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pUb, Lys63-linked polyubiquitin; IRAK, IL-1R associated kinase; MAP, mitogen-
activated protein; MKK, MAP kinase kinase; MyD, myeloid differentiation factor;
NEMO, NFkB essential modifier; NFxB, nuclear factor kappa B; RING, really
interesting new gene; TAK1, TGFp-activated kinase 1; TGF, transforming growth
factor; TAB, TAKI1-binding protein; TRAF, TNF-receptor associated factor; Tpl,
tumour progression locus; Ub, ubiquitin; Ubc, ubiquitin conjugating enzyme; Uev,

ubiquitin E2 variant.
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Abstract.

The protein kinases IRAK1 and IRAK4 play key roles in a signalling pathway by
which bacterial infection or interleukin-1 trigger the production of inflammatory
mediators. Here we demonstrate that IRAK1 and IRAK4 phosphorylate Pellino
isoforms in vitro and that phosphorylation greatly enhances Pellino’s E3 ubiquitin
ligase activity. We show that, in vitro, Pellino 1 can combine with the E2 conjugating
complex Ubc13-Uevla to catalyse the formation of Lys63-linked polyubiquitin (K63-
pUb) chains, with UbcH3 to catalyse the formation of K48-pUb chains and with
UbcH4, UbcH5a or UbcHS5b to catalyse the formation of pUb-chains linked mainly
via K11 and K48 of ubiquitin. In IRAKI1-/- cells, the co-transfection of DNA
encoding wild type IRAK1 and Pellino 2, but not inactive mutants of these proteins,
induces the formation of K63-pUb-IRAKI! and its interaction with the NEMO
regulatory subunit of the IKK complex, a K63-pUb-binding protein. These studies
suggest that Pellino isoforms may be the E3 ubiquitin ligases that mediate the IL-1-
stimulated formation of K63-pUb-IRAKI1 in cells, which may contribute to the
activation of IKKf and the transcription factor NFkB as well as other signalling

pathways dependent on IRAK1/4.

Key words: IRAK; Pellino, E3 ligase, Ubc13, ubiquitin, inflammation, interleukin-1
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Introduction.

During infection by bacteria, bacterial products engage Toll-like receptors
(TLRs) in immune cells, triggering the activation of signaling pathways that lead to
the production of proinflammatory cytokines, interferons and chemokines. These
inflammatory mediators are released into the circulation, where they mount responses
to combat the invading pathogen. An initial event in signaling via the interleukin-1
receptor (IL-1R) and all TLRs, except TLR3, is the recruitment to the receptors of a
complex that includes the adaptor protein MyD88 [1, 2] and two protein kinases,
termed IL-1R-associated kinase 1 (IRAK1) and IRAK4 [3, 4]. IRAK4 then activates
IRAKI1, allowing the latter to autophosphorylate at multiple sites [5]. This induces
the dissociation of IRAK1/IRAK4 from MyD88 [6] and their interaction with an E3
ubiquitin ligase, termed tumour necrosis factor-associated factor 6 (TRAF6) [7]. The
next step in signaling is reported to involve the covalent attachment of Lys63-linked
polyubiquitin (K63-pUb) chains to TRAF6, which is thought to be mediated by
TRAF6 itself and E2 conjugating complexes, such as Ubc13-Uevla [8, 9]. The K63-
pUb-TRAF6 can then recruit the Transforming Growth Factor f (TGFf)-activated
kinase 1 (TAKI1) complexes because the nuclear zinc finger (NZF) motifs present at
the C-termini of the TAB2 and TAB3 regulatory subunits interact with K63-pUb
chains [10]. This is believed to induce the dimerisation, autophosphorylation and
activation of TAK 1, which then activates IkB kinase  (IKKf) and mitogen-activated
protein (MAP) kinase kinases (MKKs), switching on downstream signaling pathways,
that stimulate the production of inflammatory mediators [9, 11, 12].

We recently found that IL-1 also induces a rapid and striking formation of
K63-pUb-IRAK1 and its interaction with both NF«xB essential modified (NEMO), a
regulatory subunit of the IKK complex, and A20-binding inhibitor of NFkB 2
(ABIN2), a regulatory subunit of the Tumour progression locus 2 (Tpl2) kinase (also
called COT) (M.Windheim and P.Cohen, unpublished work). The co-localisation of
these protein kinases to K63-pUb scaffolds may facilitate the IKKf-catalysed

activation of Tpl2, enabling Tpl2 to switch on MKK1/MKK?2 and hence extracellular
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signal-regulated kinases 1 and 2 (ERK1, ERK?2), which is critical for the production
of pro-inflammatory cytokines, such as TNF. These findings suggested that the
formation of K63-pUb-IRAKI1, as well as the formation of K63-pUb-TRAF6, may be
important for downstream signaling and raised the question of the identity of the E3
ubiquitin ligase and E2 conjugating complexes that catalyse the formation of K63-
pUb-IRAKI.

