15 cm by 15 cm resonator used in our
experiments, the ratio is about 10,000
(19). It has been emphasized that as 7
decreases (so that the system becomes
more turbulent), the effects of intermit-
tency should become more pronounced
(20, 21). It is unclear whether the nature
of the observed structures will change at
higher levels of energy throughput or as
viscous interactions with the boundaries
are modified. An improved system for the
study of ripple turbulence is the surface of
a levitated sphere of fluid. In this instance,
waves scatter only from each other and
not a boundaryx
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IRAK (Pelle) Family Member IRAK-2 and MyD88
as Proximal Mediators of IL-1 Signaling

Marta Muzio,* Jian Ni, Ping Feng, Vishva M. Dixitt

The interleukin-1 receptor (IL-1R) signaling pathway leads to nuclear factor kappa B
(NF-kB) activation in mammals and is similar to the Toll pathway in Drosophila: the
IL-1R-associated kinase (IRAK) is homologous to Pelle. Two additional proximal
mediators were identified that are required for IL-1R~induced NF-«kB activation: IRAK-
2, a Pelle family member, and MyD88, a death domain-containing adapter molecule.
Both associate with the IL-1R signaling complex. Dominant negative forms of either
attenuate IL-1R~-mediated NF-«B activation. Therefore, IRAK-2 and MyD88 may pro-
vide additional therapeutic targets for inhibiting IL-1-induced inflammation.

After binding to IL-1, the IL-1R type I
(IL-1RI) associates with the IL-1R acces-
sory protein (IL-1IRAcP) and initiates a
signaling cascade that results in the acti-
vation of NF-kB (1-6). Substantial simi-
larity exists between the IL-1R signaling
pathway in mammals and the Toll signal-
ing pathway in Drosophila. Toll shares se-
quence homology with the cytoplasmic
domain of the IL-1RAcP and induces
Dorsal activation (a homolog of NF-«B)
via the adapter protein Tube and the pro-
tein kinase Pelle (7-10). The recently
identified IRAK (IL-1R-associated ki-
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nase) is homologous to Pelle (I11). How-
ever, in mammalian cells, additional
complexity is thought to exist, because of
the observation that multiple protein ki-
nase activities coprecipitate with the
IL-1RI (12, 13). Furthermore, given that
in Drosophila the adapter protein Tube
interacts with and regulates Pelle’s activi-
ty, it is likely that analogous adapter or
regulatory molecules might participate in
IL-1 signaling.

In order to identify putative additional
protein kinases associating with the IL-1R
signaling complex, expressed sequence tag
databases were searched for sequences ho-
mologous to IRAK (14, 15). A novel par-
tial human cDNA was identified that
showed significant homology, by Clustall
alignment analysis, to both IRAK and
Pelle. Screening of a human umbilical
vein endothelial cell cDNA library result-
ed in the isolation of a full-length cDNA
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clone; analysis of the nucleotide sequence
revealed an open reading frame encoding a
590-amino acid protein with a calculated
size of 65 kD (Fig. 1A). Given its sequence
and functional similarity to IRAK, the
molecule was designated IRAK-2. North-
ern (RNA) blot analysis revealed a single
IRAK-2 transcript expressed in a variety
of tissues whose size (about 4 kb) was
consistent with that of the cDNA (Fig.
1B).

Ectopic expression of IRAK-2 induced
NF-kB activation as determined by the
relative luciferase activity of an NF-kB-
responsive construct. Truncated versions
encoding amino acids 1 to 96 [IRAK-2(1-
96)] and amino acid 97 to the COOH-
terminal end [IRAK-2(97-590)] failed to
induce any luciferase activity, which sug-
gests that the integrity of the molecule was
essential for its function (Fig. 2ZA). Dele-
tional analysis has previously shown that
an NH,-terminal truncated version of
Pelle analogous to IRAK-2(97-590) is also
inactive, which leads to the suggestion
that Pelle’s recruitment to the plasma
membrane through its NH,-terminal do-
main is necessary for its subsequent func-
tion (7). Thus, we tested whether IRAK-
2(1-96) or IRAK-2(97-590) could act as
dominant negative inhibitors of IL-1R-
induced NF-kB activity. Coexpression of
IL-1RI and IL-1RACcP (here called IL-1Rs
for clarity) strongly induced NF-«B activ-
ity. Surprisingly, both IRAK-2(1-96) and
IRAK-2(97-590) inhibited IL-1Rs—in-
duced NF-kB activity. A dominant nega-
tive mutant version of the downstream

