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Signal transduction by Toll-like receptor 2 (TLR2) and TLR4
requires the adaptors MyD88 and Mal (MyD88 adaptor-like) and
serine/threonine kinases, interleukin-1 receptor-associated ki-
nases IRAK1 and IRAK4. We have found that both IRAK1 and
IRAK4 can directly phosphorylate Mal. In addition, co-expression
of Mal with either IRAK resulted in depletion of Mal from cell
lysates. This is likely to be due to Mal phosphorylation by the
IRAKSs because kinase-inactive forms of either IRAK had no effect.
Furthermore, lipopolysaccharide stimulation resulted in ubiquiti-
nation and degradation of Mal, which was inhibited using an
IRAK1/4 inhibitor or by knocking down expression of IRAK1
and IRAK4. MyD88 is not a substrate for either IRAK and did
not undergo degradation. We therefore conclude that Mal isa
substrate for IRAK1 and IRAK4 with phosphorylation pro-
moting ubiquitination and degradation of Mal. This process
may serve to negatively regulate signaling by TLR2 and TLR4.

Activation of Toll-like receptor (TLR)* signaling pathways by
microbial products initiates a cascade of events starting at the
receptor level and leading eventually to the induction of an array of
genes that encode for immune and inflammatory proteins. Ligand
binding typically induces receptor dimerization, the recruitment
of adaptor molecules, and the activation of a series of kinase cas-
cades. In the case of the lipopolysaccharide (LPS) receptor TLR4 or
the lipoprotein receptor TLR2, the adaptor molecules MyD88
(myeloid differentiation factor 88) and Mal (MyD88 adaptor-like)
are recruited to activate NF-«B and induce proinflammatory cyto-
kines, such as interleukin-1, tumor necrosis factor «, and interleu-
kin-6 (1-3). Two other adaptors, TRIF (Toll/interleukin-1 recep-
tor domain-containing inducing interferon-8) and TRAM (TRIF
adaptor molecule), also participate in TLR4 signaling. Recruit-
ment of these proteins leads to the activation of the transcription
factor, IRF3 (interferon regulatory factor-3), and the induction of
the type I interferons (4.—6).
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Mal and MyD88 both contain a Toll/interleukin-1 receptor
(TIR) domain and function together to optimally transduce sig-
nals from TLR2 as well as TLR4. MyD88 differs from Mal in that
it possesses an N-terminal death domain responsible for medi-
ating interactions between MyD88 and members of the inter-
leukin-1 receptor-associated kinase (IRAK) family. Four mem-
bers of this family have been described, and the pathways
leading to their activation have recently been dissected (7). In
resting cells, IRAK1 can be found in a receptor complex con-
taining MyD88 and Tollip. Following stimulation with LPS,
IRAK]1 is recruited to the TLR4 receptor complex, where it
undergoes phosphorylation by IRAK4 on key threonine res-
idues. This in turn promotes the autophosphorylating activ-
ity of IRAK]1, its dissociation from the receptor complex, and
subsequent interaction with TRAF6 (tumor necrosis factor
receptor-associated factor) and a TAK1-TAB1-TAB2 kinase
complex leading to the activation of NF«kB and mitogen-
activated protein kinases. IRAK1 undergoes degradation
within 1 h of activation, after which time IRAK2 functions to
maintain sustained TLR responses (8). IRAKM, unlike the
other IRAK family members, lacks a kinase activity and func-
tions as a negative regulator of TLR signaling (9). In addition
to IRAK1, Pellino 2 has also been described as an IRAK4
substrate, whereas STAT3, histone H3, and IRF7 have been
described as substrates for IRAK1 (10-13). Pellino 3 has
been shown to possess ligase activity and is also an IRAK1
and IRAK4 substrate. Only kinase-active forms of these
enzymes promote the ubiquitination and subsequent degra-
dation of Pellino3 (14).