IRAK1 and IRAK4 are known to interact with three closely related
mammalian proteins, termed Pellino 1, Pellino 2 and Pellino 3 [13-17]. These
proteins appear to be important for signaling by IL-1 because, for example, siRNA
“knock-down” of Pellino 1 has been reported to impair the activation of NFxB [18].
Similarly the TGFp-induced protein SMAD6 binds to Pellino 1, disrupts its
interaction with IRAK1/IRAK4 and prevents signaling by IL-1 [19]. Recently, a
“Really Interesting New Gene (RING)-like” domain was identified near the C-
terminus of Pellino 1, 2 and 3, and these Pellino isoforms were shown to induce the
polyubiquitination of IRAK1 when co-transfected with this protein kinase in cells. In
contrast, Pellino mutants in which a cysteine and a histidine residue in the RING-like
domain had been mutated did not induce the polyubiquitination of IRAK1 [20, 21].
Taken together, these experiments suggested that the Pellino isoforms may be E3
ubiquitin ligases. The co-transfection of wild type IRAKI, but not a catalytically
inactive mutant of IRAK 1, decreased the electrophoretic mobility of Pellino isoforms,
which could be reversed by treatment with a protein serine/threonine phosphatase,
suggesting that Pellino isoforms are phosphorylated by IRAKI1, or by a kinase
activated by IRAK1, under these conditions. Since wild-type IRAKI1 interacted more
strongly with Pellino isoforms than catalytically inactive IRAK1 in these experiments,
it was suggested that the role of Pellino phosphorylation might be to enhance its
interaction with IRAK1 [20, 21].

In this paper we have analysed the phosphorylation of Pellino isoforms by
IRAKT1 in vitro. We show that not only IRAKI, but also IRAK4 phosphorylates

Pellino isoforms and phosphorylation strikingly enhance their E3 ubiquitin ligase
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activity. We also show that Pellino 1 can act in vitro with a number of E2
conjugating complexes to form K63-pUb chains (Ubcl3-Uevla), K48-pUb chains
(UbcH3) or polyubiquitin chains linked via more than one lysine residue of ubiquitin
(UbcH4, UbcH5a or UbcHSb). We further show that the co-transfection of IRAK1
with Pellino 2 in cells induces the formation of K63-pUb-IRAK1 almost exclusively,
and that co-transfection with Pellino 2 alone causes the endogenous IRAKI1 to
undergo Lys63-linked polyubiquitination. These experiments suggest that Pellinos
may be the E3 ubiquitin ligases that mediates the formation of K63-pUb-IRAKI in

Vvivo.

Experimental Procedures

DNA constructs

Pellino 1 (NCBI AJ278859) was amplified from human liver total RNA by RTPCR
using Superscript III (Invitrogen). The resulting product was cloned into pSC-b
(Stratagene) and sequenced to completion. The insert was then digested with BamH1
and Notl and cloned into the same sites in pGEX6P-1 to produce pGEX6P-1 Pellino
1 for expression in E.coli. Pellino 2 (NCBI BC009476) was cloned in a similar
fashion and ligated into the same sites in pCMV HA-1 to form pCMV-HA-Pellino 2
for transfection into mammalian cells. Pellino 3b (NCB1 AF487457) was amplified
from IMAGE EST 5198999 using KOD Hot Start Polymerase (Novagen), subcloned
into pSC-b, sequenced and ligated into the same sites in pGEX6P-1 to produce
pGEXG6P-1 Pellino 3b. IRAK1 (NCBI AAC41949.1) was amplified by RTPCR and
the fragment subcloned into the Notl sites of pFBGST, for expression in insect Sf21
cells, and into pCMV HA-2 for expression in mammalian cells. IRAK4 (NCBI
AAHI13316.1) was amplified from IMAGE EST 4287014 and ligated into the BamH1
Notl sites of pFBHTb for expression in insect Sf21 cells. UbcH3 (NCBI
NM 004359) was amplified from IMAGE EST 3942735, UbcHS5a (NCBI
NM 003338) from IMAGE 4305900 and UbcHS5b (NCBI NM 003339) from

IMAGE 5533590, digested with BamH1 and Notl and ligated into the same sites in
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pET28a for expression in E.coli. UbcH4 (NCBI BAA91697) was amplified from
IMAGE clone 3835609 and ligated into the Notl site of pET28a.

NEMO (NCBI BC050612) was amplified from IMAGE 6062527 and subcloned into
the BamH]1 and Notl sites of pCMVtag3b for expression in mammalian cells. The
mutant NEMO[D311N], was made by following the Quickchange site-directed
mutagenesis method (Stratagene), but using KOD Hot Start DNA Polymerase
(Novagen). All DNA constructs were sequenced by the Sequencing Service (MRC
Protein Phosphorylation Unit, College of Life Sciences, University of Dundee, UK).
Protein expression and purification.

