, 5 mM MgCl2, and 5
�Ci of �-32P-labeled ATP (3,000 Ci/mmol) at 25°C for 2 min. Samples were
subjected to SDS-PAGE again and transferred to Immobilon-P membranes, and
the proteins were visualized by autoradiography. The membranes were also
analyzed by immunoblotting.

Subcellular fractionation. The subcellular fractionation method described
previously (21) was used with modifications. Cells were lysed in a hypotonic
buffer (10 mM HEPES [pH 7.4], 1.5 mM MgCl2, 10 mM KCl, 0.2 mM phenyl-
methylsulfonyl fluoride, 0.5 mM dithiothreitol) and homogenized on ice with a
Dounce homogenizer. To ensure complete breakdown of the cell membrane
sheets to small membrane vesicles, 107 cells were lysed in 1 ml of hypotonic
buffer (three times more buffer was used than that in the previous protocol [21])
and homogenized with 45 strokes (30 strokes used in the previous protocol [21]).
Unlysed cells, cell debris, and nuclei were removed by centrifugation at 1,000 �

g for 5 min. Soluble (supernatant [S-100]) and particulate (pellet [P-100]) frac-
tions were generated by centrifugation at 100,000 � g for 1 h at 4°C. P-100 was
solubilized in the Triton-containing lysis buffer and were centrifuged at 10,000 �
g for 10 min.

RESULTS

IRAK is required for the recruitment of TRAF6 to IL-1R.
Previously it was shown that IRAK is recruited to the IL-1
receptor and hyperphosphorylated upon IL-1 stimulation (31).
It was believed that phosphorylated IRAK then leaves the
receptor complex to interact with TRAF6 in the cytoplasm,
leading to the activation of NF-�B and JNK. However, TRAF6
is also recruited to the IL-1 receptor upon stimulation (Fig. 1
and 2A). We performed time course experiments to examine
the interactions of IRAK and TRAF6 with IL-1R. Extracts of
293 cells treated with IL-1 for different times were immuno-
precipitated with anti-IL-1R or anti-IRAK, followed by West-
ern blot analyses with antibodies against IL-1R, IRAK, and
TRAF6. IRAK interacts with IL-1R immediately after IL-1
stimulation (Fig. 2A). The recruitment of IRAK peaked at 30
min and was sustained for more than 2 h. Interestingly, TRAF6
was also recruited to the receptor complex, but this binding
was more transient. While the recruitment of TRAF6 peaked
between 2 and 5 min, most TRAF6 had left IL-1R 10 min after
IL-1 stimulation. On the other hand, the interaction of TRAF6
with IRAK peaked at 10 min and was sustained for up to 2 h.
Taken together, these results indicate that both IRAK and
TRAF6 are recruited to the IL-1R upon IL-1 stimulation,
where they form an initial complex, which then dissociates
from the receptor to interact with downstream components.

We have previously generated through random mutagenesis
IL-1-unresponsive cell lines deficient in specific components of
the pathway. Cell line I1A lacks both the IRAK protein and
mRNA. To determine whether the recruitment of TRAF6 to
the receptor is through IRAK, we studied the TRAF6–IL-1R
interaction in I1A cells. Extracts of wild-type 293 and mutant
I1A cells, untreated or treated with IL-1, were immunoprecipi-
tated with anti-IL-1R antibody, followed by Western blot anal-
yses with antibodies against TRAF6 and IL-1R. While TRAF6
was recruited to the receptor in wild-type cells, it failed to
interact with the receptor in IRAK-deficient I1A cells (Fig.
2B). Transfection of IRAK into the I1A cells restored the
recruitment of TRAF6 to the IL-1R. Taken together, the
above data indicate that IRAK is required for the recruitment
of TRAF6 to the receptor. For convenience, IL-1R–IRAK–
TRAF6 is hereafter referred to as complex I (Fig. 1).