In this paper, we demonstrate that the TIR domain of Mal
interacts with both IRAK1 and IRAK4. We also show that over-
expression of Mal with active IRAK4 and IRAK1 but not the
kinase-dead forms leads to Mal degradation. An interaction can
only be observed between Mal and the inactive forms of these
enzymes presumably because of degradation of Mal by the
kinase-active forms. It is known that phosphorylation is often a
prelude to ubiquitination. We also found that both enzymes
could phosphorylate this adaptor molecule in vitro. Finally, we
show that Mal undergoes ubiquitination prior to degradation
following LPS stimulation and that this can be inhibited by an
IRAK1/4 inhibitor or by knockdown of IRAK1 and IRAK4.
These features do not apply to MyD88 and may represent an
important negative feedback process in TLR2 and TLR4
signaling.
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EXPERIMENTAL PROCEDURES

Biological Reagents and Cell Culture—HEK293 cells were
obtained from the Centre for Applied Microbiology and
Research (Porton Down, Salisbury, Wiltshire, UK) and were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 100 units/ml gentamycin,
and 2 mMm L-glutamine and maintained at 37 °C in a humidified
atmosphere of 5% CO,. HEK293 TLR4/MD2/CD14 cells
(which will now be referred to as 293MTC cells) were obtained
from Invivogen. HA-tagged Mal in the pCDNA3 expression
vector has been described previously (15) and was used for
mammalian cell-based transfections. FLAG-tagged IRAK4 and
IRAK4K213A (kinase-inactive mutant) was obtained previ-
ously from Amgen. Myc-tagged IRAK2 was a kind gift from
Martha Muzio. Recombinant Mal, IRAK1, and IRAK4 were
prepared as described previously (10, 15). Anti-FLAG mono-
clonal antibody cross-linked to Sepharose beads (M2 beads)
was purchased from Sigma. Monoclonal antibodies against the
epitope tags FLAG (12CA5) and Myc (9E10) were obtained
from Sigma. The polyclonal antibody against the HA epitope
tag (Y-11) was obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-IRAK1 antibody (sc-5288) was obtained
from Santa Cruz Biotechnology, Inc. Anti-IRAK4 (catalog no.
4363) antibody was purchased from Cell Signaling. Lys*®-spe-
cific antibody was purchased from Millipore (clone Apu2). Pro-
tein A/G beads were obtained from Santa Cruz Biotechnology,
Inc. All other reagents were obtained from Sigma unless other-
wise stated.

Co-immunoprecipitation and Co-expression Studies—HA-
tagged Mal was co-expressed in HEK293 cells with various
FLAG-tagged constructs in 10 cm. Cells were seeded at 10°
cells/ml 24 h prior to transfection with GeneJuice according to
the manufacturer’s instructions (Novagen). Cells were washed
in ice-cold phosphate-buffered saline and lysed in 500 ul of
high stringency lysis buffer (50 mm HEPES, pH 7.5, 100 mm
NaCl, 1 mm EDTA, 10% glycerol, 1% Nonidet P-40). Superna-
tants were removed and added to the relevant precoupled anti-
body. 50 ul of each lysate was retained to confirm expression of
Mal and IRAK1 or IRAK4. Samples were incubated overnight at
4°C. Following incubation, the immune complexes were
washed twice with 1 ml of lysis buffer and once with ice-cold
phosphate-buffered saline. All supernatants were removed, and
beads were resuspended in 30 ul of 5X sample buffer. The sam-
ples were boiled for 5 min and subjected to SDS-PAGE
analysis and Western blotting with the appropriate epitope tag
antibodies.

Degradation Studies—HA-tagged Mal was transiently trans-
fected into 293MTC in 6-well dishes. Cells were seeded at 10°
cells/ml 24 h prior to transfection with GeneJuice according to
the manufacturer’s instructions (Novagen). Cells were stimu-
lated with 100 ng/ml LPS for the times indicated in the figure
legends. Cells were pretreated for 3 h prior to stimulation with
5 pum IRAK1/4 inhibitor (Calbiochem) or with 5 um MG132
(Calbiochem). Cells were washed in ice-cold phosphate-buff-
ered saline and lysed in 150 ul of high stringency lysis buffer (50
mMm HEPES, pH 7.5, 100 mM NaCl, 1 mm EDTA, 10% glycerol,
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1% Nonidet P-40). Samples were immunoblotted with HA and
also with B-actin to ensure equal protein loading.

THP1 cells were seeded at 10° cells/ml in 10-cm dishes 24 h
prior to treatment with 500 nm IRAK1/4 inhibitor (Sigma) for
3 h. Cells were then stimulated for the indicated time points
with 100 ng/ml LPS. Samples were lysed directly into sample
buffer, sonicated, and boiled. Samples were diluted 1:2 and
probed with anti-Mal antibody (16). Samples were diluted 1:5
and probed with B-actin to ensure equal protein loading.