GST-IRAKI1 and Hise-tagged IRAK4 were expressed as active enzymes in
insect Sf21 cells. GST-IRAK1 was purified from the cell lysates by affinity
purification on glutathione-Sepharose (GE Healthcare) and IRAK4 on nickel-
nitrilotriacetate agarose. GST-Pellino 1 and GST-Pellino 3b were expressed in E.coli,
purified on glutathione Sepharose and the GST cleaved with PreScission protease to
release the untagged Pellino 1 and 3B. The purified proteins were dialysed against 50
mM Tris/HCI pH 7.5, 270 mM sucrose, 150 mM NaCl, 0.1 mM EGTA, 0.1% (v/v) 2-
mercaptoethanol, 1 mM benzamidine and 0.2 mM phenylmethanesulphonyl fluoride
and stored in aliquots at -80°C. UbcH3, UbcH4, UbcH5a and UbcH5b were
expressed in E.coli as Hise-tagged proteins and purified on nickel-nitrilotriacetate
agarose. Ubcl3-Uevla, E1 and ubiquitin mutants were expressed and purified as
described [22]. The protein phosphatase encoded by bacteriophage Agtl0 was
obtained from New England Biolabs and wild-type ubiquitin from Sigma.

Antibodies.

Anti-Flag and anti-haemagglutinin (HA) were purchased from Sigma, anti-
IRAKT and anti-NEMO from Santa-Cruz, anti-myc from Roche, anti-ubiquitin from
DakoCytomation, rabbit, mouse and sheep-specific secondary antibodies conjugated
to horse radish peroxidase from Pierce and protein G (HRP-conjugated) from BioRad.

Cell culture and transfection.
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Human embryonic kidney (HEK) 293 cells stably expressing the IL-1
receptor, but deficient in IRAK1 (termed here IRAKI1-/- cells)[23], a generous gift
from Dr Xiaoxia Li, Cleveland, USA, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% (v/v) foetal calf serum (FCS). The cells were transfected
at 60—70% confluency using polyethyleneimine and a total of 7.5 ug of DNA for each
transfection [24]. After 24 h, the medium was replaced with DMEM without serum
and then left for a further 16 h to avoid stimulation by any agonists that might have
been present in the serum. The cells were extracted in ice cold lysis buffer (50 mM
Tris/HCI, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% (v/v) Triton X-100, 1 mM
NazVO4, 50 mM NaF, 5 mM sodium pyrophosphate, 0.27 M sucrose, 50 mM
iodoacetamide, 10 mM sodium f-glycerolphosphate, 0.2 mM phenylmethylsulphonyl
fluoride, 1 mM benzamidine). Cell lysates were clarified by centrifugation at 4°C for
15 min at 20,000 g, and aliquots of the supernatants were quick frozen in liquid
nitrogen and stored at -80°C. Protein concentrations were determined by the Bradford
method.

Immunoprecipitation.

Cell lysate (0.5 mg protein) was incubated for 45 min at 4°C with 1-2 ug of
antibody. Washed Protein G-Dynabeads (10 ul of Dynabeads per 1 ug of antibody)
were added and incubated for a further 2-3 h with continuous stirring. The Dynabeads
were collected by centrifugation, the supernatant was discarded and the beads were
washed twice with 1 ml lysis buffer and once with 1 ml 10 mM Tris-HCI pH 8.0.
Immunoblotting.

20-30 ug of cell lysate protein or immunoprecipitates were denatured by
incubation for 10 min at 75°C in 1% SDS, subjected to SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were incubated for 30 min with Tris/HCI,
pH 7.5, 0.15 M NaCl, and 0.5% (v/v) Tween (Buffer A) containing 5% (w/v) bovine
serum albumin (BSA), immunoblotted for 2 h at 20°C in the same buffer and then
overnight with the primary antibodies indicated. Antibodies were diluted to 0.2 ug.ml’

! for anti-NEMO and anti-IRAK-1, 1 ug.ml” for anti-Flag, and 2 pg.ml" for anti-HA
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and anti-myc. The blots were washed 3 times with Buffer A and incubated with
secondary HRP-conjugated antibodies in 5% (w/v) BSA. After three further washes in
Buffer A, the signal was detected with the enhanced chemiluminescence reagent.
Analysis of ubiquitination by mass spectrometry

Ubiquitinated IRAK1 produced by co-transfection with Pellino 2 in IRAK1-
deficient IL-1R cells was separated by SDS-PAGE, stained with Colloidal Coomassie
Blue and digested with trypsin [25]. The polybiquitination chain architecture of
tryptic digests was analysed by LC-MS on an Applied Biosystems 4000 Q-Trap mass
spectrometer with multiple reaction monitoring (MRM) for the 7 possible tryptic
peptides derived from polyubiquitin chains. The Q1 and Q3 masses for the seven
linkages chosen to trigger an MRM event above 200 courits were Lys6 (698.4/276.1),
Lysll (801.4/1002.5), Lys27 (701.0/215.1), ~Lys29 (408.7/503.3), Lys33
(546.6/740.4), Lys48 (487.6/232.1) and Lys63 (748.7/288.2). The intensity of each
ubiquitin linkage peptide was determined from the extracted ion chromatogram of
each MRM using Analyst 1.4.1 software. In the experiments where IRAK1 was co-
expressed with Pellino 2 and isolated by immunoprecipitation, the tryptic digests were
analysed by both MRM and LC-MS on a ThermoElectron LTQ-orbitrap system
coupled to a Dionex 3000 HPLC system. The extracted ion chromatograms for the
ubiquitin linkage peptides were performed using Qual Browser in Xcalibur software.

