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IRAK: A Kinase Associated with the
Interleukin-1 Receptor

Zhaodan Cao,* William J. Henzel, Xiong Gao

The pleiotropic biological activities of interleukin-1 (IL-1) are mediated by its type | receptor
(IL-1RI). When the ligand binds, IL-1RI initiates a signaling cascade that results in the
activation of the transcription regulator nuclear factor kappa B (NF-«xB). A protein kinase
designated IRAK (IL-1 receptor-associated kinase) was purified, and its complementary
DNA was molecularly cloned. When human embryonic kidney cells (cell line 293) over-
expressing IL-1RI or Hela cells were exposed to IL-1, IRAK rapidly associated with the
IL-1RI complex and was phosphorylated. The primary amino acid sequence of IRAK
shares similarity with that of Pelle, a protein kinase that is essential for the activation of

a NF-kB homolog in Drosophila.

Interleukin-1 is a proinflammatory cyto-
kine that functions in the generation of
systemic and local responses to infection,
injury, and immunological challenges. Pro-
duced mainly by activated macrophages and
monocytes, IL-1 participates in lymphocyte
activation, fever, leukocyte trafficking, the
acute phase response, and cartilage remod-
eling (1). The biological effects of IL-1 are
mediated by IL-1RI located on the plasma
membrane of responsive cells (2). Binding
of IL-1 to its receptor triggers activation of
NF-kB (3). NF-kB constitutes a family of
related transcription factors that regulate
the expression of genes bearing cognate
DNA binding sites (4). In most cells, NF-
kB is retained in the cytoplasm by inhibi-
tory proteins designated IkB’s (5). In re-
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sponse to a variety of extracellular stimuli
(including IL-1, tumor necrosis factor, mi-
togens, oxidative stress, lipopolysaccharide,
and double-stranded RNA), IkB’s are de-
graded, releasing NF-kB to enter the nucle-
us where it activates an array of genes (6).

Genetic studies examining the forma-
tion of dorsoventral polarity of the Dro-
sophila embryo have shed light on the intra-
cellular signaling pathway leading to NF-«B
activation. The protein Dorsal, a homolog
of NF-kB, is activated during embryogenesis
to regulate gene expression essential for es-
tablishing dorsoventral polarity (7). Like
NF-«B, Dorsal activity is suppressed by an
IkB-like molecule designated Cactus (8).
Activation of Dorsal is initiated by the
interaction of an extracellular ligand desig-
nated Spaetzle with a membrane-bound re-
ceptor designated Toll (9). A potential con-
nection between the IL-1 and Spaetzle sig-
naling pathways was found on the basis of
the sequence similarity shared by the intra-
cellular domains of IL-1RI and Toll (10).
Two other genetically identified molecules,
Tube and Pelle, function downstream of
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Toll to activate Dorsal (11). Although the
function of Tube is unclear, Pelle is a
serine-threonine kinase. Because IL-1RI
and Toll signaling pathways are related at
both proximal (receptor intracellular do-
mains) and distal (activation of NF-kB)
points, it is reasonable to assume that Tube-
and Pelle-like molecules may also take part
in NF-kB activation in mammalian cells.

We identified an IL-1-dependent kinase
activity that coimmunoprecipitates with
the human IL-1RI (12). In vitro the activity
of this kinase results in phosphorylation of a
100-kD protein (ppl00) present in the re-
ceptor complex. Reasoning that ppl00
might participate in IL-1-mediated signal-
ing, we purified this protein and cloned its
complementary DNA (cDNA).

The human embryonic kidney epithelial
cell line 293 was used to purify pp100. The
293 cells contain small amounts of IL-1RI
and can respond weakly to IL-1 as judged by
NF-kB activation. The IL-1 response was
enhanced when the cells were transfected
with an expression plasmid encoding IL-
1RI. Concomitantly, detection of ppl00 in
IL-1RI immunocomplexes was enhanced in
cells overproducing IL-1RI (12). We gener-
ated stably transfected 293 cell lines over-
producing IL-1RI (293 IL-1RI) (13). After
a brief exposure to IL-1, extracts of the 293
IL-1RI cells were prepared (14). The pp100
protein and IL-1RI were coprecipitated
with polyclonal antibody directed to the
extracellular domain of IL-1RI (12). The

immunoprecipitated proteins were phos-
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Fig. 1. The pp100 protein was coimmunoprecipi-
tated with IL-1Rl, then further purified by Q Sepha-
rose column chromatography (76). Fractions con-
taining pp100 were concentrated, separated by
2D gel electrophoresis, and then blotted onto a
PVDF membrane. The top panel shows the Coo-
massie brilliant blue staining pattern of the PVDF
membrane, and the bottom panel shows the au-
toradiographic image of the membrane. The pro-
tein pp100 is indicated by arrows, and molecular
sizes are indicated in kilodaltons.