In Vitro Kinase Assay and Mass Spectrometry Analysis—Re-
combinant Mal, IRAK1, and IRAK4 were purified as described
previously (10, 15). FLAG-tagged IRAK4 was overexpressed in
HEK293 cells and immunoprecipitated with anti-FLAG
M2-agarose beads. The immune complex was washed twice in
lysis buffer and an additional three times in kinase buffer (20
mMm HEPES, pH 7.5, 2 mwm dithiothreitol, 10 mm MgCl,, 50 mm
NaCl, 100 uM sodium orthovanadate, 20 mm B-glycerophos-
phate, 1 mm aprotinin, 1 mm phenylmethylsulfonyl fluoride).
The wash buffer was removed, and the immune complex was
resuspended in 30 ul of kinase buffer with 2 uCi of [y->*P]ATP,
0.6 mMm ATP, and 100 ng of recombinant Mal. The reaction was
left for 20 min at 30 °C. For direct kinase assays, 100 ng of
recombinant IRAK1 or IRAK4 was added to 100 ng of recom-
binant Mal in 30 ul of kinase buffer. The reactions were stopped
by boiling in 20 ul of 2X SDS sample buffer. Proteins were
separated via SDS-PAGE, and gels were dried and exposed to
x-ray film. For mass spectrometry analysis, kinase assays were
performed with cold ATP with larger sample volumes, and pro-
tein bands were resolved in 14 X 24-cm SDS-polyacrylamide
gels before being excised. Digests were prepared in 0.1 ml of 1%
formic acid and analyzed for 20 ul by liquid chromatography-
mass spectrometry with precursor ion scanning.

Ubiquitination Studies—HA-tagged Mal was either co-ex-
pressed in HEK293MTC cells with various FLAG-tagged con-
structs as well as Myc-tagged ubiquitin in 6-well dishes or
transfected with Mal and Myc-tagged ubiquitin, followed by
stimulation with 100 ng/ml LPS for the indicated times. Cells
were seeded at 10° cells/ml 24 h prior to transfection with
GeneJuice according to the manufacturer’s instructions (Nova-
gen). The indicated samples were pretreated with 5 um
IRAK1/4 inhibitor for 3 h prior to stimulation with LPS. Cells
were washed in ice-cold phosphate-buffered saline and lysed
in 150 wl of high stringency lysis buffer (50 mm HEPES, pH
7.5, 100 mMm NaCl, 1 mm EDTA, 10% glycerol, 1% Nonidet
P-40). Supernatants were removed and added to HA-pre-
coupled antibody. 50 ul of each lysate was retained to con-
firm expression of Mal and IRAK1 or IRAK4. Samples were
incubated overnight at 4 °C. Following incubation, the
immune complexes were washed twice with 1 ml of lysis
buffer and once with ice-cold phosphate-buffered saline. All
supernatants were removed, and beads were resuspended in
30 ul of 5X sample buffer. The samples were boiled for 5
min, and SDS-PAGE analysis was performed. Samples were
probed with Myc antibody.