MSMS spectra were searched using Mascot (Matrixscience) run on a local
server allowing for Gly-Gly or Leu-Arg-Gly-Gly attached to a ubiquitinated lysine
residue. The mass tolerances used were +/- 1Da for 4000 Q-Trap experiments and +/-

20 ppm for orbitrap experiments.
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Results.
Pellino 1 is an E3 ubiquitin ligase that is activated by IRAKI.

Previous studies had demonstrated that IRAK1 became polyubiquitinated
when it was co-transfected with DNA encoding Pellinos 1, 2 and 3, suggesting that
the Pellino isoforms are E3 ligases [20, 21]. To check whether Pellino 1 was really an
E3 ubiquitin ligase and that in co-transfection experiments it did not induce the
polyubiquitination of IRAKT1 indirectly by interacting with and activating a different
E3 ligase, we carried out ubiquitination assays in vitro in the presence of Ubc13-
Uevla, an E2 conjugating complex known to specify the formation of K63-pUb
chains. These experiments established that Pellino 1 was indeed an E3 ligase that
could mediate the formation of polyubiquitin chains in the presence of Ubc13-Uevla,
E1, ubiquitin and MgATP (Fig 1A). Moreover, the polyubiquitin chains formed in
the presence of Pellino 1 and Ubc13-Uevla were predominantly linked via Lys63,
because they were not formed when wild type ubiquitin was replaced by
ubiquitin[K63R] (Fig 1B). While this manuscript was in preparation Butler et al [26]
also reported that all three Pellino isoforms can act with Ubc13-Uevla to form K63-
pUb chains in vitro.

It had also been reported that Pellino isoforms became phosphorylated when
DNA encoding these proteins was co-transfected with DNA encoding IRAK1 [20,
21]. To investigate whether Pellino 1 was phosphorylated directly by IRAK1, or
whether the phosphorylation of Pellino isoforms observed in co-transfection
experiments was catalysed by another protein kinase that was activated by IRAK1, we
investigated whether IRAK1 was capable of phosphorylating Pellino 1 in vitro. These
experiments demonstrated that, in the presence of MgATP, IRAK1 induced a
decrease in the electrophoretic mobility of Pellino 1, indicative of phosphorylation.
(Fig 2A). Moreover, incubation of Pellino 1 with MgATP and IRAK]1 caused a
dramatic enhancement of its E3 ligase activity. For example, after incubation for 10

or 30 min with E1, Ubc13-Uevla, ubiquitin and MgATP, the unphosphorylated form
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of Pellino 1 was only able to induce the formation of small ubiquitin oligomers,
whereas following phosphorylation by IRAK1, far larger polyubiquitin chains
migrating near the top of the SDS/polyacrylamide gels were formed over the saine
time period (Fig 2B).

To establish that the activation of Pellino had resulted from phosphorylation,
we stopped the IRAK1-catalysed phosphorylation with the non-specific protein kinase
inhibitor staurosporine and then added the protein serine/threonine phosphatase
produced by phage Agtl10. Incubation with the phosphatase increased the
electrophoretic mobility of Pellino 1 to that of the unphosphorylated bacterially-
expressed protein (Fig 3A) and abolished its E3 ligase activity (Fig 3B). The finding
that A-phosphatase treatment reduced the E3 ligase activity of Pellino 1 to below the
level of the bacterially expressed protein, suggested that the slight activity of Pellino 1
purified from E.coli was due to trace phosphorylation, presumably catalysed by a
bacterial kinase.

Pellino 3b is also phosphorylated and activated by IRAKI1 in vitro.

We carried out further studies in which Pellino 1 was replaced by Pellino 3b.
These experiments showed that, similar to Pellino 1, the electrophoretic mobility of
Pellino 3b was decreased upon incubation with MgATP and IRAK1 (Fig 2C) and this
was accompanied by a great increase in its associated E3 ligase activity (Fig 2D). We
did not carry out these experiments with Pellino 2 because we were unable to express
it in E.coli
Pellino 1 is also phosphorylated and activated by IRAK4 in vitro.

Since Pellino isoforms have been shown to interact with IRAK4, as well as
IRAKI1 [18], we investigated whether Pellino 1 was also a substrate for IRAK4 in
vitro. These experiments showed that IRAK4 phosphorylated (Fig 4A) and enhanced
the E3 ligase activity (Fig 4B) of Pellino 1 in vitro.