IRAK is a multidomain protein containing an N-terminal
death domain (DD) (residues 1 to 103), followed by a domain
of unknown function (UD) (N-terminal proximal domain)
(residues 104 to 198), a kinase domain (KD) (residues 199 to
522), and a two-part C-terminal domain also of unknown func-
tion (C1 [residues 523 to 618] and C2 [residues 619 to 712]).
IRAK-deficient I1A cells have been used effectively to study
the structure-function relationship of IRAK in IL-1-dependent
signaling (12). To identify the domains of IRAK required for
the formation of complex I, we examined the interactions of
IRAK and TRAF6 with IL-1R in IRAK-deficient I1A cells
transfected with the various deletion mutants. Coimmunopre-
cipitation experiments showed that deletion of KD, C1, or C2
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of IRAK had no effect on the interactions between IRAK–IL-
1R, IRAK-TRAF6, and TRAF6–IL-1R (Fig. 2C and 3),
whereas IRAK mutants lacking the N-terminal DD or both C1
and C2 neither interacted with IL-1R or TRAF6 nor supported
the recruitment of TRAF6 to the receptor (Fig. 2C and 3),
suggesting that DD and the intact C terminus are required for
the IL-1-induced recruitment of IRAK-TRAF6 to the IL-1R.
On the other hand, the IRAK mutant lacking the N-terminal
proximal UD showed only constitutive interaction with IL-1
receptor, but it failed to interact with TRAF6 and was unable
to mediate the recruitment of TRAF6 to the receptor (Fig. 2C
and 3). Taken together, the above results show that the do-
mains of IRAK required for its interaction with the IL-1 re-
ceptor and TRAF6 are also required to recruit TRAF6 to the
receptor, further indicating that the interaction of TRAF6 with
the IL-1 receptor is through IRAK.

Release of IRAK and TRAF6 from the IL-1 receptor pre-

cedes their interaction with TAK1 and TAB2. Previous studies
revealed that both IRAK and TRAF6 interact with TAK1,
TAB1, and TAB2 upon IL-1 stimulation, probably leading to
the activation of TAK1 (18, 21, 22). However, it is not clear
how and when these proteins interact with each other. From
the data presented above, it is likely that the IRAK-TRAF6
complex forms at the receptor and then leaves to interact with
downstream signaling components. To test this point, we first
performed time course experiments to examine the interac-
tions of IRAK-TRAF6 with TAK1 and TAB2 upon IL-1 stim-
ulation (Fig. 4A). IRAK and TRAF6 show very similar kinetics
of interaction with TAK1 and TAB2, suggesting that IRAK
and TRAF6 bind to TAK1 and TAB2 as a complex. Further-
more, the interaction of IL-1R with TAK1 and TAB2 was not
detected by coimmunoprecipitation with anti-IL-1R, anti-
TAK1, or anti-TAB2 antibody (data not shown), suggesting
that the interaction of IRAK-TRAF6 with TAK1 and TAB2