U373 cells were seeded at 10° cells/ml. After 24 h, cells were
transfected with siRNA oligonucleotides to IRAK1 and
IRAK4 or a negative control. After 72 h, samples were trans-
fected with 200 ng of HA-tagged Mal. After 6 h, cells were
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FIGURE 1. Mal interacts with IRAK1 and IRAK4. A, HEK293 cells were transiently transfected with 1 pg of a plasmid encoding HA-Mal (lanes 1, 3, 4, and 7),
FLAG-IRAK4 (lanes 3 and 5), or FLAG-IRAK4KD (lanes 1,4, and 6) or mock-transfected (lane 2). Cell lysates were prepared and immunoprecipitated (/P) with FLAG
antibody (lanes 2-7) or IgG control (Ct) (lane 1) and immunoblotted (/B) with HA antibody. Sample lysates were immunoblotted with FLAG and HA antibody for
IRAK and Mal expression (bottom). B, HEK293 cells were mock-transfected (lane 1) or transiently transfected with 1 ug of plasmids encoding HA-Mal with either
FLAG-IRAK1 (lane 2) or FLAG-IRAK1KD (lane 3). Samples were immunoprecipitated with an IRAK1-specific antibody and probed with anti-HA (top). Lysates were
probed with IRAK antibody for IRAK1 and IRAK1KD expression (bottom) and HA for Mal expression (middle). C, HEK293 cells were mock-transfected (top, lane
1) or transiently transfected with plasmids encoding HA-Mal (top, lanes 2 and 3). Samples were immunoprecipitated with IRAK4 antibody or with 1gG control
(lane 3) and probed with HA antibody. Lysates were immunoblotted with IRAK4 antibody for IRAK4 expression (middle) or with HA antibody for Mal expression
(bottom). D, HEK293 MTC cells were mock-transfected or transfected with plasmid encoding HA-Mal. After 24 h, cells were stimulated for 1 h with 100 ng/ml LPS.
Samples were immunoprecipitated with IRAK1 antibody (lanes 2-4) or with IgG control (lane 7) and probed with HA antibody. Samples were immunoblotted
with IRAK1 antibody for IRAK1 expression (middle). Lysates were probed with HA antibody for Mal expression (bottom). HEK293 cells were transfected with 1
g of IRAK4KD and 1 pg of either full-length Mal, TIR domain of Mal, or proline to histidine (P125H) mutant. Cell lysates were prepared and immunoprecipitated
with FLAG antibody and immunoblotted with HA antibody. Sample lysates were immunoblotted with FLAG and HA antibody for IRAK4 and Mal expression (E,
bottom panels). Results are representative of three separate experiments.

RESULTS

Mal Associates with the IRAKI and IRAK4 through Its TIR
Domain—W e have previously reported that Mal is capable of
interacting with IRAK2 (12). We therefore sought to determine
if Mal could interact with other members of the IRAK family.
When Mal was overexpressed with the active form of IRAK4,

treated with the proteosomal inhibitor lactacystin (Bio-
trend) for 24 h. Cells were treated with 100 ng/ml LPS for the
indicated times and harvested as described previously for the
293 cells.

Small Interfering RNA—Oligonucleotides for IRAK1
(Hs_IRAK1_5) and IRAK4 (Hs_IRAK4_5) were purchased
from Qiagen. A non-targeting oligonucleotide (catalog no.

1027310) was used as a negative control. siRNAs were used at
50 nm. U373 or 293MTC cells were seeded at 10 cells/ml in
6-well plates. After 24 h, oligonucleotides were transfected
using Lipofectamine RNAIMAX (Invitrogen) in serum-free
medium. After 72 h, cells were stimulated with 100 ng/ml LPS
for the indicated times. Cells were then harvested and used for
further analysis.

18278 JOURNAL OF BIOLOGICAL CHEMISTRY

no interaction was observed (Fig. 14, top, lane 3). Importantly,
there was a notable depletion of Mal in the corresponding cell
lysates (Fig. 14, bottom, lane 3), suggesting that Mal may have
been undergoing degradation when co-expressed with IRAK4.
It is known that IRAK4 undergoes autoactivation when overex-
pressed. We therefore carried out co-immunoprecipitation
assays with Mal and kinase-dead IRAK4. As shown in Fig. 14
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FIGURE 2. Mal is degraded in the presence of IRAK1 and IRAK4. A-E, HEK293 cells were transiently trans-
fected with 100 ng of a plasmid encoding HA-Mal and increasing concentrations of plasmids encoding active
IRAK4 (A), active IRAK1 (B), inactive IRAK4 (C), inactive IRAK1 (D), and TRAF2 (E). F, HEK293 cells were transiently
transfected with 100 ng of a plasmid encoding Myc-MyD88 and increasing concentrations of plasmid encod-
ing active IRAK4. Cell lysates were prepared, and samples were analyzed by SDS-PAGE and immunoblotting.
Results shown are representative of three individual experiments. /B, immunoblot.