kinase NIK that is implicated in IL-1R-

SCIENCE « VOL. 278 « 28 NOVEMBER 1997 » www.sciencemag.org



REPORTS

induced NF-kB activation (16) served asa  tive control (Fig. 2B). involvement of IRAK-2 in IL-1Rs—in-
positive control, and the unrelated adapter Given the sequence similarity between  duced NF-kB activity, we analyzed wheth-

molecule TRAF2(298-522) was the nega- IRAK and IRAK-2, and the functional er IRAK-2 was recruited to the IL-1R
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127 KYIPRSVPTISELRAAPDSSARVNNG ------- - - - PP EGV'ﬁHEHHNRTSTTLT"IIPSL-Pelan-‘K’ﬁ).
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Fig. 1. Sequence analysis and mRNA expression of IRAK-2. (A) Sequence alignment of B ) i
human IRAK, human IRAK-2, and Pelle. Alignment was performed with Clustall software; & i P E a
shading represents identical amino acids. The nuclectide sequence is available from § S g £ 5 5
GenBank (accession number AF026273). Residues conserved in protein kinases are a g 2 g 5 % % é
shown in bold (26). Single-letter abbreviations for the amino acid residues are as follows: - = - —
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; a5l B o
.5 -

P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Detection of IRAK-2
mRNA in adult human tissues. RNA size markers are indicated in kilobases. Adult human
multiple-tissue Northern blots (Clontech) were hybridized with a probe corresponding to
amino acids 201 to 347 of IRAK-2.

75m-

44=

24m

1.35m

A * B C IRAK-2 (myc)+ m.'s’?.‘&,"{im IRAK:2 (1-96) (AU1)+
£ IRAK-2(1- —_—
=Kz 1 g _ ) E) " ) g _
[ c 3 = c & £
“ ¢ d & s & § £ &
5 § 2 g E s 2 F 3 B 2z
g 2 5 = g I I 8 1 o o 3
£ 304 £ IP: aFlag F""
% ; IP; aFlag -- IP: oFlag = Blot: cAU1 -
L g 5o Biot: IRAK Blot: amyc - T
E’ i ?g Blot: cAU1
] =
] s il . . 5 IP: xF
. 10+ = BI'; uliﬁ -. a.:.;mﬁ ' Blot: aﬂig
R Fig. 2. IRAK-2 and the IL-1R
o E Blot: aFlag signaling complex. (A) Ectopic
E § gz ¢z expression of IRAK-2 but not of
2 = E £ the mutant version IRAK-2(1-96) activates NF-«kB in 293 cells as measured by NF-«B reporter
o g N ox gene activity [see (27) for methods]. (B) IRAK-2(1-96) and IRAK-2(97-590) inhibit IL-1Rs—
A& § = induced NF-kB activity. Transfection with TRAF2(87-501) and NIK(KK429-430AA) expres-

sion vectors served as negative and positive controls, respectively; 0.1 g of IL-1RI plus 0.1
ng of IL-1RAcP and 0.6 ug of putative inhibitory expression constructs were transfected. Data are expressed as the percentage of relative IL-1Rs-induced
NF-kB activity. (C) IRAK-2 associates with IL-1RI and IRAK associates with IL-1RAcP. 293T cells were transfected with Flag-IL-1RAcP, IL-1Rl, or a truncated
version of IL-1RI(AIL-1RlI) as a negative control (28) together with the indicated plasmids. The presence of endogenous IRAK, Myc-tagged IRAK-2, and
Myc-tagged IRAK-2(97-590) or AU1-tagged IRAK-2(1-96) that coprecipitated with the receptors was detected by immunoblotting with a polyclonal antiserum
to IRAK («lRAK), HRP-conjugated antibody to Myc (eamyc), or antibody to AU1 (« AU1) (29).