FIG. 1. A revised model for IL-1-dependent signaling. Upon IL-1 stimulation, the adaptor molecules MyD88 and Tollip are recruited to the
IL-1 receptor complex, which then recruits IRAK. IRAK is hyperphosphorylated, mediating the recruitment of TRAF6 to the receptor complex
(complex I). IRAK4 is included in complex I, since it has been suggested that it may function as an IRAK kinase. IRAK-TRAF6 then leaves
complex I to interact with preassociated TAK1, TAB1, and TAB2 on the membrane, resulting in the formation of complex II. The formation of
complex II leads to the phosphorylation of TAK1 and TAB2, which facilitates the formation and translocation of complex III from the membrane
to the cytosol. The formation of complex III and its interaction with additional factors in the cytosol lead to the activation of TAK1. The activated
TAK1 causes, directly or indirectly, the activation of IKK and MKK6, resulting in activation of NF-�B and JNK. X and Y are unknown
components. P*, phosphorylation; U, ubiquitination.
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FIG. 2. Formation of complex I. (A) Recruitment of TRAF6 to the
IL-1 receptor. Extracts of 293 cells either untreated or treated with
IL-1 for the indicated times, immunoprecipitated (IP) with anti-IL-1R
or anti-IRAK antibody, and subjected to Western blot analysis with
anti-IL-1R, anti-IRAK, or anti-TRAF6 antibody. (B) The recruitment
of TRAF6 to IL-1 receptor is IRAK dependent. Extracts of 293 cells
(wild type [WT]), IRAK-deficient cells (I1A), I1A cells stably trans-
fected with IRAK (I1A-IRAK), either untreated or treated with IL-1
for 10 min were immunoprecipitated with anti-IL-1R antibody and
subjected to Western blot analysis with anti-TRAF6 and anti-IL-1R
antibodies. (C) Domains of IRAK required for the recruitment of
IRAK-TRAF6 to IL-1 receptor. Extracts of 293 cells (WT), IRAK-
deficient I1A cells transfected with IRAK deletion mutants dDD,
dUD, dKD, dC2, dC1C2, and DD�UD�C1 either untreated or
treated with IL-1 for 10 min were immunoprecipitated with anti-IL-1R
antibody and probed with anti-IRAK, anti-TRAF6, or anti-IL-1R an-
tibody.

VOL. 22, 2002 IRAK-DEPENDENT IL-1-INDUCED SIGNALING COMPLEXES 7161



occurs after the release of IRAK-TRAF6 from the receptor
complex (complex I [Fig. 1]).

Using the IRAK-deficient I1A cells, we found that interac-
tion of TRAF6 with TAK1 and TAB2 is IRAK dependent (Fig.
4B and data not shown), further supporting the conclusion that
IRAK and TRAF6 bind to TAK1 and TAB2 as a complex. To
identify the domains of IRAK required for those interactions,
we studied these components in I1A cells transfected with the
IRAK deletion mutants (Fig. 3 and 4C). The deletion of KD,
C1, or C2 had no effect on the interactions between IRAK-
TAK1, IRAK-TAB2, TRAF6-TAK1, and TRAF6-TAB2 (Fig.
3 and 4C). Deletion mutants lacking the whole C terminus or
the N-terminal DD neither interacted with TAK1 or TAB2 nor
supported the interaction of TRAF6 (Fig. 3 and 4C), indicating
that these two domains are required for the interaction of
IRAK-TRAF6 with TAK1 and TAB2. Although the deletion
mutant lacking UD interacted with TAK1 constitutively, as
discussed above, it failed to interact with TRAF6 and was also
unable to mediate the interaction of TRAF6 with TAK1 and
TAB2 (Fig. 3 and 4C). Taken together, the above results show
that the domains of IRAK that are required for its interaction
with TRAF6, TAK1, and TAB2 are also required for the in-
teraction of TRAF6 with TAK1 and TAB2, further indicating
that the interaction of TRAF6 with TAK1 and TAB2 is
through IRAK.

TAK1, TAB1, and TAB2 are preassociated on the mem-
brane. We have previously studied the subcellular localization
of IRAK, TRAF6, TAK1, TAB1, and TAB2 (21). While both
TRAF6 and TAB2 were localized on the membrane before
stimulation, the phosphorylated IRAK induced by IL-1 stim-
ulation was also membrane-bound. Using the IRAK-deficient
cells, we reported that IRAK was required for the transloca-
tion of TRAF6 and TAB2 from the membrane to the cytosol.
On the other hand, TAK1 and TAB1 were mostly localized in
the cytosol before or after stimulation, although small amounts
of TAK1 and TAB1 were detected in the membrane. Surpris-

ingly, we now found that TAK1, TAB1, and TAB2 are preas-
sociated before stimulation and the association remained after
stimulation (Fig. 5A). Further, the preassociation of these
three components was independent of IRAK, since their in-
teractions were intact in I1A cells.