(bottom), Mal was not depleted in these lysates (compare lane 4
with lane 3). Furthermore, we were able to detect an interaction
between the two proteins (Fig. 14, top, lane 4). This was also the
case for IRAK1, with Mal interacting only with the kinase-dead
version of this protein as opposed to overexpressed active
IRAK1 (Fig. 1B, top, lane 3). As was the case for IRAK4, Mal
expression levels were decreased when overexpressed with
wild-type IRAK1 (Fig. 1B, middle, lane 2). Furthermore, Mal
was capable of interacting with endogenous IRAK4 and IRAK1,
suggesting that the two proteins may be associated in resting
cells (Fig. 1, C (lane 2) and D (lane 3)). It is known that IRAK1
itself undergoes degradation following LPS stimulation, and
this may explain the reduced interaction we observed between
Mal and IRAK1 in stimulated cells (Fig. 1D, top, lane 4).

We next carried out co-immunoprecipitation assays in order
to identify the region of Mal that was interacting with IRAK4.
As shown in Fig. 1E, Mal interacts with IRAK4KD via its TIR
domain (lane 4). Mutation of the conserved proline residue
within the BB loop of Mal abolished this interaction (Fig. 1E,
lane 5). We did not observe any interaction between the N-ter-
minal region of Mal and IRAK4KD (data not shown). This find-
ing suggests that Mal interacts with the IRAKs via a TIR
domain.

Co-expression of Mal with IRAK4 and IRAKI Leads to Mal
Degradation—As mentioned above, we observed on several
occasions that overexpression of Mal with the IRAKs led to a
dramatic reduction in Mal protein levels as observed by West-
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dent degradation.

Mal Undergoes IRAKI1/4-depen-
dent Phosphorylation—W e have pre-
viously shown that overexpression
of Mal in HEK293 cells results in the
appearance of higher molecular
weight forms of the protein that are absent upon pretreatment
with calf intestinal alkaline phosphatase (17). In vitro kinase
assays and mutagenesis studies implicated Bruton’s tyrosine
kinase as the enzyme responsible for phosphorylating Mal on
key tyrosine residues, an event required for Mal activity. Calf
intestinal alkaline phosphatase is actually a serine/threonine
phosphatase; however, high concentrations will dephosphory-
late tyrosine residues. Given that Mal only undergoes degrada-
tion with the active forms of the IRAKs, we next sought to
determine if Mal was being phosphorylated by these kinases.
Cells were transfected with FLAG-tagged IRAK4, and after
24 h, the enzyme was immunoprecipitated, and the resulting
immune complex was incubated with purified recombinant
Mal in kinase buffer. As shown in Fig. 34, Mal was clearly phos-
phorylated by IRAK4 (lane 3). Autophosphorylation of IRAK4
can also be observed (upper band). A kinase-dead version of the
IRAK4 (IRAK4KD) failed to phosphorylate Mal (lane 2), sug-
gesting that the kinase activity of IRAK4 is required for this
effect. A similar result was obtained with immunoprecipitated
IRAK1 (not shown).

We next performed a direct in vitro kinase assay with recom-
binant Mal and purified recombinant forms of the IRAKs in a
cell-free system. As shown in Fig. 3B, Mal was directly phos-
phorylated by IRAK4 and IRAKI. Both enzymes underwent
autophosphorylation (lanes 3 and 5), which was not evident
with the kinase-inactive mutants (lanes 4 and 6). Incubation of
IRAKA4 (lane 7) and IRAK1 (lane 9) with Mal led to Mal phos-
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FIGURE 3. Mal is phosphorylated in vitro by both IRAK1 and IRAK4. A, top,
HEK293 cells were mock-transfected (NT; lane 1) or transiently transfected
with plasmids encoding either FLAG-IRAK4KD (lane 2) or FLAG-IRAK4 (lane 3),
cell lysates were prepared, and FLAG tagged proteins were immunoprecipi-
tated with a FLAG antibody. Immunoprecipitates were washed twice with
kinase buffer and incubated with 100 ng of recombinant Mal. Samples were
then incubated with [y->P]ATP and a kinase buffer for 30 min at 37 °C. Sam-
ples were separated by SDS-PAGE and visualized by autoradiography. Bot-
tom, cell lysates were immunoblotted for IRAK4 and IRAK4KD expression.
B, phosphate-buffered saline (PBS), recombinant Mal, recombinant IRAK4,
recombinant IRAK4KD, recombinant IRAK1 wild type (wt), and recombinant
IRAK1KD were all incubated alone (lanes 1-6) or with recombinant Mal (lanes
7-10). Samples were incubated with [y-32P]JATP and a kinase buffer for 30 min
at 37°C. Samples were then separated by SDS-PAGE and visualized by
autoradiography.

phorylation, again not evident with the kinase-inactive forms
(lanes 8 and 10). For IRAK4, two phosphobands are evident
(lane 7, arrows b and c), whereas with IRAK1, an additional
phosphoband appears (arrow a). This indicates that Mal is dif-
ferentially phosphorylated by both IRAKs. MyD88 was not
phosphorylated by either enzyme (data not shown).