www.sciencemag.org ¢ SCIENCE » VOL. 278 ¢ 28 NOVEMBER 1997 1613



signaling complex. Although IRAK pref-
erentially coprecipitated with IL-1RAcP,
IRAK-2 preferentially bound IL-1RI. A
truncated version of IRAK-2 that lacked
the first 96 amino acids [IRAK-2(97-590)]
did not associate with IL-1RI, which sug-
gests that the NH,-terminal segment
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docks with the cytoplasmic domain of 1L-
1RI1. Confirming this, the first 96 amino
acids [IRAK-2(1-96)] specifically copre-
cipitated with IL-1RI (Fig. 2C).

NF-kB activation induced by a number

of cytokine receptors is mediated by mem-
bers of the TRAF adapter family. TRAF2,

for example, plays a critical role in NF-kB
activation mediated by tumor necrosis fac-
tor receptor—1 (TNFR1) and -2 (TNFR2).
TRAF6 has been implicated in the IL-1
signaling pathway and has been shown to
complex with IRAK (17). We therefore
determined whether IRAK-2 interacted

D MyDB88+

TRAF6(289-522)

§

D88
TRAFZ[ET-SD!I

50+

Relativa NF-c8 activation

0 01 03 as
TRAF DNA
01 03 iy

Fig. 3. IRAK-2 binds TRAF6, and MyD88 induces NF-«kB activity. (A) IRAK and IRAK-2
bind to TRAF6. 293T cells were transfected with the indicated expression constructs; the

presence of IRAK (left panel) or IRAK-2 (right panel) in TRAF6 or TRAF2 immunecom-
plexes was detected with a specific rabbit antiserum to IRAK or IRAK-2. Related TRAF2 was used as a negative control. (B) IRAK-2-induced NF-«B
activity is specifically abrogated by TRAF6(289-522) but not by TRAF2(87-501). Two hundred ninety-three cells were transfected with 0.2 pg of IRAK-2
and increasing amounts of TRAF constructs. (C) Ectopic expression of MyD88 in 293 cells results in the induction of NF-kB activity. A mutant version of
MyD88 encoding a NH,-terminal region [MyD88(1-152)] was similarly capable of inducing NF-kB activity, albeit to a lesser extent; in contrast, a mutant
version of MyD88 coding for amino acids 152 to the end [MyD88(152-296)] failed to induce any luciferase activity (not evident in graph). (D)
MyD88-induced NF-«B activity was selectively inhibited by a dominant negative version of TRAF6 [ TRAF6(298-522)] but not by TRAF2(87-501); 0.1 png
of MyD88 and increasing amounts of TRAF expression constructs were used. Data are expressed as the percentage of relative MyD88-induced NF-kB
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[MyD88(152-296)] abrogates IL-1Rs-induced but not IRAK-2-induced NF-kB activity. Conversely, IRAK-2 dominant negative versions [IRAK-2(1-96) and
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with TRAF6. Both IRAK and IRAK-2
coprecipitated with TRAF6 but not with
the related TRAF2 adapter molecule (Fig.
3A). A dominant negative version of
TRAF6 [TRAF6(298-522)], which inhib-
its IL-I1-induced NF-kB activity, bound
both IRAK and IRAK-2 (Fig. 3A). IRAK-
2-induced NF-kB activity was specifically
inhibited by  dominant  negative
TRAF6(298-522) but not by a dominant
negative version of TRAF2 [TRAF2(87-
501)] (Fig. 3B). Thus, TRAF6 probably
acts downstream of IRAK-2.

Collectively, these data suggested that
IRAK-2 is a component of the IL-1R sig-
naling complex. It is not yet known
whether IRAK and IRAK-2 are function-
ally redundant but differentially expressed
or whether their combined presence mod-
ulates IL-1 signaling.