The dilemma is that whereas it is clear that TAK1, TAB1,
and TAB2 are preassociated, it was shown previously that
TAB2 is membrane-bound and TAK1 and TAB1 are primarily
localized in the cytosol (20). Therefore, we reexamined the
subcellular localization of TAK1, TAB1, and TAB2. Interest-
ingly, with the modification of the protocol (Materials and
Methods), we found that, although the majority of TAK1 and
TAB1 was detected in the cytosol (S100), there were compa-
rable amounts of TAK1, TAB1, and TAB2 in the P100 fraction
(Fig. 5B and data not shown). Thorough homogenization of
the cells in hypotonic buffer ensured complete breakdown of
the cell membrane sheets to small vesicles, which helped to
enrich the membrane-bound TAK1 and TAB1 proteins in
P100 instead of in the cell debris. While TAB2 was exclusively
localized in the membrane, Triton in lysis buffer solubilized the
membrane-bound TAB2 in the cytosol. To examine whether
TAK1, TAB1 and TAB2 form a complex in the membrane,
P100 was solubilized in buffer containing 0.5% Triton, immu-
noprecipitated with anti-TAB2 antibody, and subjected to
Western blot analyses with anti-TAB2, anti-TAB1, and anti-
TAK1 antibodies (Fig. 5B). TAK1, TAB1, and TAB2 were
indeed found in a complex in the membrane fraction. Taken
together, the data suggest two pools of TAK1 and TAB1.
While the majority resides in the cytosol, some TAK1 and
TAB1 are preassociated with TAB2 on the membrane.

Formation of complex II (IRAK-TRAF6-TAK1-TAB1-TAB2)
is on the membrane. We previously reported that IRAK is
required for the IL-1-induced translocation of TRAF6 and
TAB2 from the membrane to the cytosol (21). It was proposed
that the translocation of these two proteins leads to the for-
mation of a TRAF6-TAK1-TAB1-TAB2 complex in the cy-

FIG. 3. IRAK-mediated interactions between signaling components. IL-1-induced interactions between signaling molecules were examined by
coimmunoprecipitation in IRAK-deficient I1A cells transfected with different IRAK deletion constructs. DD, death domain; UD, domain of
unknown function, KD, kinase domain; dDD, deletion of death domain; dUD, deletion of undetermined domain; dKD, deletion of kinase domain;
dC, deletion of C-terminal domain.
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tosol, resulting in the activation of TAK1 and IKK. However,
the mechanism by which IRAK mediates this translocation
event was unclear. As shown in Fig. 4, IRAK-TRAF6 form a
second complex with TAK1 and TAB2 after they are released
from the receptor complex (complex I), suggesting that the
IRAK-mediated translocation is likely to occur through pro-

tein-protein interactions. To examine whether the interactions
of IRAK-TRAF6 with TAK1 and TAB2 also take place on the
membrane, fraction P100 from 293 cells untreated or treated
with IL-1, were first solubilized in a Triton-containing buffer,
immunoprecipitated with anti-TAB2 antibody, and subjected
to Western blot analysis with anti-TRAF6, anti-IRAK, anti-

