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Interleukin 1 (IL-1) has been reported to stimulate the polyubiquitination and disappearance of IL-1
receptor-associated kinase 1 (IRAK1) within minutes. It has been thought that the polyubiquitin chains
attached to IRAK1 are linked via Lys48 of ubiquitin, leading to its destruction by the proteasome and
explaining the rapid IL-1-induced disappearance of IRAK1. In this paper, we demonstrate that IL-1 stimulates
the formation of K63-pUb-IRAK1 and not K48-pUb-IRAK1 and that the IL-1-induced disappearance of IRAK1
is not blocked by inhibition of the proteasome. We also show that IL-1 triggers the interaction of K63-pUb-
IRAK1 with NEMO, a regulatory subunit of the I�B� kinase (IKK) complex, but not with the NEMO[D311N]
mutant that cannot bind K63-pUb chains. Moreover, unlike wild-type NEMO, the NEMO[D311N] mutant was
unable to restore IL-1-stimulated NF-�B-dependent gene transcription to NEMO-deficient cells. Our data
suggest a model in which the recruitment of the NEMO-IKK complex to K63-pUb-IRAK1 and the recruitment
of the TAK1 complex to TRAF6 facilitate the TAK1-catalyzed activation of IKK by the TRAF6-IRAK1 complex.

Following infection by bacteria or viruses, components of
these pathogens bind to Toll-like receptors (TLRs) on host
cells, triggering the activation of signaling pathways that stim-
ulate the production of inflammatory mediators such as proin-
flammatory cytokines, chemokines, and interferons. These sub-
stances are released into the circulation, where they mount
responses to combat the invading pathogen. Apart from TLR3,
the activation of all TLRs and the interleukin-1 receptor (IL-
1R) recruits a signaling complex to the receptors that includes
an adaptor protein, MyD88, and two protein kinases, termed
IL-1R-associated kinase 1 (IRAK1) and IRAK4. IRAK4 acti-
vates IRAK1, leading to autophosphorylation of the latter, its
dissociation from MyD88, and its interaction with tumor ne-
crosis factor (TNF) receptor-associated factor 6 (TRAF6),
with which it propagates the signal. IL-1 signaling is greatly
impaired in cells that do not express either TRAF6 or IRAK1
(14, 20, 30).

A key step in the activation of “downstream” signaling path-
ways by bacterial lipopolysaccharide (LPS) acting via TLR4 or
IL-1 acting via the IL-1R is thought to be the formation of
polyubiquitinated TRAF6 in which ubiquitin molecules are
linked to one another by isopeptide bonds formed between
lysine 63 of ubiquitin and the C-terminal carboxyl moiety of the
preceding ubiquitin in the chain. The formation of Lys63-
linked polyubiquitin (K63-pUb) chains attached to TRAF6
appears to enable the recruitment and activation of transform-
ing growth factor-activated kinase 1 (TAK1) (31) because the
TAB2 and TAB3 regulatory subunits of the TAK1 complex

contain C-terminal nuclear zinc finger (NZF) motifs that in-
teract with K63-pUb chains (15). TAK1 is then thought to
phosphorylate and activate the I�B� kinase (IKK) complex
because cells that lack TAK1 (27) or express a truncated in-
active form of this protein (24) display greatly reduced activa-
tion of NF-�B in response to IL-1. Once activated, IKK phos-
phorylates its substrates, which include the inhibitory I�B�
subunit of the NF-�B transcription factor and, in the case of
LPS and TNF-� signaling, the p105 (also called NF-�B1) reg-
ulatory subunit of the protein kinase Tpl2 (tumor progression
locus 2, also called COT [cancer Osaka thyroid oncogene]).
The phosphorylation of these proteins induces their Lys48-
linked polyubiquitination and destruction by the proteasome,
leading to activation of NF-�B (reviewed in reference 4) and
Tpl2 (2, 32). The role of Tpl2 is to activate mitogen-activated
protein kinase kinases 1 and 2 and hence extracellular signal-
regulated kinase 1 (ERK1) and ERK2 (9).

In contrast to signaling via TLRs and the IL-1R, signaling by
TNF-� does not induce the formation of a TRAF6-IRAK1
complex but instead induces the formation of a complex be-
tween TRAF2 or TRAF5 and receptor-interacting protein 1
(RIP1). This is followed by the formation of K63-pUb-RIP1,
which can then recruit the IKK complex, because NF-�B
essential modifier (NEMO), a regulatory subunit of the IKK
complex, binds to K63-pUb chains rather specifically (11, 34).
A mutation in the K63-pUb-binding domain of NEMO
(NEMO[D311N]), which causes an immunoinsufficiency dis-
ease (8), prevents binding to K63-pUb chains in vitro and to
K63-pUb-RIP1 in cells (11, 34). Moreover, unlike wild-type
NEMO, the NEMO[D311N] mutant cannot restore TNF sig-
naling to NF-�B in NEMO-deficient cells (11, 34). K63-pUb-
RIP1 also recruits and activates TAK1 (11), and the colocal-
ization of TAK1 and IKK on a K63-pUb-RIP1 scaffold is
thought to facilitate the TAK1-catalyzed activation of IKK.
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Embryonic fibroblasts that do not express the TAK1 catalytic
subunit (27) or express an inactive TAK1 protein (24) display
reduced activation of NF-�B in response to TNF.