Pellino 1 operates as an E3 ligase with several E2 conjugating complexes.
We next examined whether Pellino 1 was capable of inducing the formation of

polyubiquitin chains in the presence of E2 conjugating complexes other than Ubc13-
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Uevla. These experiments showed that Pellino 1 could also combine with UbcH3,
UbcH4, UbcH5a and UbcHS5b to produce polyubiquitin chains (Fig 5SA). Further
experiments using ubiquitin mutants in which either Lys48 or Lys63 were changed to
Arg showed that in the presence of UbcH3, Pellino 1 induced the formation of K483-
pUb chains specifically, in contrast to the K63-pUb chains produced in the presence
of Ubcl13-Uevla. In the presence of UbcH4, UbcHS5a and UbcHS5b, Pellino 1 induced
the formation of polyubiquitin chains that were not linked exclusively via either
Lys48 or Lys63 (Fig 5A). Direct identification of ubiquitination sites by mass
spectrometry further showed that in the presence of UbcH5a (Fig 5B), UbcHS5b or
Ubc4 (results not shown) and wild type ubiquitin, Pellino 1 mainly induced the
formation of polyubiquitin chains linked via Lys48 and Lys11 of ubiquitin, with a
small number of chains linked via Lys63.

The co-expression of IRAK1 and Pellino 2 in HEK 293 cells induces the
formation of K63-pUb-IRAKI1.

Using HEK 293 cells deficient in IRAKT, but stably expressing the IL-1
receptor (termed IRAK1-/- cells), we co-expressed DNA encoding either wild-type
(WT) IRAKI1 or a catalytically inactive mutant (IRAK1[K239A]) together with DNA
encoding either wild type (WT) Pellino 2 or Pellino 2[H371S/C373S] in which two
residues in the Ring-like domain had been mutated. The equivalent mutations in
Pellino 1 abolish its E3 ligase activity in vitro ([20], results not shown). Pellino 2 was
used in these experiments because it was expressed much more efficiently than
Pellino 1 using the transtection protocol employed in this study.

The transtected WT-IRAK1 migrated more slowly than IRAK1[K239A],
presumably as a consequence of autophosphorylation (Fig 6A. lanes 1 and 2). When
co-transfected with WT-Pellino 2, WT-IRAK1 was converted to (ubiquitinated)
species of even slower electrophoretic mobility (Fig 6A, lane 3), but this did not occur
if WT-Pellino 2 was replaced by Pellino 2[H371S/C373S] (Fig 6A, lane 5). The
mobility of IRAK1[K239A] was not altered by co-transfection with either WT-
Pellino 2 (Fig 6A, lane 4) or Pellino 2[H371S/C373S] (Fig 6A, lane 6). The
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electrophoretic mobility of Pellino 2[H371S/C373S] decreased when it was co-
transfected with WT-IRAK1 (Fig 6A, lower, panel, lane 5), but not IRAK1[K239A]
(Fig 6A, lower panel, lane 6), indicative of phosphorylation. However, conversion of
Pellino 2 to (ubiquitinated) species of even slower mobility was only observed when
WT-Pellino 2 was co-transfected with WT-IRAK1 (Fig 6A, lower panel, lane 3), and
not with IRAK1[K239A] (Fig 6A, lower panel, lane 4). Taken together, these results
are consistent with the experiments performed with Pellino 1 and Pellino 3b in vitro
and indicate that, when cotransfected into cells, WT-IRAK1 phosphorylates WT-
Pellino 2, activating its E3 ligase function which can then induces the
polyubiquitination of IRAK1 and Pellino 2 itself.

To identify the type of polyubiquitin chain produced when DNA encoding
WT-IRAK1 and WT-Pellino 2 were co-transfected, IRAK1 was immunoprecipitated
from the cell extracts and after SDS-PAGE, the region of the polyacrylamide gel
corresponding to the polyubiquitinated IRAK1 species (Fig 6A, upper panel, lane 3)
was excised. Following incubation with trypsin, the digest was subjected to mass
spectrometry. These experiments showed that the polyubiquitin chains attached to
IRAK1 were linked via Lys63 almost exclusively (Fig 7A, upper panel), with only
traces of IRAKI linked via Lys48 (Fig 7A, lower panel, note the different scale on the
ordinate axis). When DNA encoding WT-IRAK1 was transfected into IRAK1-/- cells
with DNA encoding Pellino 2[His371Ser/Cys373Ser], the IRAK1 was also
polyubiquitinated, but to a much lesser extent. This was presumably catalysed by an
endogenous E3 ligase present in the IRAK1-/- cells, perhaps a Pellino isoform(s).
Again, the IRAK1 was mainly ubiquitinated via Lys63 of ubiquitin with only minor
ubiquitination via Lys48 (Fig 7B).