FIG. 4. Interaction of IRAK-TRAF6 with TAK1 and TAB2.
(A) Kinetics. Extracts of 293 cells, either untreated or treated with
IL-1, were immunoprecipitated (IP) with anti-TAK1 or anti-TAB2
antibody and subjected to Western blot analyses with anti-IRAK, anti-
TRAF6, anti-TAK1, and anti-TAB2 antibodies. (B) The interaction
between TRAF6 and TAB2 is IRAK dependent. Extracts of 293 cells
(wild type [WT]), IRAK-deficient cells (I1A), and I1A cells stably
transfected with IRAK (I1A-IRAK), either untreated or treated with
IL-1 for 10 min were immunoprecipitated with anti-TAB2 antibody
and probed with anti-TRAF6 antibody. (C) Domains of IRAK re-
quired for the interaction of IRAK-TRAF6 with TAK1. Extracts of
293 cells (WT) and IRAK-deficient cells I1A, stably transfected with
different IRAK deletion mutants (dDD, dUD, dKD, dC2, dC1C2, and
DD�UD�C1), either untreated or treated with IL-1 for 10 min, were
immunoprecipitated with anti-TAK1 antibody and probed with anti-
IRAK, anti-TRAF6, and anti-TAK1 antibodies.
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TAB2, and anti-TAK1 antibodies. The same coimmunopre-
cipitation experiments were also performed with the S100 frac-
tions. The interaction of IRAK-TRAF6 with TAK1 and TAB2
was indeed detected in the membrane fractions 5 min after
IL-1 stimulation (Fig. 6). Interestingly, the TRAF6-TAK1-
TAB2 complex appeared in the cytosol 10 min after IL-1 treat-
ment (Fig. 6). On the other hand, IRAK was not detected in
this TRAF6-TAK1-TAB2 cytosolic complex, which agrees with
our previous finding that the modified IRAK stays on the
membrane and eventually is degraded. Taken together, these
results show that IRAK interacts with TRAF6, TAK1, and
TAB2 on the membrane, which probably plays a critical role in
mediating the translocation of these proteins from the mem-
brane to the cytosol. We propose that, after IRAK-TRAF6
leaves complex I (the receptor complex), they form a second

complex with the preassociated TAK1, TAB1, and TAB2 on
the membrane (complex II [Fig. 1]). The formation of complex
II probably plays an important role in the formation and trans-
location of the TRAF6-TAK1-TAB1-TAB2 complex (complex
III [Fig. 1]) from the membrane to the cytosol.

TAK1 and TAB2 are phosphorylated on the membrane, but
TAK1 is activated in the cytosol. Previous studies showed that
TAK1 is activated upon IL-1 stimulation, which is required for
the activation of IKK, leading to the activation of NF-�B. As
discussed above, while complex II was formed on the mem-
brane (Fig. 1 and 6), complex III was detected in the cytosol
(Fig. 1 and 6). Is TAK1 activated in complex II on the mem-
brane or in complex III in the cytosol? To address this ques-
tion, the S-100 and the P-100 fractions from 293 cells treated
with IL-1 for different times were immunoprecipitated with
anti-TAK1 antibody and then subjected to an in vitro TAK1
kinase assay. Interestingly, while TAK1 and TAB2 were phos-
phorylated on the membrane upon IL-1 treatment (Fig. 7), the
kinase activity of TAK1 was detected only in the cytosol. Taken
together, the data suggest that TAK1 and TAB2 are probably
phosphorylated in complex II on the membrane, whereas
TAK1 is activated in complex III in the cytosol. These results
also suggest that phosphorylation of TAK1 might be a prereq-
uisite for TAK1 activation but might not be sufficient to drive
the activation.

Why is TAK1 activated only in the cytosol? One possibility
is that one or more cytosolic factors are required. To test this
idea, we set up an in vitro activation assay for TAK1, which was
first immunoprecipitated with anti-TAK1 antibody from S-100
and solubilized P-100 and prepared from 293 cells treated with
IL-1 for 2 min, during which time TAK1 was probably phos-
phorylated on the membrane but had not yet translocated to
the cytosol. Only the membrane-bound TAK1 immunoprecipi-
tated from IL-1-treated P100 was activated after the incuba-
tion with untreated S100 (Fig. 8), suggesting that one or more
factors in the cytosol are required for the activation of TAK1
following its phosphorylation and translocation.