LPS and IL-1 are reported to induce the polyubiquitination
of IRAK1, which is followed by the disappearance of IRAK1
(12, 18, 35). It was thought that the pUb chains attached to
IRAK1 are linked via Lys48 and that, by analogy with I�B�,
the formation of K48-pUb-IRAK1 leads to its destruction by
the proteasome, explaining the rapid IL-1/LPS-stimulated dis-
appearance of IRAK1. Indeed, proteasome inhibitors were
reported to slightly delay the disappearance of IRAK1 in
MRC-5 cells (35). Here, we demonstrate that this is not the
case in IL-1R-expressing HEK 293 cells. In these cells, IL-1-
stimulates the formation of K63-pUb-IRAK1 and not K48-
pUb-IRAK1 and the IL-1-induced disappearance of IRAK1 is
not blocked by inhibition of the proteasome. We also show that
IL-1 induces the interaction of K63-pUb-IRAK1 with NEMO
but not with the NEMO[D311N] mutant form, which cannot
bind K63-pUb chains. Moreover, unlike wild-type NEMO, the
NEMO[D311N] mutant form is unable to restore IL-1-stimu-
lated NF-�B-dependent gene transcription to NEMO-deficient
cells. Our data suggest a model in which the recruitment of the
NEMO-IKK complex to K63-pUb-IRAK1 and TAK1 to
TRAF6 facilitates the activation of IKK by the TRAF6-IRAK1
complex.

MATERIALS AND METHODS

Antibodies and other proteins. Antibodies that recognize IRAK1, I�B�,
NEMO, TRAF6, Tpl2, and TAK1 were from Santa Cruz; rabbit polyclonal
antiubiquitin was from DakoCytomation; monoclonal mouse anti-rabbit glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was from Research Diagnos-
tics Inc. (RDI); and antihemagglutinin (anti-HA) was from Sigma. Phospho-
specific antibodies that recognize p105 phosphorylated at Ser933 and the
activated forms of IKK�/� and ERK1/ERK2 were from Cell Signaling Technol-
ogies, as were antibodies that recognize all forms of IKK� or all forms of IKK�.
Anti-GST, anti-TAB1, and anti-TAB2 antibodies (5); an antibody that immuno-
precipitates Tpl2; and an antibody that recognizes TAK1 phosphorylated at
Thr187 (raised against the peptide IQTHMT*NNKGS, where T* is phospho-
threonine) were generated in sheep by the Division of Signal Transduction
Therapy, University of Dundee. The phosphospecific TAK1 antibody was affinity
purified on a phosphopeptide antigen-agarose column and used for immuno-
blotting in the presence of 10 �g/ml of the unphosphorylated form of the peptide
immunogen. Rabbit-, mouse-, and sheep-specific secondary antibodies conju-
gated to horseradish peroxidase were from Pierce. Protein G coupled to horse-
radish peroxidase was from Bio-Rad, and murine IL-1� and human IL-1� were
obtained from Sigma.

DNA constructs. NEMO (AAH00299) was amplified from IMAGE 6062527
and cloned into pGEX6P-1 and EBG6P using BamHI and NotI sites. The
mutant form of NEMO (NEMO[D311N]) was made by using standard protocols.
DNAs encoding ubiquitin, ubiquitin[K48R], and ubiquitin[K63R] (a gift from
David Lane, University of Dundee, Scotland) were cloned into pCMV5 for
expression as HA-tagged proteins in mammalian cells.

Cell culture, transfection, cell lysis, and NF-�B reporter assay. Human em-
bryonic kidney (HEK) 293 cells overexpressing the IL-1 receptor (IL-1R cells),
provided by Tularik Inc., CA, and mouse embryonic fibroblasts (MEFs) lacking
NEMO (a gift from Manolis Pasparakis, University of Cologne, Germany) or
expressing a truncated version of TAK1 (a gift from Shizuo Akira, Osaka Uni-
versity, Japan) were cultured in 15-cm dishes in Dulbecco’s modified Eagle’s
medium supplemented with 10% (vol/vol) fetal calf serum and extracted with
lysis buffer (50 mM Tris-HCl [pH 7.5], 1 mM EGTA, 1 mM EDTA, 1% [wt/wt]
Triton X-100, 1 mM Na3VO4, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM
sodium glycerophosphate, 0.27 M sucrose, 50 mM iodoacetamide, 1 mM benza-
midine, 0.2 mM phenylmethylsulfonyl fluoride). EDTA inhibits protein phos-
phorylation and protein ubiquitination by chelating Mg2�, while dephosphory-
lation is inhibited by fluoride, pyrophosphate, vanadate, and glycerophosphate,
and deubiquitination is inhibited by iodoacetamide, which inhibits ubiquitin-

specific proteases. Phosphorylation and ubiquitination are therefore frozen in
the state they were in at the moment of extraction. After centrifugation of cell
lysates for 15 min at 18,000 � g, the supernatant (termed cell extract) was
decanted. Lysis in sodium dodecyl sulfate (SDS) was performed with 2% SDS in
50 mM Tris-HCl (pH 7.5)–1 mM EDTA–1 mM EGTA–50 mM iodoacetamide–1
mM benzamidine–0.2 mM phenylmethylsulfonyl fluoride. Lysates were sonicated
to shear the DNA, and after centrifugation for 15 min at 18,000 � g, the
supernatant was decanted. Cells were transfected with polyethyleneimine as
previously described (10).

For measurement of NF-�B-dependent luciferase gene expression, cells
were lysed in passive lysis buffer (Promega) and activity measured using a
dual-luciferase reporter assay system (Promega) according to the manufac-
turer’s instructions. Firefly luciferase activity was normalized to Renilla lu-
ciferase activity.