phorylated in vitro in the presence of
[y-*?*Pladenosine triphosphate (ATP) to fa-
cilitate tracing of ppl00 during subsequent
purification procedures. The ppl00 protein
was eluted from the immunoprecipitants
with 7 M urea and further purified by Q
Sepharose column chromatography. Frac-
tions containing purified ppl00 were sub-
jected to two-dimensional (2D) gel electro-
phoresis (15) and blotted onto polyvinyl-
idene difluoride (PVDF) membrane (Fig.
1). The ppl00 protein (~0.5 wg) obtained
from 120 liters of 293 IL-1RI cell culture
(16) was subjected to micropeptide se-
quencing (17), and the amino acid sequenc-
es of 10 polypeptides were obtained. Am-
plification of cDNA prepared from 293 cells

A

by polymerase chain reaction produced a
DNA fragment of 356 base pairs (bp),
which was used to screen a human terato-
carcinoma cDNA library. The longest clone
obtained (~3.5 kb) was sequenced and
yielded a translated open reading frame of
712 amino acids (Fig. 2A) that predicted a
molecular size of ~76 kD. An inframe stop
codon 36 nucleotides upstream from the
first methionine indicates that the cDNA
clone might encode the full-length pp100
protein.

Sequence analysis revealed a hypotheti-
cal protein kinase domain (residues 208 to
524) within pp100. Twelve subdomains in-
cluding 15 highly conserved amino acids
indicative of a protein kinase (18) were all

MAGGPGPGEPAAPGAQHFLYEVPPWVMCRFYKVMDALEPADWCQFAALIVRDQTELRLCERSGQRTASVLWPWIN 75

RNARVADLVHILTHLQLLRARDIITAWHPPAPLPSPGTTAPRPSSIPAPAEAEAWSPRKLPSSASTFLSPAFPGS 150

I

QTHSGPELGLVPSPASLWPPPPSPAPSSTKPGPESSVSLLQGARPSPFCWPLCEI "BNF KT GC 225
x
II Iv v
VYRAVMRNTVYAVKRLKENADLEWTAVKQSFLTEVEQLSRFRHPNIVDFAGYCAQNGFYCLVYGFLPNGSLEDRL 300
* * *
VIa VIb VII

BCQTQACPPLSWPQRLDILLGTA.RAIQFLBQPSPSLIBGDIKSSNVLLDKRLTPKLGDFGLARFSRPAGSSPSQS 375

IX

SMVARTQTV'RGTLAYLPBBYIKTGRLAWFSPGWVLBTLAGQRAVKTBGARTKYLKDLV‘EEMAGVALR 450

XI

STQSTLQAGLAADAWAAPIAMQIYKKHLDPRPGPCPPELGLGLGQLACCCLHRRAKRRPPMTQVYERLEKLQAVV 525
*

AGVPGHLEAASCIPPSPQENSYVSSTGRAHSGAAPWQPLAAPSGASAQAAEQLQRGPNQPVESDESLGGLSAALR 600

SWHLTPSCPLDPAPLREAGCPQGDTAGESSWGSGPGSRPTAVEGLALGSSASSSSEPPQIIINPARQRMVQKLAL 675

YEDGALDSLQLLSSSSLPGLGLEQDRQGPEESDEFQS

B I II
I Lorerr
Pelle
v

IRAK
Pelle

VII
IRAK KLG | fﬁ;l:.nllzrsnrncssPSstmmmmo
Pelle

x
IRAK
Pelle

XI
IRAK mnypmmm.mqav

L M
Pelle qunnpmmpgpmn

IRAK E?LY'BVPPWVMCRFYKVNDALEPAIWCQFAALIV‘R

712

III Iv

TENFSEBLKIGEGGFGCVY‘RAVHRNTVYAVHLK ENADLMAV‘K- QSI’LTSVEQLSRFRHPNIVDFAGY CAQN
N 17 1 [
TDGWSPDNRIGQGG WGMQLMIWRSPMWMWQSMLWSIRHDNILALYGYS IKG

Via VIb

GFYCL\IFYGFLPNGSLEDRLHCQ TQ}\C PPLSWPQRLDILIGTA.RAIQ?LE QDSPSLIBGDIKSSN’VLLDBRLT

GKPCLWQLMKGGSLBARLRABRAQNPLPALWQQRFS IS DG‘I‘ARGIY‘FLHTARG‘I'PL IBGDIKPANILLDQCLQ

VIII IX

TLAYLPEEYIKTGRLAVMW!‘S PGVWLBTLAGQRA‘IJKTHG

L L I I B S |

PKIGDFGLVR ------ EGPRSLDAVVEVNKVFGTKIYLPPEFRNFRQLSTGVDVYSFGIVLLEVFTGRQ-VTDRV

ARTKYL!CDLV'BEEAEEAGVALRSTQSTLQAGLAADAWMPIAMQIYmLDPRPGPCPPBLGDGLGQLACCCLER
I e
PEN'ETKKNLLD -------------------- YV'KQQWRQN - RMELLEKHLAAPMGK - ELDMCMCAIEAGLHCTAL