We next sought to identify the site(s) on Mal undergoing
phosphorylation. A non-radioactive in vitro kinase assay was
carried out with purified recombinant Mal and either IRAK1 or
IRAK4. Samples were run on a 14 X 16-cm SDS gel, and the
slower migrating form of Mal that was visible on staining was
excised from the gel and subject to trypsin digestion followed by
liquid chromatography-mass spectrometry with precursor ion
scanning. As shown in Table 1, threonine 28 was identified as
the phospho-accepting residue in both cases. Mutation of this
residue to arginine (T28A) had no affect on Mal-mediated
NEkB activity in luciferase reporter assays (data not shown).
Furthermore, this mutant was degraded to the same extent as
wild type Mal when overexpressed with IRAK1 or IRAK4, sug-
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TABLE 1
Mal is phosphorylated on threonine 28 by IRAK1 and IRAK4

Purified recombinant Mal was incubated with either recombinant IRAK1 or IRAK4
in kinase buffer containing ATP and subjected to SDS-PAGE. Upper bands that
were visible in lanes containing ATP were excised from the gel and subjected to
liquid chromatography-mass spectrometry.

Phosphopeptide ion Sequence
744.86 (2+) MADWFRQpTLLK
753.39 (2+) MADWFRQpTLLK
1006.48 (2+) KPLGKMADWEFRQpTLLK
665.38 (1+) ZpTLLK"
710.39 (1+) QpTLLK + formic acid
“ Z, pyro-Glu.

gesting that more than one phosphorylation site is required for
this effect (data not shown). We therefore generated point
mutants of 23 serine residues that could possibly undergo phos-
phorylation within the protein; however, no single point muta-
tion showed any variation in comparison with wild type Mal.
Given that we observed multiple phosphobands in the in vitro
kinase assay, it is likely that Mal is phosphorylated on more than
one site by the IRAKs and that multiple phosphorylations are
required for Mal degradation.

Mal Undergoes LPS-induced Ubiquitination and Degrada-
tion—It has previously been shown that Mal undergoes LPS-
induced degradation (18). In order to examine if the IRAKs play
arole in this event, we pretreated cells with an IRAK1/4 inhib-
itor for 3 h prior to stimulation with LPS. LPS induced the
degradation of Mal in cells after treatment times of 60 min and
3 h (Fig. 44, lanes 5 and 6). The inhibitor prevented the degra-
dation of Mal and also appeared to stabilize the protein at later
time points (Fig. 4B, lanes 5 and 6). Pretreatment of cells with
the proteosome inhibitor MG132 also prevented LPS-induced
degradation of Mal, as shown in Fig. 4C (lanes 5 and 6).

In order to further confirm a role for the IRAKs in LPS-
induced Mal degradation, we carried out siRNA experiments to
knockdown IRAK1 and IRAK4 in 293MTC cells. Both proteins
were successfully knocked down, as shown in Fig. 4D (top panel
and second panel, respectively). Knockdown of IRAK1 and
IRAK4 reduced LPS-induced degradation of Mal as shown in
Fig. 4D (panel 3; compare lanes 9 and 10 with lanes 4 and 5).

To further confirm the involvement of IRAKs in LPS-in-
duced Mal degradation at a physiological level, we pretreated
the human monocytic cell line, THP1, with an IRAK1/4 inhib-
itor for 3 h prior to stimulation with LPS. In agreement with
previous results, LPS induced degradation of endogenous Mal
maximally at 3 h. Pretreatment of cells with the IRAK1/4 inhib-
itor attenuated this effect (Fig. 4E, compare lanes 1-4 with
lanes 5-8).