RESULTS

IL-1 stimulates the interaction of NEMO with polyubiqui-
tinated IRAK1. The IL-1-stimulated formation of K63-pUb-
TRAF6 induces the interaction of TAK1 complexes with
TRAF6, leading to the oligomerization, autophosphorylation,
and activation of TAK1 (see the introduction). Since the
NEMO regulatory subunit of the IKK complex also binds to
K63-pUb chains specifically, we initially investigated whether
IL-1 induces the interaction of K63-pUb-TRAF6 with NEMO.
A vector expressing GST-NEMO was therefore transfected
into HEK 293 cells that stably express the IL-1R (termed
IL-1R cells), and after purification on glutathione-Sepharose,
we examined whether endogenous TRAF6 and TAK1 were
associated with this protein. These experiments demonstrated
an IL-1-dependent but transient interaction of NEMO with
both TRAF6 and TAK1 that could be detected after 2 min and
was maintained for 5 to 10 min but disappeared by 30 min (Fig.
1A, lanes 1 to 5). The form of TRAF6 associated with NEMO
appeared to be mainly unmodified TRAF6, the higher-molec-
ular-mass species corresponding to polyubiquitinated TRAF6
being barely visible.

Since TRAF6 interacts with IRAK1, we next investigated
whether IRAK1 was also present in the GST-NEMO “pull
downs.” These experiments showed that IRAK1 did indeed
interact with NEMO in an IL-1-dependent manner (Fig. 1A,
lanes 1 to 5, top panel). This interaction was detectable after 2
min but, in contrast to the binding of TRAF6 and TAK1,
became much stronger after 5 to 10 min and only decreased
moderately after 30 min. Moreover, strikingly and in contrast
to the major species of IRAK1 detected in the cell lysates (Fig.
1A, second lowest panel), the IRAK1 associated with NEMO
was present not as the unmodified protein but as a smear of
much higher-molecular-mass species characteristic of poly-
ubiquitinated species (Fig. 1A, lanes 1 to 5, top panel). Immu-
noblotting with an antiubiquitin antibody showed that IL-1 had
indeed induced a parallel association of polyubiquitin chains
with NEMO (Fig. 1A, lanes 1 to 5, second panel from the top).
The ubiquitinated material and the modified forms of IRAK1
both associated with NEMO at the same time and had iden-
tical electrophoretic mobilities, suggesting that the poly-
ubiquitin was attached to IRAK1.

IL-1 did not induce the association of IRAK1, polyubiquitin
chains, TRAF6, or TAK1 with the NEMO[D311N] mutant
that is unable to bind to K63-pUb chains (Fig. 1A, lanes 6 to
10), indicating that NEMO was interacting with a polyubiqui-
tinated component(s) of the IRAK1-TRAF6 complex. The
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results shown in Fig. 1A suggest that NEMO can bind to
K63-pUb-IRAK1 because K63-pUb-IRAK1 is still associated
with NEMO 30 min after IL-1 stimulation, a time at which
TRAF6 and TAK1 are no longer bound to NEMO. It could be
argued that TRAF6 is still present but not visible after 30 min
because it has been converted to a large number of different
polyubiquitinated species. However, this is not the case because,
as shown later (see Fig. 5), the polyubiquitination of TRAF6 is
transient, peaking after 10 min and almost returning to basal
levels after 20 to 30 min. Moreover, since TRAF6 forms a rather
stable complex with TAK1 and TAK1 also dissociates from
NEMO after 30 min, this implies that TRAF6 has also left.

The experiments presented in Fig. 1A demonstrated that
overexpressed NEMO could interact with endogenous IRAK1,
but it was important to know whether endogenous NEMO was
also capable of binding to IRAK1. We therefore stimulated
IL-1R cells with IL-1 and immunoprecipitated IRAK1 from

the cell extracts. These experiments demonstrated that IL-1
induced the association of endogenous NEMO with endoge-
nous polyubiquitinated IRAK1 (Fig. 1B). Consistent with this
finding, the IKK� and IKK� components of the IKK complex
could also be detected in IRAK1 immunoprecipitates (Fig. 1C,
upper panels). The recruitment of IKK� and IKK� to IRAK1
correlated with the activation of these protein kinases (Fig. 1C,
lower panels).

The NEMO[D311N] mutant does not restore IL-1-depen-
dent NF-�B gene transcription to NEMO-deficient cells. It has
been shown previously that the NEMO[D311N] mutant, which
is unable to bind to K63-linked polyubiquitin chains, cannot
reconstitute TNF-� signaling to NF-�B in NEMO-deficient
cells (11, 34). To address the question of whether the
NEMO[D311N] mutant is able to reconstitute IL-1-induced
NF-�B activation, we transfected MEFs that do not express
NEMO (NEMO�/�) with constructs expressing wild-type