If the transfected IRAK1 undergoes K63-linked polyubiquitination, then it
should be capable of binding to proteins, such as NEMO, that interact with K63-pUb
chains specifically [27, 28]. We therefore repeated the experiment presented in Fig
6A, except that the DNA encoding IRAK1 and Pellino 2 was also co-transfected with

DNA encoding Myc-NEMO. After pulling down Myc-NEMO from the cell extracts
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with an anti-NEMO antibody, we examined whether IRAK1 was bound to NEMO.
These experiments demonstrated that the polyubiquitinated IRAK1 formed by co-
transfection with Pellino 2 did indeed associate with NEMO (Fig 6B, upper panel,
lane 3), but not if WT-IRAK1 was replaced by IRAK1[K239A] (Fig 6B, lane 4) or if
WT-Pellino 2 was replaced by Pellino 2[H371S/C373S] (Fig 6B, lane 5). In the
experiments where NEMO was co-transfected with catalytically inactive
IRAK1[K239A], the inactive unubiquitinated IRAK1 was found in the NEMO
immunoprecipitates (Fig 6B, lanes 4 and 6, Fig 6C, lanes 2 and 4), but this interaction
was non-specific, since it was also observed in cells where NEMO was not
transfected (Fig 6B, lane 2)

To further establish that IRAK1 had bound to NEMO by virtue of the
interaction of NEMO with the K63-pUb chains linked covalently IRAK 1, we repeated
the experiment shown in Fig 6B but also using NEMO[D311N] , a mutant which
cannot bind K63-pUb chains. This experiment demonstrated that WT-NEMO (Fig
6C, lane 3), but not NEMO[D311N] (Fig 6C, lane 5) was able to bind to the
polyubiquitinated-WT-IRAK1 generated by co-transfection with Pellino 2. When
wild type IRAK1 was co-transfected with E3 ligase-inactive Pellino, some wild type
IRAK1 was found in the NEMO immunoprecipitates, presumably as a result of some

IRAK1 ubiquitination mediated by endogenous Pellino.

Discussion.

In this paper, we have established that Pellino isoforms are not only E3
ubiquitin ligases but that their E3 ligase activities are greatly enhanced after
phosphorylation by either IRAK1 or IRAK4 in vitro. Co-transfection experiments in
which IRAKT and Pellino 2 were expressed in IRAK1-/- cells showed that WT-
IRAK became ubiquitinated when co-transfected with WT-Pellino 2, but not if a
catalytically inactive mutant of IRAK1 was co-transfected with WT-Pellino 2 or if
WT-IRAK1 was co-transfected with an E3 ligase-deficient mutant of Pellino 2.

These results were consistent with the observations made in vitro, namely that Pellino
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isoforms are activated by IRAK1-catalysed phosphorylation and that, once activated
can ubiquitinate IRAKI in cells.

The human genome is thought to encode over 500 ubiquitin E3 ligases and
about 50 E2 conjugating complexes, indicating that, on average, each E2 conjugating
complex must operates in conjunction with 10-20 E3 ligases. Conversely E3 ligases
are able to interact with many E2s. In the present study we found that Pellino 1 was
able to induce the formation of polyubiquitination chains with the five E2 conjugating
complexes that we tested in vitro. In the presence of Ubc13-Uevla, Pellino induced
the formation of K63-pUb chains, while in the presence of UbcH3, K48-pUb chains
were formed specifically. In the presence of UbcH4, UbcHS5a and UbcHSb, the
polyubiquitin chains formed were linked via Lys48 and Lys11 with minor
ubiquitination via Lys63. These observations were consistent with the notion that E2
conjugating complexes direct the specificity of polyubiquitin chain formation and
raised the question of which type of polyubiquitin chain became linked covalently to
IRAK1 when it was co-transfected with Pellino 2 in cells.

The dominant form of ubiquitinated IRAK1 produced by co-transfection with
or without Pellino 2 contained polyubiquitin chains linked via Lys63 of ubiquitin, as
judged by mass spectrometry or ability to interact with NEMO, a protein that binds
K63-pUb chains preferentially over K48-pUb chains [27, 28]. Moreover the
NEMO[D311N] mutant, which is unable to bind K63-pUb chains, was unable to
interact with the polyubiquitinated IRAK1 produced by co-transfection with Pellino 2.
These findings are consistent with other recent studies from our laboratory, which
have shown that the endogenous IRAK1 undergoes Lys63-linked polyubiquitination
within 5-10 min of stimulating IL-1R cells with IL-1 (M.Windheim and P.Cohen,
unpublished work). This suggests that one or more Pellino isoforms may be the E3
ligases that mediate the IL-1-induced the formation of K63-pUb-IRAKI in cells.
However, further studies are needed to establish whether this is the case and whether

Ubcl13-Uevla is the relevant E2 conjugating enzyme.
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A catalytically inactive mutant of IRAK1 has been reported to interact with
Pellino isoforms less well than wild type IRAK1 [20], suggesting that the
phosphorylation of Pellino may enhance its interaction with IRAK1. However, we did
not observe a major difference between the amount of Pellino immunoprecipitated
with wild type and inactive IRAK1 in our co-transfection experiments (A. Ordureau
unpublished work).