It is well established that ubiquitination of proteins occurs
prior to degradation. In order to determine if Mal undergoes
this form of modification, we overexpressed Mal together with
Myc-tagged ubiquitin. As shown in Fig. 4F, stimulation of cells
with LPS promoted Mal ubiquitination in a time-dependent
manner. The IRAK1/4 inhibitor blocked LPS-induced Mal
ubiquitination particularly at the later time point of 3 h (Fig. 4F,
compare lanes 4 and 8). An additional IRAK1/4 inhibitor also
blocked LPS-induced Mal ubiquitination at a lower concentra-
tion (100 nm) (data not shown). We also examined Mal ubiq-
uitination in an additional LPS-responsive astrocytoma cell line
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FIGURE 4. Mal undergoes LPS induced ubiquitination and degradation. A-C, HEK293 MTC cells were mock-transfected (NT) or transiently transfected with
100 ng of HA-Mal. Samples were stimulated with 100 ng/ml LPS for the indicated times (A). Samples were pretreated with 5 um IRAK1/4 inhibitor (B) or with 5
M MG132 (C). Samples were probed with HA antibody for Mal expression or with B-actin antibody to ensure equal protein loading in each sample. Densito-
metric analyses of band intensities were determined using ImageJ. Relative intensity (R.I.) values were calculated relative to time 0 for each experiment. D, 293
MTC cells were transfected with siRNA oligonucleotides specific to IRAK1 and IRAK4 (50 nm of each) or with an equivalent concentration of a negative control.
After 72 h, cells were transfected with 100 ng of Mal. After 24 h, samples were stimulated with 100 ng/ml LPS for the indicated times. Samples were probed with
HA antibody for Mal expression or with B-actin antibody to ensure equal protein loading in each sample. Densitometric analyses of band intensities were
determined using ImageJ. Relative intensity values were calculated relative to time 0 for each experiment. £, THP1 cells were pretreated with 500 nm IRAK1/4
inhibitor followed by LPS stimulation (100 ng/ml) for the indicated times. Samples were probed with anti-Mal antibody or with B-actin antibody to ensure equal
protein loading in each sample. Densitometric analyses of band intensities were determined using ImageJ. Relative intensity values were calculated relative to
time O for each experiment. F, HEK293 MTC cells were transfected with the 100 ng of Mal and 100 ng of Myc-ubiquitin. After 24 h, samples were pretreated with
5 um IRAK1/4 inhibitor followed by LPS stimulation (100 ng/ml) for the indicated times. Samples were immunoprecipitated with HA antibody and probed with
Myc antibody (top). Lysates were probed with B-actin as a loading control (bottom). G, U373 cells were transfected with siRNA oligonucleotides specific to IRAK1
and IRAK4 (50 nm) or with an equivalent concentration of a negative control. After 72 h, cells were transfected with 100 ng of Mal and 100 ng of Myc-ubiquitin,
and after 6 h, samples were treated with 1 um lactacystin. After 24 h, samples were stimulated with 100 ng/ml LPS for the indicated times. Samples were probed
with HA antibody for Mal expression or with B-actin antibody to ensure equal protein loading. Results shown are representative of two or three individual
experiments.

(U373). In this case, ubiquitination of Mal occurred at an earlier
time point (Fig. 4G, top left, lane 2). However, Mal ubiquitina-

atively regulate TLR signaling. Mal therefore joins Pellino2, Pel-
lino3, IRAK1, IRF7, STAT3, and histone H3 as an IRAK

tion was completely abolished when both IRAK1 and IRAK4
were knocked down, as shown in Fig. 4G (top right). Finally, we
confirmed that Mal is subject to Lys**-linked ubiquitination
that is indicative of degradation, using a Lys*®-specific antibody
as shown in Fig. 4G (middle).

DISCUSSION

In this paper, we demonstrate that Mal can interact with
IRAK1 and IRAK4 and acts as a substrate for both enzymes in
vitro. Furthermore, we show that Mal undergoes IRAK-depen-
dent ubiquitination and degradation, which may serve to neg-
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substrate. Of these, IRAK1 is the best studied in terms of phos-
phorylation. Kollewe et al. (17) have used a series of IRAK1
peptides and deletion mutants in order to analyze the sequence
of events surrounding IRAK1 phosphorylation. It is thought
that IRAK1 is initially phosphorylated on Thr*°®, which lies in
the ProST region of the protein. In vitro, this reaction is cata-
lyzed by IRAK1 itself; however, phosphorylation of a peptide
containing this residue was also observed with IRAK4. The
addition of a phosphate group results in a conformational
change in IRAK1 and effectively opens the kinase domain to
expose an activation loop, which is then phosphorylated on
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Thr®*” and results in a full enzymatic activity. At this point,
IRAK1 undergoes extensive hyperphosphorylation in the
ProST region, leading to its eventual dissociation from MyD88
and Tollip and engagement with downstream signaling pro-
teins. Hyperphosphorylation of IRAK1 also serves to limit the
availability of the protein, which undergoes phosphorylation-
dependent degradation.