FIG. 1. Interaction of NEMO with polyubiquitinated IRAK1 in IL-1-stimulated IL-1R cells. (A) IL-1R cells were transfected with a vector
expressing either wild-type GST-NEMO or the GST-NEMO[D311N] mutant form. After 24 h, the cells were starved for 16 h, stimulated with 5
ng/ml IL-1� for the times indicated, and then extracted with lysis buffer. To precipitate proteins bound to GST-NEMO, an aliquot of cell extract
(0.5 mg protein) was added to 20 �l of glutathione-Sepharose beads and after 1 h of incubation at 4°C, the beads were collected by centrifugation
and washed three times with 1 ml of lysis buffer and once with 1 ml 10 mM Tris-HCl (pH 8). The bound proteins were released by denaturation
in 1% SDS, subjected to SDS-polyacrylamide gel electrophoresis, and immunoblotted with a variety of antibodies to detect the proteins indicated.
In the third panel from the top, the band corresponding to unmodified TRAF6 is marked by an arrow and a band that cross-reacts nonspecifically
with the anti-TRAF6 antibody and corresponds to the position of GST-NEMO is marked by an asterisk. In addition, the cell extracts (20 �g
protein) were analyzed by SDS-polyacrylamide gel electrophoresis, followed by immunoblotting with the antibodies indicated (bottom two panels).
The small difference in IRAK1 expression in extracts from cells expressing GST-NEMO and GST-NEMO[D311N] was not observed in other experiments
and is therefore not significant. (B) IL-1R cells were deprived of serum for 16 h, stimulated with 5 ng/ml IL-1� for the times indicated, and then extracted
with lysis buffer. A 0.5-mg sample of cell extract was incubated for 45 min with an anti-IRAK1 antibody or control immunoglobulin G (IgG). Twenty
microliters of protein G-Sepharose beads was added, and after another incubation of 45 min, the beads were collected by centrifugation and washed three
times with 1 ml lysis buffer and once with 1 ml 10 mM Tris-HCl (pH 8). The bound proteins were released by denaturation in 1% SDS, subjected to
SDS-polyacrylamide gel electrophoresis, and immunoblotted with antibodies recognizing NEMO and IRAK1. To detect NEMO, horseradish peroxidase-
coupled protein G was used instead of a secondary antibody because this protein comigrates with the IgG heavy chain; this explains why a faint signal
is still detected at the positions of these proteins in the control IgG lane and at time zero. (C) IL-1R cells were deprived of serum for 16 h, stimulated
with 5 ng/ml IL-1� for the times indicated, and then extracted with lysis buffer. IRAK1 (top three panels) was immunoprecipitated from 3 mg of cell
extract protein as in panel B. The bound proteins were released by denaturation in 1% SDS, subjected to SDS-polyacrylamide gel electrophoresis, and
immunoblotted with antibodies recognizing IKK�, IKK�, and IRAK1. In addition, the cell extracts (20 �g protein) were analyzed by SDS-polyacrylamide
gel electrophoresis, followed by immunoblotting with antibodies recognizing phosphorylated IKK�/IKK� and GAPDH as a loading control (bottom two
panels). Abbreviations: IP, immunoprecipitation; p-IRAK1, phosphorylated IRAK1.
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NEMO or NEMO[D311N] and analyzed the NF-�B-depen-
dent transcription of a luciferase reporter gene (Fig. 2). Wild-
type NEMO was able to reconstitute basal and IL-1-stimulated
NF-�B activity in NEMO�/� MEFs to 60% of the level
observed in wild-type MEFs (NEMO�/�). In contrast,
NEMO[D311N] was unable to reconstitute NF-�B-dependent
gene transcription, suggesting that the binding of NEMO to
K63-linked polyubiquitin chains is required for activation of
NF-�B by IL-1.

IRAK1 undergoes Lys63-linked polyubiquitination in IL-1R
cells. The results presented in Fig. 1 indicated that IL-1 in-
duced the binding of polyubiquitinated IRAK1 to NEMO.
Since NEMO binds K63-pUb chains specifically (11, 34), these
observations suggested that the polyubiquitin chains attached
to IRAK1 were also linked via Lys63. To investigate whether
this was the case, we transfected DNA encoding either wild-
type HA-tagged ubiquitin or an HA-tagged ubiquitin mutant
form in which Lys63 or Lys48 was mutated to Arg. After
stimulating the cells with IL-1, we immunoprecipitated the
endogenous IRAK1 from the cell lysates and assessed the

incorporation of HA-ubiquitin into polyubiquitinated IRAK1
by immunoblotting with an anti-HA antibody. To exclude the
possibility that the polyubiquitin chains associated with immu-
noprecipitated IRAK1 were not attached covalently to IRAK1
but attached to an IRAK1-binding protein, such as TRAF6 or
NEMO, the IRAK1 immunoprecipitates were resuspended in
1% sodium dodecyl sulfate (SDS) without any reducing agent,
followed by incubation for 5 min at 70°C to disrupt, by dena-
turation, the interaction of IRAK1 with other proteins. After
dilution to 0.1% SDS, IRAK1 was again immunoprecipitated
and immunoblotting experiments established that this treat-
ment had completely freed IRAK1 from TRAF6 and NEMO
(results not shown).

These experiments established that IL-1 induced the cova-
lent attachment of HA-ubiquitin molecules to endogenous
IRAK1 when the cells were transfected with HA-WT-ubiquitin
(Fig. 3A, lanes 1 to 4) or HA-ubiquitin[K48R] (Fig. 3B, lanes
5 to 8). Polyubiquitination was much weaker when HA-
ubiquitin[K63R] replaced HA-WT-ubiquitin (Fig. 3A, lanes 5
to 8), indicating that the HA-ubiquitin was largely attached to

FIG. 2. The NEMO[D311N] mutant form does not reconstitute IL-1-stimulated NF-�B-dependent gene transcription in NEMO-deficient cells.
Wild-type NEMO (�/�) or NEMO-deficient (�/�) MEFs were cotransfected with 0.5 �g of DNA encoding an NF-�B luciferase reporter
construct, 0.5 �g pTK-RL plasmid DNA (encoding Renilla luciferase), and 5 �g of empty pCMV5 vector (empty vector) or a plasmid encoding
N-myc-tagged wild-type NEMO (NEMO[WT]) or NEMO[D311N] by using the Amaxa Nucleofection MEF2 kit according to the manufacturer’s
instructions. Subsequently, the MEFs were cultivated in Dulbecco modified Eagle medium containing 10% fetal calf serum and either left
unstimulated (open bars) or stimulated (black bars) with 5 ng/ml murine IL-1�. Sixteen hours later, the cells were lysed in passive lysis buffer
(Promega) and luciferase activity was measured with a dual-luciferase reporter assay system (Promega) according to the manufacturer’s instruc-
tions. Firefly luciferase activity was normalized to Renilla luciferase activity. The error bars show the standard deviations of duplicate experiments.
To analyze protein expression, aliquots of the cell extract (10 �g protein) were immunoblotted with antibodies that recognize NEMO or GAPDH
as a loading control. The positions of transfected myc-tagged NEMO and endogenous wild-type NEMO are indicated on the right.
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IRAK1 via Lys63. The HA-ubiquitin[K48R] mutant form was
expressed at higher levels than HA-WT-ubiquitin or HA-
ubiquitin[K63R] (Fig. 3, third panel from the bottom), which
may explain why the HA-ubiquitin[K48R] attached to IRAK1
appeared to be greater than with HA-WT-ubiquitin (Fig. 3B,
top panel). The expression of HA-ubiquitin in IL-1R cells did
not affect IL-1 signaling, as judged by the phosphorylation of
ERK1/ERK2 (Fig. 3, second panel from the bottom). It was
important in these experiments to limit the amount of DNA
transfected to 2.5 �g/10-cm-diameter dish, because if more
DNA was transfected, polyubiquitination of IRAK1 was ob-
served even without IL-1 stimulation.