DQ’.[‘BLRLCERSGQRTAS - -V'LWPWIN‘R mVADLVHI 86
I I

I I
Pelle NAIRLLPLFVRAQICAHLDALD- -VWQQLATAV'KLY'PDQVBQI SSQKQRGRSAMFLNIWGQY‘NBTVQTLFAL 104

IRAK L'I‘EEQLLRARDII‘I‘AW 102
Pelle FRKLKLHNAMRLIRKDY 120

Fig. 2. Amino acid sequence of IRAK and sequence comparison of IRAK and Drosophila Pelle. (A) Amino
acid sequence of IRAK. (The accession number for the DNA sequence is L76191.) The peptide sequenc-
es obtained by microsequencing are underlined. The 12 subdomains of protein kinases (78) are indicated
by Roman numerals above the sequence. Fifteen residues highly conserved in protein kinases (18) are
indicated by asterisks bellow the residues. (B) Sequence alignment of the catalytic domains of IRAK and
Pelle. Identical and conserved residues are indicated with solid or dotted bars, respectively. (C) Sequence
alignment of the NH,,-terminal regions of IRAK and Pelle. Identical and conserved residues are indicated
as in (B). 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; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;

and Y, Tyr.
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found within this region (Fig. 2A); thus, we
refer to pp100 as IRAK (IL-1 receptor—asso-
ciated kinase). A search of the database at
the National Center of Biotechnology Infor-
mation with the kinase domain indicated
that IRAK is related to several putative
protein kinases encoded by plant cDNAs,
with an overall sequence identity of 30 to
33% (19). One of the putative kinases is the
product of the pto gene of the tomato plant,
which confers resistance to the bacterial
pathogen Pseudomonas syringae pv. tomato
(20). Among kinases of animal origin,
IRAK shares highest similarity with Dro-
sophila Pelle. IRAK and Pelle are 32% iden-
tical throughout the kinase domain and
50% identical in a region spanning kinase
subdomains IV to VII (Fig. 2B). This is
significantly higher than the 25% identity
shared between IRAK and the second most
related animal protein, human mixed-lin-
eage kinase (21). Sequence analysis did not
reveal any obvious functional motif in re-
gions outside the kinase domain. Weak se-
quence similarity was noticed in the NH,-
terminal regions of IRAK and Pelle (Fig.
2C). The NH,-terminus of Pelle is required

Fig. 3. Detection of IRAK mRNA in
human tissues. RNA size markers
are indicated in kilobases. Nylon
membranes containing polyadenyl-
ated RNA isolated from various tis-
sues (2 ng per lane) were pur-
chased* from Clontech Laborato-
ries. The blots were hybridized with
a DNA fragment (corresponding to
amino acids 239 to 340 of IRAK)
labeled with [a-32P]deoxycytidine
triphosphate by Klenow with the

for its interaction with Tube (22).

Northern blot analysis of RNA prepared
from various tissues revealed a 3.5-kb
mRNA that hybridized to IRAK cDNA
(Fig. 3). The size of the mRNA confirmed
the size of the cDNA clone isolated. Con-
sistent with the pleiotropic effects of IL-1
on diverse cell types, small amounts of
IRAK mRNA were detected in all tissues
examined.

To investigate whether the association of
IRAK with IL-1RI was IL-1-dependent, we
used protein immunoblot analysis to detect
IRAK in the receptor complex before and
after IL-1 treatment (Fig. 4A). IRAK antiser-
um (23) recognized a diffuse band ranging
from ~80 to ~100 kD in IL-1RI immuno-
complexes prepared from 293 IL-1RI cells
treated with IL-1. No such protein was detect-
ed in immunocomplexes from untreated cells.
IRAK was not detected in the immunopre-
cipitates of parental 293 cells that expressed
small amounts of IL-1RI. After being subject-
ed to an in vitro kinase reaction in the pres-
ence of nonradioactive ATP, IRAK present
in the receptor complex migrated as a sharp
band at ~100 kD, identical in size to the