IRAK1 and IRAK4 have both been reported to form a complex in cells with
Pellino isoforms, and we show here that both protein kinases are capable of
phosphorylating and activating Pellino 1 and 3b in vitro. Very recently, Butler et al
[26] reported that IRAK4 could stimulate a weak polyubiquitination of Pellino 1 and
Pellino 2 and an extensive polyubuqitination of Pellino 3 in co-transfection
experiments, but whether IRAK4 exerted these effects directly, or indirectly by
activating the endogenous IRAK1, was unclear. Our findings raise the question of
whether it is IRAK1, IRAK4 or both protein kinases that catalyse the phosphorylation
of different Pellino isoforms in vivo. Mice have been generated that do not express
either IRAK1 [29, 30] or IRAK4 [31] or express a catalytically inactive mutant of
IRAK4 instead of the wild type protein [32, 33] and potent small molecule inhibitors
of IRAK4 have been developed [34] that may help to address this problem. However,
as IRAK4 is the kinase activates IRAK1 (reviewed in [35]), and IRAK1 may be
needed for to form the IRAK4-IRAK1-Pellino complex, such studies may not be
definitive. The generation of mice that express a catalytically inactive mutant of
IRAK1 instead of the wild-type kinase will clearly be necessary to solve this problem.

The IRAK1 protein was reported to disappear within 10 min of stimulating
MRC-5 breast cancer cells with IL-1 [36] and we have made similar observations in
the HEK 293 cells used in this study (unpublished results). The original observations
led to the suggestion that the role of IRAK1 polyubiquitination was to prime the
protein for destruction by the proteasome and it was reported that three proteasome
inhibitors, LLL, IEAL and LLNV, slightly delayed the IL-1-induced disappearance of

IRAK1. However we have found that MG-132, a more potent and specific
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proteasome inhibitor, has no effect on the IL-1-induced disappearance of IRAKI in
HEK 293 cells, although it blocks the IL-1 stimulated degradation of IxBa. mediated
by the proteasome in the same cells (M. Windheim and P.Cohen, unpublished work).
These results are consistent with our finding that IL-1 induces the Lys63-linked
polyubiquitination of IRAK1 and not Lys48-linked polyubiquitination, and indicate
that IL-1 triggers the disappearance of IRAK1 by another mechanism that has still to
be identified.

The observation that IL-1 stimulates the formation of a complex between
IRAK1 and TRAF6 and the formation of K63-pUb-IRAK1 (M. Windheim and
P.Cohen, unpublished work) as well as K63-pUb-TRAF6 [8, 9] raises the question of
the relative roles of these two Lys63-polyubiquitinated proteins in triggering
downstream signaling events. A working hypothesis is that K63-pUb-IRAK1/TRAF6
may act as a scaffold for the assembly of the TAK1-IKK3-Tpl2 kinase cascade. Thus
K63-pUb-TRAF6, which may be triggered by IRAK?2 [37], is reported to interact with
and induce the activation of the TAK 1 complex [9], while we have shown that K63-
pUb-IRAK1 interacts with NEMO and ABIN2 (M.Windheim and P.Cohen,
ubnpublished work), which are the regulatory subunits of the IKK and Tpl2
complexes, respectively. These observations suggest that TAK1, IKK and Tpl2 may
co-localise in IL-1-stimulated cells by virtue of their interaction with the K63-pUb-
IRAK1/ K63-pUb-TRAF6 complex, which may facilitate the activate of IKKf3 by

TAKI1 and the activation of Tpl2 by IKKf.
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Figure Legends.

Figure 1. Pellino 1 is an E3 ubiquitin ligase which induces the formation of

Lys63-linked polyubiquitin chains in the presence of Ubc13-Uevla.

A. 0.1 uM E1, 1 uM Ubcl3/Uevla, 1 uM GST-Pellino-1 or I uM GST, 0.1 mM
ubiquitin (Ub), 5 mM MgCl, and 2 mM ATP in 50 mM Tris/HCl pH 7.5 were
incubated for 60 min at 30 °C in a total volume of 0.02 ml. The reaction was stopped
by addition of SDS and the products were resolved by SDS-PAGE, transferred to
nitrocellulose membranes and immunoblotted with an anti-ubiquitin antibody. Ub2,
Ub3, Ub4, etc denote ubiquitin dimers, trimers, tetramers and so on. B. The reaction
was carried out as in A, but in the presence of wild type (WT) ubiquitin,
ubiquitin[ K48R] or ubiquitin[K63R |. Ubiquitination reactions were carried out for 60

min and then analysed as in A.

Figure 2. IRAK1 phosphiorylates Pellino-1 and enhances its ubiquitin ligase

activity.