IL-1 decreases the level of IRAK1 by a proteasome-indepen-
dent mechanism. The IL-1-stimulated polyubiquitination of
IRAK1 has been reported previously, but the ubiquitin was
thought to be linked via Lys48, rather than Lys63, and to be
responsible for targeting IRAK1 to the proteasome for degra-
dation, explaining the rapid disappearance of IRAK1 from the
cell extracts (Fig. 1A, second panel from the bottom; see also
the introduction) (18, 35). However, the present finding that

IRAK1 is predominantly polyubiquitinated via Lys63 of ubiq-
uitin, which is not known to trigger degradation, raised the
question of the mechanism underlying the disappearance of
IRAK1 from IL-1-stimulated cells. We therefore tested the
effect of MG-132, a specific inhibitor of the proteasome. As
expected, MG-132 prevented the IL-1-stimulated disappear-
ance of I�B� from the cells, which is triggered by the Lys48-
linked polyubiquitination of this protein and allowed the ac-
cumulation of polyubiquitinated I�B� (Fig. 4A, second panel
from the top). Similarly, MG-132 also prevented the IL-1-
induced disappearance of the protein kinase Tpl2 (Fig. 4A,
third panel from the top), which is also mediated by the pro-
teasome (2, 17), and increased the overall level of polyubiq-
uitinated proteins in cell extracts (Fig. 4A, second panel from
the bottom), presumably by preventing the proteasomal de-
struction of K48-pUb proteins. In contrast, MG-132 had no
effect on the IL-1-stimulated disappearance of IRAK1 from
the same cells (Fig. 4A, uppermost panel), nor did it enhance
the formation of polyubiquitinated IRAK1 (Fig. 4B, upper
panel).

FIG. 3. IRAK1 undergoes Lys63-linked polyubiquitination. Dishes (10-cm diameter) of IL-1R cells were transfected with 7.5 �g empty vector
DNA (control) or 5 �g empty vector DNA plus 2.5 �g of vector DNA expressing wild-type HA-tagged ubiquitin (HA-Ub WT) or an HA-tagged
mutant form of ubiquitin with either Lys63 (HA-Ub [K63R]) or Lys48 (HA-Ub [K48R]) mutated to Arg. After 24 h, the cells were deprived of
serum for 16 h, stimulated for 5 to 30 min with or without IL-1� (5 ng/ml), and then lysed. IRAK1 was immunoprecipitated (IP) from 0.5 mg of
cell extract protein (see the legend to Fig. 1) and washed once with lysis buffer, twice with lysis buffer plus 500 mM NaCl, and once with 10 mM
Tris-HCl (pH 8). The immunoprecipitated IRAK1 protein was resuspended in 1% SDS–50 mM Tris-HCl (pH 8) and incubated for 5 min at 70°C.
After dilution to 0.1% SDS with lysis buffer, the IRAK1 protein was reimmunoprecipitated, released from the beads by denaturation in 1% SDS,
subjected to SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and immunoblotted (IB) with anti-HA, antiubiq-
uitin (Ub), or anti-IRAK1 antibody. A further aliquot of the cell extract (20 �g of protein) was subjected to SDS-polyacrylamide gel electro-
phoresis, transferred to PVDF membranes, and immunoblotted with antibodies recognizing the HA tag of transfected ubiquitin, phosphorylated
ERK1/2 (p-ERK1/2), and GAPDH (bottom three panels).
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Taken together, these results are consistent with our finding
that IRAK1 undergoes mainly Lys63-linked polyubiquitination
in response to IL-1 and indicates that IL-1 induces the disap-
pearance of IRAK1 from cell extracts by a proteasome-inde-
pendent mechanism. The disappearance of IRAK1 from cell
extracts is not explained by its translocation to a cellular com-
partment that is not disrupted by the standard cell lysis buffer
containing 1% Triton X-100 (Fig. 4C, lanes 1 to 4), because a
similar disappearance of IRAK1 was observed when the cells
were lysed in 2% SDS to solubilize all cellular proteins from
membranes and the cytoskeleton (Fig. 4C, lanes 5 to 8).

IL-1 recruits endogenous TAB2-TAK1 to endogenous TRAF6
and IRAK1. It has been reported that the IL-1-induced activation
of TAK1 is triggered by the binding of K63-pUb-TRAF6 to the
C-terminal NZF motif of the TAB2/TAB3 regulatory subunits of
the TAK1 complex (15). In the present study, we found that
IL-1 induced the association of endogenous TAB2 with both
endogenous TRAF6 (Fig. 5A, top panel) and IRAK1 (Fig. 5A,
second panel from the top) within 2 min (Fig. 5A). After 2 min
of IL-1 stimulation, the most prominent species of IRAK1 and

TRAF6 associated with TAB2 were the unmodified forms of
these proteins (Fig. 5A). The polyubiquitination of TRAF6
increased with time, became maximal between 5 and 10 min,
and correlated with the activation of TAK1, as judged by the
phosphorylation of its activation loop at Thr187 (Fig. 5B, top
panel). The polyubiquitination of IRAK1 was maximal be-
tween 10 and 30 min and correlated with the activation of
IKK and its downstream target Tpl2, as judged by the deg-
radation of I�B� and the phosphorylation of ERK1/2, re-
spectively (Fig. 5C).