In this study, we observed that co-expression of Mal with
both IRAK4 and IRAKI1 leads to depletion of Mal from cell
lysates. This effect is dependent on the kinase activity of both
enzymes because catalytically inactive forms did not cause deg-
radation. It should be noted that Mal degradation by IRAK4
may also involve IRAK1 because IRAK1 is known to be acti-
vated upon overexpression of IRAK4. Other examples of deg-
radation of components of the TLR system have emerged.
TLR3, TLR5, and TLR9 have all been shown to be depleted from
cell lysates when overexpressed with Triad3A, an E3 ubiquitin
ligase that functions to modulate TLR signaling (19). Similarly,
MyD88 has been shown to undergo ubiquitin-mediated prote-
olysis following stimulation of cells with TGF-B (20). A recent
paper has investigated the effect of pharmacological inhibition
of IRAK1 and IRAK4 on proinflammatory cytokine production
in human cells (21). The most profound effects were observed
with a dual inhibitor of both IRAKs, suggesting redundancy in
the activities of the two enzymes. It has also been demonstrated
that IRAK1/4 inhibitors result in a decrease in the production
of interleukin-8 following LPS stimulation (22). We found that
LPS-induced Mal degradation is also prevented upon inhibition
of IRAK1/4. In addition, we show that knocking down both
IRAK1 and IRAK4 blocks LPS-induced degradation of Mal.

Both IRAK1 and IRAK4 are capable of phosphorylating Mal
in a cell-free system. IRAK4 itself also undergoes phosphoryla-
tion when overexpressed in cells; however, it is not clear at
present if this is an autophosphorylation event or if indeed
another kinase is involved. Mass spectrometric analysis identi-
fied threonine 28 as a novel phosphorylation site on Mal. Single
point mutants of threonine and possible serine phosphoryla-
tion sites were not enough to prevent activation or degradation
of Mal, further emphasizing the complex nature of the phos-
phorylation of Mal by IRAK1 and -4. This also suggests that it is
more than a single site that is important. We are currently gen-
erating double and triple mutants to try to determine the key
phosphorylation sites on Mal. We were unable to detect phos-
phorylation of endogenous Mal using phosphopeptide antibod-
ies due to the low level of Mal expression and ensuing detection
problems. MyD88 was not phosphorylated by the IRAKs; nor
did it undergo degradation. It is possible that this process may
serve to dampen TLR2 and TLR4 responses via specific target-
ing of Mal.

Protein phosphorylation is often a prelude to ubiquitination.
This may also be the case for Mal because pretreatment with
IRAK1/4 inhibitors or depletion of the kinases from cells pre-
vented LPS-induced Mal ubiquitination. Furthermore, we con-
firmed that Mal undergoes Lys*®-linked ubiquitination, which
serves as a marker for proteosomal degradation. It has previ-
ously been shown that SOCS1 (suppressor of cytokines 1) is
involved in Mal polyubiquitination and degradation following
tyrosine phosphorylation by Bruton’s tyrosine kinase (16).
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More recently, it has been reported that wild-type but not
kinase-inactive forms of IRAK1 and IRAK4 promote the poly-
ubiquitination and degradation of Pellino family members,
whereas IRAK4 has been shown to induce the degradation of
IRAK]1 in a proteosome-independent manner (23, 24).

In conclusion, Mal is a substrate of both IRAK1 and IRAK4 in
vitro; the consequence of Mal phosphorylation is ubiquitina-
tion followed by degradation. This is in contrast to phosphory-
lation of Mal by Bruton’s tyrosine kinase, which is required for
Mal activation (18). We have therefore revealed an additional
substrate for IRAK1 and IRAK4 and uncovered what is likely to
be an important control mechanism in TLR2 and TLR4 signal
transduction.
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