FIG. 5. TAK1, TAB1, and TAB2 are preassociated on the mem-
brane. (A) TAK1, TAB1, and TAB2 are preassociated. Extracts of 293
cells (wild type [WT]) and IRAK-deficient cells (I1A), either untreated
or treated with IL-1, were immunoprecipitated with anti-TAK1 and
anti-TAB2 antibodies and subjected to Western blot analyses with
anti-TAB2, anti-TAK1, and anti-TAB1 antibodies. Preimmune serum
(Pre) was used as a control. (B) TAK1, TAB1, and TAB2 form a
complex on the membrane. Whole-cell extract (WCE) (prepared with
SDS lysis buffer) of 293 cells and membrane and cytosolic fractions
prepared from 293 cells with or without Triton (S-100, soluble fraction;
S-100/0.5% Triton, soluble fraction prepared with 0.05% Triton;
P-100, particulate fraction) were analyzed by the Western blot method
with anti-TAB2, anti-TAB1, and anti-TAK1 antibodies. The mem-
brane and cytosolic fractions were prepared in the same volume. Twice
as much membrane fraction was loaded compared to the cytosolic
fraction. The P-100 fractions were also resuspended in Triton lysis
buffer, immunoprecipitated with anti-TAB2 antibody (P-100/IP: TAB2
ab), and analyzed with the same antibodies.

FIG. 6. Formation of complex II on the membrane and transloca-
tion of complex III to the cytosol. Membrane (P-100) and cytosolic
(S-100) fractions, prepared from 293 cells either untreated or treated
with IL-1 for 5 or 10 min, were immunoprecipitated with anti-TAB2
antibody and subjected to Western blot analyses with anti-TRAF6,
anti-IRAK, anti-TAB2, and anti-TAK1 antibodies. The P-100 fractions
were resuspended in Triton lysis buffer before immunoprecipitation
(IP).
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DISCUSSION

On the basis of the results presented above, we propose a
revised model for IL-1-dependent signaling (Fig. 1). Upon IL-1
stimulation, the adaptor molecules MyD88 and Tollip are re-
cruited to the IL-1 receptor complex, which then recruits
IRAK. IRAK is hyperphosphorylated, mediating the recruit-
ment of TRAF6 to the receptor complex (complex I). Since
IRAK4 has recently been shown to be an essential component
for the IL-1 signaling pathway and proposed to function as an
IRAK kinase (11, 24), we have also included IRAK4 in the
complex I. IRAK-TRAF6 then leaves complex I to interact

with preassociated TAK1, TAB1, and TAB2 on the membrane,
resulting in the formation of complex II. The formation of
complex II leads to the phosphorylation of TAK1 and TAB2,
which facilitates the formation and translocation of complex
III from the membrane to the cytosol. The formation of com-
plex III and its interaction with additional factors in the cytosol
lead to the activation of TAK1. The activated TAK1 causes,
directly or indirectly, the activation of IKK and MKK6, result-
ing in activation of NF-�B and JNK.

IRAK is necessary for activation of both IL-1-induced
NF-�B and JNK, but the kinase activity of IRAK is not re-
quired for either, suggesting that IRAK functions through pro-
tein-protein interactions. We have now shown that IRAK plays
a critical role in the formation of IL-1-induced signaling com-
plexes (complex I). IRAK is not only required for the recruit-
ment of TRAF6 to the receptor to form complex I but also is
responsible for bringing TRAF6 to the preassociated TAK1,
TAB1, and TAB2 to form complex II on the membrane. We
have previously shown that IRAK is required for the translo-
cation of TRAF6 and TAB2 from the membrane to the cy-
tosol. Therefore, IRAK also plays a critical role in mediating
the formation and translocation of complex III. The phosphor-
ylated IRAK itself remains on the membrane and eventually is
degraded. We propose that IRAK functions as an organizer
and transporter in IL-1 signaling pathway, mediating the se-
quential association and dissociation of different signaling
components and leading to the activation of NF-�B and JNK.