We sought additional proximal adapt-
ers and regulators for this pathway by
systematically looking for proteins with
homology to either Tube or IL-1RAcP.
BLAST searches of the public database
revealed the cytoplasmic domain of the
IL-1RACP to possess significant homology
to MyD88 (18). Others have reported
sequence similarity between MyD88,
IL-1RI, and Toll, but the functional sig-
nificance of this homology has been ob-
scure. MyD88 has a modular structure: an
NH,-terminal “interaction domain” (or
DD for death domain, initially defined
in proteins involved in programmed cell
death) (19, 20) and a COOH-terminal
domain related to the cytoplasmic region
of IL-IRACP, IL-1RI, Toll, and the re-
cently identified human Toll homolog
(21-24). The presence of these two
distinct domains suggested that MyD88
might connect an IL-1R family member
with a downstream signaling mediator.
To explore this possibility, a functional
characterization of human MyD88 was
undertaken.

Ectopic expression of MyD88 strongly
induced NF-«kB activity in a concentra-
tion-dependent manner. Similarly, a trun-
cated version of MyD88 encoding the
NH,-terminal domain (DD)—MyD88(1-
151)—activated NF-kB, albeit to a lesser
extent (Fig. 3C). MyD88-induced NF-«kB
activity was specifically inhibited by ex-
pression constructs of TRAF6 but not by
TRAF2 dominant negatives. Therefore
TRAF6 and MyD88 probably participate
in the same signaling pathway, and
TRAF6 functions downstream of MyD88
(Fig. 3D). The COOH-terminal region of
MyD88(152-296) did not induce any lu-
ciferase activity (Fig. 4A) but could act as
a dominant negative inhibitor of IL-1Rs—
induced NF-kB activity. MyD88(152-296)
specifically inhibited IL-1Rs—induced but
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not TNFRZ-induced NF-kB activation
(Fig. 4A).

Given the significant sequence homol-
ogy between MyD88 and IL-1RAcP, we
asked whether the two could interact. On
coexpression, MyD88 and IL-1RAcP
formed an immunoprecipitable complex.
IL-1RI, which shows weaker sequence
similarity to MyD88, did not associate
with MyD88 under these experimental
conditions. Domain mapping studies re-
vealed that the sequence-homologous
COOH-terminal region of MyD88 was
sufficient to bind to the IL-IRAcP cyto-
plasmic domain (Fig. 4B), which is in
keeping with a homophilic interaction.

To molecularly order the proximal
components of the IL-1R signaling com-
plex identified herein, we tested whether a
dominant negative version of MyD88 or
IRAK-2 could inhibit the active form of
the other (Fig. 4C). Dominant negative
MyD88 did not inhibit IRAK-2—induced
NF-«B activation, but dominant negative
IRAK-2 significantly inhibited MyD88-
induced NF-«B activity. These results are
consistent with MyD88 acting upstream of
IRAK-2 in the IL-1R signaling pathway.

Given the presence of a NH;-terminal
interaction domain (DD) in both MyD88
and IRAK-2 (19, 20) we asked whether
these two proteins could interact. MyD88
specifically coprecipitated with IRAK-2
(Fig. 4D). A truncated version of IRAK-2
with no NH,-terminal domain (DD)
[IRAK-2(97-590)], which did not induce
NF-kB activation, also did not associate
with MyD88; similarly, the NH,-terminal
truncated version of MyD88(152-296)
that was unable to induce NF-«B activity
was also impaired in its ability to bind
IRAK-2, lending functional credence to
this interaction.

Taken together, these results support a
model wherein MyD88 acts as an adapter
or regulator in the IL-IR signaling:com-
plex by independently interacting with
IL-IRAcP and IRAK-2. However, under
experimental conditions, we were unable
to assemble a complex between MyDS8S,
IRAK-2, and the IL-1Rs. This is consis-
tent with the possibility that MyD88 is
only transiently recruited to the IL-1R
signaling complex.

Regardless, IRAK-2 and MyD88 are vi-
able therapeutic targets in the IL-1R signal-
ing pathway, which is of paramount impor-
tance in inflammatory disease states.
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