The TAK1 protein is required for the IL-1-stimulated acti-
vation of IKK and the phosphorylation of its targets. It has
been reported that the IL-1-stimulated phosphorylation (acti-
vation) of IKK�/�, the degradation of I�B�, and the induction
of NF-�B DNA binding are greatly decreased, although not
eliminated, in IL-1-stimulated MEFs that do not express the
TAK1 catalytic subunit (27) or express a truncated, inactive
form of TAK1 lacking the ATP-binding domain (24) (Fig. 6A,
bottom panel). However, these studies did not show that TAK1
was required for the IL-1-induced, IKK-catalyzed phosphory-
lation of p105, which is known to be required for the LPS- or
TNF-�-induced activation of Tpl2 and hence the activation of
ERK1/ERK2 (2, 32). Here we confirmed that IL-1 does not
induce the phosphorylation of IKK�/� or degradation of I�B�
in immortalized MEFs expressing the truncated, inactive mu-

FIG. 4. IRAK1 degradation is independent of the proteasome.
(A) IL-1R cells were deprived of serum for 16 h, treated for 1 h with
25 �M MG-132 (Calbiochem) or DMSO as a control, stimulated with
5 ng/ml IL-1� for the times indicated, and then extracted with lysis
buffer. An aliquot of the cell extract (20 �g of protein) was subjected
to SDS-polyacrylamide gel electrophoresis and immunoblotted (IB)
with antibodies recognizing IRAK1, I�B�, Tpl2, ubiquitin, and
GAPDH. (B) IRAK1 was immunoprecipitated (IP) from 0.5 mg of the
cell extract protein used in panel A as described in the legend to Fig.
1. Beads were washed once with lysis buffer, twice with lysis buffer plus
500 mM NaCl, and once with 10 mM Tris-HCl (pH 8). Bound proteins
were released from the beads by denaturation in 1% SDS, subjected to
SDS-polyacrylamide gel electrophoresis, and immunoblotted with an-
tibodies recognizing ubiquitin and IRAK1. (C) IL-1R cells were de-
prived of serum for 16 h, stimulated with 5 ng/ml IL-1� for the times
indicated, and extracted with lysis buffer containing either 1% Triton
X-100 or 2% SDS. An aliquot of the cell extract (20 �g of protein) was
subjected to SDS-polyacrylamide gel electrophoresis and immuno-
blotted with antibodies recognizing IRAK1 and GAPDH.

FIG. 5. IL-1 induces the recruitment of TAB2-TAK1 to TRAF6
and IRAK1. IL-1R cell extracts from Fig. 1B (0.5 mg protein) were
used to immunoprecipitate TAB2 (A) or TAB1 (B) as described in the
legend to Fig. 1, with 2 �g of anti-TAB2 or anti-TAB1 antibodies,
respectively. Immunoprecipitated (IP) proteins were analyzed by SDS-
polyacrylamide gel electrophoresis and immunoblotting with anti-
TAK1 and with an antibody that recognizes TAK1 phosphorylated at
Thr187. (C) Further aliquots of the cell extract (20 �g protein) were
immunoblotted with antibodies that recognize TRAF6, I�B�, and the
active phosphorylated forms of ERK1/2 (p-ERK1/2).
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tant form of TAK1 (Fig. 6A, top two panels). In addition, we
demonstrated that the phosphorylation of p105 and the acti-
vation of ERK1/ERK2 were also impaired (Fig. 6A, third and
fourth panels from the top). Thus, an intact TAK1 protein is
required for the IL-1-stimulated phosphorylation of p105 and
the activation of ERK1/ERK2 in MEFs. The IL-1-stimulated
activation of ERK1/ERK2 is also impaired in Tpl2�/� MEFs
(7), consistent with the phosphorylation of p105 inducing the
activation of Tpl2.

We have also shown that, as in MEFs, IL-1 stimulates the
phosphorylation of p105, the activation of ERK1/ERK2 (Fig.
6B), and the activation of Tpl2 (Fig. 6C) in the IL-1R cells
used in this study. In LPS- or TNF-�-stimulated macrophages
or TNF-�-stimulated MEFs, the activation of Tpl2 is followed
by the rapid proteolytic degradation of the 58-kDa form of this
protein kinase, but not the 52-kDa form (33), and this was also
observed in IL-1-stimulated IL-1R cells (Fig. 6B).

Taken together, the experiments described above demon-
strate that IL-1 stimulates the activation of ERK1/ERK2 by
activating Tpl2 in both MEFs and IL-1R cells in a manner
similar to that shown previously for LPS and TNF-�. The
IL-1-stimulated activation of Tpl2 has also been demonstrated
in HeLa cells (23).

DISCUSSION

Several lines of evidence presented in this paper establish
that IL-1 stimulates the formation of K63-pUb-IRAK1 pre-
dominantly. Firstly, the ubiquitin[K63R] mutant form was not
incorporated efficiently into the polyubiquitin chains at-
tached to IRAK1 (Fig. 3). Secondly, polyubiquitinated
IRAK1 was able to bind to wild-type NEMO but not to the
NEMO[D3111N] mutant form that does not bind to K63-pUb
chains (Fig. 1). Thirdly, the proteasome inhibitor MG-132,
which prevents the degradation of K48-pUb proteins, such as
I�B, and therefore enhances their level in cells (Fig. 4A), does
not increase the polyubiquitination of IRAK1 (Fig. 4B). More-
over, MG132 did not affect the IL-1-induced disappearance of
IRAK1, indicating that this occurs by a mechanism that is
independent of the proteasome (Fig. 4).