In a earlier study (21), we reported that TAK1 and TAB1
were localized primarily in the cytosol with or without stimu-
lation and that only small fractions of TAK1 and TAB1 were
detected in the membrane. Therefore, we proposed that IRAK
forms a complex with TRAF6 and TAB2 on the membrane
upon IL-1 stimulation, followed by the translocation of TRAF6
and TAB2 to the cytosol to interact with the cytosolic TAK1
and TAB1. Our recent observation that TAK1-TAB1-TAB2
are preassociated in a coimmunoprecipitation experiment with
whole-cell extract prepared with Triton-containing lysis buffer
(Fig. 5A) prompted us to rethink this model. Since TAB2 is
localized exclusively on the membrane, we realized that the
small amounts of TAK1 and TAB1 detected in the membrane

FIG. 7. TAK1, TAB1, and TAB2 are phosphorylated on the mem-
brane, and TAK1 is activated in the cytosol. Extracts of 293 cells, either
untreated or treated with IL-1 for the indicated times, were immuno-
precipitated (IP) with anti-TAK1 antibody. The immunoprecipitates
were then incubated with 1 �g of bacterially expressed HA-MKK6 in
a kinase buffer containing �-32P-labeled ATP at 25°C for 2 min. Sam-
ples were separated by SDS-PAGE and transferred to membranes, and
the proteins were visualized by autoradiography. The same membrane
was probed with anti-TAK1 antibody. IB, immunoblotting.

FIG. 8. In vitro activation of TAK1. S-100 and Triton-solubilized P-100 fractions from 293 cells, treated with IL-1 for 2 min, were immuno-
precipitated with anti-TAK1 antibody. The immunoprecipitates were incubated (�) or not incubated (�) with 50 �l of S-100 or Triton-solubilized
P-100 from untreated 293 cells at 30°C for 10 min, washed with Triton lysis buffer, and then subjected to a TAK1 kinase assay using HA-MKK6
as a substrate. The samples were also studied by use of a Western blot probed with anti-TAK antibody.
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are probably very important. Therefore, we studied the sub-
cellular localization of TAK1, TAB1, and TAB2 more care-
fully. Through error and trial, we learned that thorough ho-
mogenization is very critical to fractionating TAK1 and TAB1
into the P100 membrane fraction. Otherwise we lose large
amounts of membrane fraction to the cell debris by the first
step, low-speed centrifugation. By modifying our fractionation
protocol, it became much easier to detect TAK1 and TAB1 in
the P100 membrane fraction (Materials and Methods). It was
then very clear that there are two pools of TAK1 and TAB1 in
the cells. While the majority is in the cytosol, some TAK1 and
TAB1 are preassociated with TAB2 on the membrane. Indeed,
we detected the preassociated complex of TAK1-TAB1-TAB2
in the P100 membrane fraction with or without stimulation
(Fig. 5B). Furthermore, we have shown that the preassociated
TAK1-TAB1-TAB2 forms a complex with IRAK-TRAF6 on
the membrane in response to IL-1 stimulation (complex II)
(Fig. 6). Moreover, while TAK1 is activated in the cytosol, the
IL-1-induced phosphorylation of TAK1 occurs on the mem-
brane (Fig. 7). Taken together, these results yielded the fol-
lowing model. IRAK-TRAF6 complex is first formed on the
receptor (complex I) and then is released from the receptor to
interact with the preassociated complex TAK1-TAB1-TAB2
on the membrane (complex II), where TAK1 is phosphory-
lated. TRAF6-TAK1-TAB1-TAB2 then dissociates from
IRAK and translocates to the cytosol (complex III), where the
kinase activity of TAK1 is activated (Fig. 7 and 8). In addition
to its role in IL-1-mediated signaling, TAK1 has also been
shown to play a role in Toll-like receptor 2, transforming
growth factor � receptor, tumor necrosis factor receptor, and
RANK-mediated signaling pathways. Since TAK1 seems to
function as an upstream kinase of IKK and MKK6, it is prob-
ably involved in many other NF-�B-dependent signaling path-
ways as well. Therefore, it is plausible that the two pools of
TAK1 in the cells may participate in different signaling path-
ways through the interaction of TAK1 with many other signal-
ing components.