A, C. 1 uM Pellino 1 (A) or 1 uM Pellino 3b (C) were incubated for 60 min at 30°C
with MgATP in the absence (-) or presence (+) of 1 uM GST-IRAKI1 in 50 mM
Tris/HCI pH 7.5. The reactions were denatured in SDS, subjected to SDS-PAGE and
the gels stained with Coomassie Blue. p-, phosphorylated protein. B, D. 1 uM Pellino
1 (B) or 1 uM Pellino 3b (D), 1 uM Ubc-13-Uevla, 0.1 mM Ubiquitin, 5 mM MgCl,,
and 2 mM ATP, with (+) or without (-) 1 uM GST-IRAK1, were incubated for 30 min
at 30°C and the ubiquitination reactions initiated by the addition of 0.1 uM E1. The

reactions were stopped after a further 10, 30 or 60 min by the addition of SDS,
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subjected to SDS-PAGE, transferred to nitrocellulose membranes and immunoblotted

with anti-ubiquitin antibody.

Figure 3. The E3 ligase activity of Pellino 1 is regulated by reversible

phosphorylation.

A. 1 uM Pellino 1 was incubated with MgATP in 50 mM Tris/HCI pH 7.5 without (-)
or with (+) 0.5 uM GST-IRAKI1 as in Fig 2. After 30 min, the reactions were
supplemented with (+) or without (-) staurosporine (Calbiochem), which was added to
a final concentration of 75 uM to inhibit IRAK1. The reactions were then incubated
for 30 min without (-) or with (+) phage lambda phosphatase (100 U). B. The
reaction was carried out as in A, except that the E3 ligase activity of each sample was
assessed by incubation for 5 min at 30°C with Ubc13/Uevla, E1 and ubiquitin as in

Fig 2B.

Figure 4. IRAK4 phosphorylates Pellino 1 and enhances its E3 ligase activity

The experiment was carried out as described in Fig 2, except that GST-IRAK1 was
replaced by His-IRAK4. A. SDS-PAGE of Pellino 1 before and after phosphorylation
by IRAK4. B. The formation of polyubiquitin chains before and after phosphorylation

of Pellino 1 by IRAK4.

Figure 5. Pellino 1 can operate as an E3 ubiquitin ligase with several different

E2 conjugating complexes.

A. GST-Pellino 1 was incubated with the E2 conjugating complexes indicated, in the
presence of wild-type-ubiquitin (WT), ubiquitinf[K48R] (R48) or ubiquitin[K63R]
(R63). The ubiquitination reactions were carried out as described in the legend to Fig

1.- The reaction products were resolved by SDS-PAGE and immunoblotted with an
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anti-ubiquitin antibody. B. IRAKI1 was ubiquitinated in the presence of Pellino 1,
WT-ubiquitin and the E2 ligase UbcHS5a. The area of the stained gel from 70-250 kDa
in A (lane 4) was digested with trypsin and ubiquitin linkage analysis was performed
by LC-MS on a 4000 Q-Trap mass spectrometer with Multiple Reaction Monitoring
of the seven possible tryptic peptides from ubiquitin containing the characteristic
GlyGly (gg) linkage to lysines 6, 11, 27, 29, 33, 48 or 63. The extracted ion
chromatograms for the Lysll (TLTGKggTITLEVEPSTIENVK), Lys48
(LIFAGKggQLEDGR) and Lys63(TLSDYNIQKggESTLHLVLR) tryptic peptides
are shown. The peak annotated with an asterisk was determined to be a false positive

for K63.

Figure 6. Phosphorylation and polyubiquitination of IRAK1 and Pellino 2

induced by co-transfection of both proteins in IL-1R-IRAK1-/- cells.

10 cm dishes of cells were transfected with or without vectors expressing DNA
encoding Flag-tagged wild type (WT) IRAKI1 or IRAKI1[K239A] with or without
vectors expressing HA-tagged WT-Pellino 2 or Pellino 2[H371S/C373S] and (in B,
C) with Myc-WT-NEMO or Mye-NEMO[D311N]. After 24 h, the cells were
deprived of serum for 16 h and extracted with 0.5 ml of lysis buffer. A. Cell lysates
(20 ug protein) were denatured in 1% SDS, subjected to SDS-PAGE, transferred to
nitrocellulose and immunoblotted (IB) with anti-IRAK1 and anti-HA (to detect
Pellino 2). B, C As for A, except that NEMO was immunoprecipitated from 0.5 mg of
cell lysate protein with anti-NEMO and the immunoprecipitates immunoblotted with

anti-IRAK 1 and anti-Myc (to detect NEMO).

Figure 7. Identification of ubiquitin linkages in polyubiquitinated IRAK1
/Pellino 2. IRAKI1 was co-expressed with either wild type Pellino 2 (A) or Pellino
2[H371S/C373S] (B) and immunoprecipitated with an anti-IRAK1 antibody. The

immunoprecipitates were separated by SDS-PAGE and the region of the gel from
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250-90 kDa was digested with trypsin and analysed by LC-MS on an LTQ-orbitrap
system. The extracted ion chromatograms for the Lys 63 (upper panel) or Lys 48
(lower panel) ubiquitin peptides (containing the GlyGly signature) from the tryptic
digest of either IRAK1 co-expressed with wild type Pellino 2 (A) or from IRAKT co-
expressed with Pellino 2[H371S/C373S] (B) are shown.
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