These findings raise the question of how K63-pUb-IRAK1 is
formed in cells, and recent work has suggested a mechanism by
which this may take place. It has been known for several years
that IRAK1 interacts with Pellino isoforms (reviewed in refer-
ence 26) and more recently that the cotransfection of IRAK1
with these proteins induces the polyubiquitination of IRAK1
(25, 28). These observations, and the presence of a RING-like
domain at the C terminus of Pellino isoforms, suggested that
they were E3 ubiquitin ligases (25). We (22) and others (3)
recently established by assays performed in vitro that this was
indeed the case, and we also found that the E3 ligase function
of Pellino 1 and Pellino 3b was enormously enhanced by phos-
phorylation catalyzed by IRAK1 or IRAK4 in vitro (22). More-
over, in the presence of the E2 ubiquitin-conjugating complex
Ubc13-Uev1a, Pellino 1 was able to induce the formation of
K63-pUb chains specifically in vitro (3, 22). Importantly, the
cotransfection of wild-type Pellino isoforms with wild-type
IRAK1 in HEK 293 cells induced the formation of polyubiq-
uitinated IRAK1, but cotransfection of a catalytically inactive
mutant form of IRAK1 with wild-type Pellino or of wild-type
IRAK1 with an E3 ligase-deficient mutant form of Pellino did
not (22, 25). This is consistent with IRAK1 catalyzing the
activation of Pellino, which then mediates the polyubiquitina-
tion of IRAK1 in cells. Crucially, the cotransfection of Pellino
2 and IRAK1 was found to induce the formation of K63-
pUb-IRAK1 and its interaction with NEMO, but not
NEMO[D311N]. Only traces of K48-pUb-IRAK1 were detect-
able in these experiments (22). Taken together, these findings
suggest that one or more Pellino isoforms may be the E3
ligases that mediate the formation of K63-pUb-IRAK1 in re-
sponse to IL-1. An important role for Pellino 1 in IL-1 signal-
ing is supported by the finding that small interfering RNA-
mediated knockdown of this protein has been reported to
impair the activation of NF�B (13).

It is currently unknown whether it is IRAK1 and/or IRAK4
that activates Pellino in vivo. However, the observation that a
catalytically inactive mutant form of IRAK1 (18), or fragments

FIG. 6. TAK1 is required for the IL-1-induced activation of
IKK�/� and subsequent degradation of I�B� and Tpl2-dependent
ERK1/2 activation. (A) MEFs expressing wild-type TAK1 (TAK1�/�)
or a truncated TAK1 form lacking kinase activity (TAK1�/�) were
deprived of serum for 16 h, stimulated with 5 ng/ml IL-1� for the times
indicated, and extracted with lysis buffer. An aliquot of the cell extract
(20 �g protein) was subjected to SDS-polyacrylamide gel electrophore-
sis and immunoblotted with the indicated antibodies. TAK1 was im-
munoprecipitated (IP) with an anti-TAK1 antibody from 0.5 mg of cell
extract protein as described in the legend to Fig. 3, subjected to
SDS-polyacrylamide gel electrophoresis, and immunoblotted (IB) with
the same anti-TAK1 antibody. (B) IL-1R cells were deprived of serum
for 16 h, stimulated with 5 ng/ml IL-1� for the times indicated, and
extracted with lysis buffer. An aliquot of the cell extract (20 �g of
protein) was subjected to SDS-polyacrylamide gel electrophoresis and
immunoblotted with the indicated antibodies. (C) IL-1R cells were
deprived of serum for 16 h and stimulated for 15 min with 5 ng/ml
IL-1�. Following cell lysis, 0.25 mg of extract protein was incubated for
2 h at 4°C with 5 �g of immunoprecipitating anti-Tpl2 antibody. Pro-
tein G-Sepharose (15 �l packed beads) was then added, and after
mixing for 1 h, the beads were collected, washed, and assayed for Tpl2
activity as described previously for Raf (1).
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of IRAK1 that lack the catalytic domain (19, 36), can restore
IL-1-stimulated NF-�B signaling to IRAK1-deficient cells
could be explained by the IRAK4-catalyzed activation of Pel-
lino, followed by the Lys63-linked polyubiquitination of cata-
lytically inactive IRAK1 under these conditions. Importantly,
all of the fragments of IRAK1 that were able to restore IL-1-
stimulated, TAK1-dependent signaling to IRAK1-deficient
cells underwent polyubiquitination in response to IL-1 (36).

The polyubiquitination of the IRAK1 fragments mentioned
above was reported to be prevented by the mutation of Lys134
to Arg, and this mutation also suppressed the IL-1-stimulated
degradation of I�B� (36), implying that the activation of IKK
was impaired. However, when we used IRAK1-deficient cells
(18) to generate stable cell lines expressing wild-type IRAK1
or IRAK1[K134R], we found that the IL-1-stimulated poly-
ubiquitination of IRAK1[K134R] and that of wild-type IRAK1
were similar. Moreover, IL-1 stimulated a similar activation of
ERK1/2 (which is dependent on IKK activation) in cells ex-
pressing wild-type IRAK1 or IRAK1[K134R] (Mark Wind-
heim and Philip Cohen, results not shown). These findings
indicate that wild-type IRAK1 is polyubiquitinated at addi-
tional sites and that the polyubiquitination of Lys134 is not
essential for IL-1-signaling.