It is important to note that in addition to TAK1, several
other MAP3 kinases have also been implicated in activating
IKK, including MEKK1, MEKK2, MEKK3, and NIK. How-
ever, none of these kinases have been definitively proven to be
an IKK kinase in vivo. MEKK1-null mouse embryonic fibro-
blasts (MEFs) display normal NF-�B activation in response to
stimulation (34). Interestingly, although NIK-null cells also
display normal NF-�B DNA-binding activity in response to
many stimuli (33), they exhibit weak activation of NF-�B-
dependent genes specifically in response to lymphotoxin-� re-
ceptor (LT�R) signaling. Recently, it has been shown that NIK
and IKK� kinase are required specifically for signal-dependent
p100 processing, which helps to explain the phenotype of NIK-
null cells (16, 30). Curiously, MEKK3, which can phosphory-
late IKK� in vitro, is required for tumor necrosis factor alpha-
induced NF-�B activation. MEKK3-null MEFs exhibit a
greatly decreased level of IKK activation, I�B degradation, and
NF-�B activation in response to tumor necrosis factor alpha
(32). Taken together, these findings suggest that there might
be more than one IKK kinase.

While TAK1 and TAB2 are phosphorylated on the mem-
brane in response to IL-1 stimulation, the kinase activity of
TAK1 is activated only in the cytosol. These results indicate

that the phosphorylation of TAK1 on the membrane is prob-
ably not due to autophosphorylation. The fact that TAK1 and
TAB2 are also phosphorylated in IRAK-deficient cells that
express a kinase-dead IRAK mutant indicates that IRAK can-
not be the kinase that phosphorylates TAK1. Taken together,
these results suggest that another membrane-bound kinase
must be responsible for the IL-1-induced phosphorylation of
TAK1 and TAB2.

The detailed molecular mechanism for the formation and
translocation of complex III is still not clear. Since TAK1 and
TAB2 are phosphorylated in complex II on the membrane, it is
possible that the phosphorylation of these two proteins results
in conformational changes in complex II, which leads to the
dissociation of complex III from IRAK, followed by its trans-
location to the cytosol. The fact that TAK1 is activated only in
the cytosol strongly suggests that its activation occurs in com-
plex III, although it is unclear how this is accomplished. Our
results from the in vitro TAK1 activation experiments suggest
that the activation of TAK1 may involve the interaction of
complex III with additional cytosolic factors. This conclusion is
supported by previous studies reported by Deng et al. (6) and
Wang et al. (27) working in the laboratory of Z. J. Chen. Using
an in vitro system to study TRAF6-mediated TAK1 and IKK
activation, they showed that TRAF6-mediated TAK1 and IKK
activation requires nonclassical ubiquitination catalyzed by the
ubiquitination proteins Ubc13 and Uev1A, which play a regu-
latory role and do not lead to proteasome-mediated degrada-
tion. TRAF6, together with Ubc13 and Uev1A, functions as
part of a unique E3 complex and is itself the target of ubiq-
uitination. The TAK1-TAB1-TAB complex is activated by as-
sociation with ubiquitinated TRAF6. Once activated, TAK1
can directly phosphorylate IKK and MKK6, leading to the
activation of both the JNK and NF-�B signaling pathways. On
the basis of the above information, we propose that complex
III may interact with Ubc13 and Uev1A when it is translocated
to the cytosol, which triggers the ubiquitination of TRAF6,
leading to the activation of TAK1 and IKK. Alternatively,
complex III may interact with some unknown components in
the cytosol to cause TAK1 activation. These hypotheses will be
tested in our in vitro activation system.
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