The finding that IL-1 stimulates the formation of K63-pUb-
IRAK1 raises the question of the role of this modification in
signaling. It has been reported previously that IRAK1 can be
detected in NEMO immunoprecipitates when HeLa cells
are stimulated with IL-1 (6). Here we provide evidence that
the mechanism involves the interaction of K63-pUb-IRAK1
with NEMO, thereby recruiting the IKK complex to IRAK1
(Fig. 1).

We also show that the formation of K63-pUb-IRAK1 is
maximal at 10 min, the time at which IKK is activated, as
judged by the proteolytic destruction and disappearance of
I�B�, the phosphorylation of the p105 subunit of the Tpl2
complex, and the activation of ERK1/ERK2 (Fig. 5 and 6). In
contrast, the IL-1-induced interaction of TRAF6 with the
TAK1 complex and the activation of TAK1 precede the poly-
ubiquitination of IRAK1 and the activation of IKK (Fig. 5A),
suggesting that TAK1 may activate IKK when the NEMO-IKK
complex has been recruited to K63-pUb-IRAK1. Consistent
with a role for TAK1 in activating IKK, the IL-1-stimulated
activation of IKK did not occur in MEFs expressing a trun-
cated, inactive form of TAK1 (Fig. 6A).

TRAF6-deficient cells do not respond to IL-1, demonstrat-
ing a critical role for TRAF6 in signaling downstream of the
IL-1R (16, 20). Since TRAF6 is an E3 ligase, it is thought that
the formation of K63-pUb-TRAF6 is an autoubiquitination
event that occurs in the presence of E2 ubiquitin-conjugating
complexes that specify the formation of K63-pUb chains. In-
deed, it has been reported that the TAK1 complex can be
activated in vitro if it is incubated with TRAF6, Ubc13-Uev1a
(E2), E1, ubiquitin, and MgATP (31). However, whether the
E3 ligase activity of TRAF6 is required for IL-1 signaling in
vivo is unclear because IL-1 responsiveness is reported to be
restored to TRAF6-deficient cells by transfection with a trun-
cated form of TRAF6 in which the RING domain that carries
the E3 ligase activity has been deleted (16). It is also unlikely
that TRAF6 is the E3 ligase that mediates the formation of
K63-pUb-IRAK1 because the IL-1-stimulated polyubiquitina-

tion and disappearance of IRAK1 are not impaired in IL-1-
stimulated TRAF6�/� fibroblasts (M. Windheim, unpublished
experiments; see also the Discussion in reference 36).

Taken together, our results suggest the following model for
the IL-1-stimulated activation of IKK by TAK1 (Fig. 7). IL-1
initially stimulates the interaction of IRAK1 with TRAF6. The
TAB2/TAB3-TAK1-TAB1 complexes then bind to the TRAF6
component of the IRAK1-TRAF6 complex, interaction being
mediated by the TAB2/3 regulatory subunits. TAB2 has been
shown to bind to TRAF6, but not to IRAK1, in a yeast “two-
hybrid” analysis (29), and this interaction may be enhanced by
the binding of the K63-pUb chains of TRAF6 to the NZF
motifs of TAB2/TAB3 (15). The formation of the IRAK1-
TRAF6-TAK1 complex in IL-1R cells is followed by the for-
mation of K63-pUb-TRAF6, which correlates with the time at
which phosphorylation/activation of TAK1 is maximal, and this
is followed by the formation of K63-pUb-IRAK1, the binding
recruitment and activation of the IKK complex, and the phos-
phorylation of its substrates. The proposed association of
NEMO-IKK with K63-pUb-IRAK1 and TAB2/3-TAK1-TAB1
with K63-pUb-TRAF6 may colocalize these two protein ki-
nases to the IRAK1-TRAF6 complex, facilitating the activa-
tion of IKK by TAK1. Such an arrangement may also facilitate
the termination of signaling when the TRAF6-IRAK1 complex
dissociates. In order to establish whether this hypothesis is
correct, it is necessary to find ways of inhibiting the polyubiq-
uitination of IRAK1 specifically without affecting the poly-
ubiquitination of TRAF6. It should also be emphasized that
TAK1 may not be the only protein kinase that activates the
IKK complex in IL-1-stimulated cells, because although the
activation of IKK by IL-1 or TNF-� does not occur in
TAK1�/� MEFs, the activation of IKK is not impaired in
TAB1�/� MEFs that also lack TAK1 activity (21). Therefore,
a protein kinase distinct from TAK1 seems to activate IKK in
TAB1-deficient cells.

In summary, TRAF6 is not the only component of the
TRAF6-IRAK1 complex that undergoes Lys63-linked poly-

FIG. 7. Suggested model for how TAK1 and IKK�/� colocalize
with the TRAF6-IRAK1 complex. The results presented in this paper,
together with data from other laboratories, suggest that IL-1 induces
the binding of the TAB2-TAK1-TAB1 complex to K63-pUb-TRAF6,
while NEMO-IKK binds to K63-pUb-IRAK1 in the TRAF6-IRAK1
complex. These interactions may colocalize TAK1 and IKK�/� to this
complex, which may facilitate the phosphorylation of IKK�/� by
TAK1. Once activated, IKK phosphorylates the I�B� component of
the NF-�B complex and the p105 regulatory subunit of Tpl2. This
triggers the proteasomal destruction of these proteins, leading to the
activation of NF-�B and Tpl2.
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ubiquitination in response to IL-1. IRAK1 also undergoes this
modification, adding a new level of complexity to this signaling
system that has still to be fully worked out. Nevertheless, the
tethering of protein kinases to K63-pUb-protein scaffolds is
clearly critical for the activation of the innate immune system,
since the NEMO[D311N] mutant form, which does not bind to
K63-pUb chains, is the cause of a severe human immunodefi-
ciency disease (8).
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