e o
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random priming method (26). The blots were exposed to an x-ray fim for 4 days at —70°C with
intensifying screens. PBL, peripheral blood lymphocytes.
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Fig. 4. Association of IRAK with IL-1RI and in vivo phosphorylation of IRAK. (A) IL-1-dependent
association of IRAK-1 with IL-1RI. Proteins were immunoprecipitated with antibody to IL-1RI from
extracts of 293 or 293 IL- 1Rl cells untreated (—) or treated (+) with IL-1 for 3 min. The immunoprecipitated
proteins were separated by SDS-PAGE (8% gel) either directly (lanes 1, 2, 3, and 4), or after an in vitro
kinase assay (72) (lanes 5 and 6) and then immunoblotted with rabbit antiserum to IRAK. Molecular size
markers are indicated in kilodaltons. (B) Detection of IRAK in IL-1RI immunocomplexes prepared from
Hela cells untreated (lane 1) or treated for 3 min with IL-1 (lane 2). (C) In vivo phosphorylation of IRAK
complexed to IL-1RI. Proteins associated with IL-1RI were immunoprecipitated from extracts of 293
IL-1Rl cells treated with IL-1 for various lengths of time (as indicated), separated by 8% SDS-PAGE, and
then immunoblotted with antiserum to IRAK. See (27) for further methods. Reactive proteins were
detected with protein A-conjugated horseradish peroxidase and enhanced chemiluminescent detection
reagents (Amersham Life Science). Molecular sizes are indicated in kilodaltons.
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pp100 band identified by in vitro phosphoryl-
ation (Fig. 1) (12). The diffuse polypeptide
band recognized by the IRAK-specific anti-
body may represent heterogeneously phospho-
rylated forms of IRAK. IRAK could also be
detected by protein immunoblot analysis of
the IL-1RI immunocomplexes prepared from
IL-1-induced, untransfected HeLa cells (Fig.
4B), indicating that the association of IRAK
with IL-1RI occurs in other cell types in
which IL-1RI is not overexpressed.

We tested whether IRAK was phospho-
rylated after its recruitment to the receptor
complex. The IL-1RI complex was immuno-
precipitated from 293 IL-1RI cells that had
been induced with IL-1 for various lengths of
time, then the precipitate was analyzed by
immunobloting to detect IRAK (Fig. 4C).
The association of IRAK with IL-1RI was
rapid—it was detectable 30 s after IL-1 treat-
ment. Immediately after IL-1 induction, only
the faster migrating forms of IRAK were
found in association with IL-1RI. At later
time points, the majority of IRAK appeared
as a band of ~100 kD. Extensive phospho-
rylation of IRAK apparently occurs after its
association with IL-1RI. Thus, IRAK may
exist in an inactive state until its catalytic
activity is acquired in the receptor complex
in cells exposed to IL-1. The recruitment of
IRAK to IL-1RI may result in its phospho-
rylation and activation by another kinase or
in its autophosphorylation.

The primary amino acid sequence of
IRAK is similar to Pelle, thereby providing a
clue to its role in IL-1 signal transduction. Its
rapid association with IL-1RI after IL-1
treatment and subsequent phosphorylation
may represent obligatory steps in the IL-1
signaling events leading to NF-kB activa-
tion. IRAK’s association with IL-1RI could
be mediated by a Tube-like molecule. Tube
interacts with Pelle and functions upstream
of Pelle in the Toll-Dorsal signaling pathway
(22, 24). Furthermore, Tube interacts with
the NH,-terminal region of Pelle (22) that
displays sequence similarity with the NH,-
terminal region of IRAK (Fig. 2C). An out-
come of IRAK’s association with IL-1R1 is its
own phosphorylation, which may reflect a
functional transition. A link between IRAK
and NF-kB activation may come from the
identification of the IRAK substrate.
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How Much Solar Radiation Do Clouds Absorb?

Anomalous absorption of solar radiation by
clouds is said to exist (I, 2) because short-
wave absorption inferred from solar flux
measurements often exceeds theoretical
prediction. R. D. Cess et al. (3) suggest that
solar absorption in clouds is not only signif-
icantly larger than the model prediction,
but also much larger than inferred by pre-
vious measurements, including those that
originally suggested the anomaly.

Current understanding predicts that ab-
sorption of solar radiation by the entire
atmospheric column containing clouds is
only slightly enhanced over absorption by
an equivalent clear sky column. Theory
predicts that cloud absorption can exceed
20% of incoming radiation (4) and that this
absorption occurs in place of rather than in
addition to clear sky absorption. Significant
absorption by cloud thus does not imply
anomalous absorption, and the data collect-
ed in an aircraft in the study by Pilewskie
and Valero (5, 6), when averaged, is actu-
ally consistent with current understanding.
Thus, neither report (3, 5) indicates that
cloud absorption (as opposed to the total
column absorption) is actually enhanced.

Measurement of atmospheric absorption
is difficult to make, as it requires measure-
ment of all radiation flowing into and from
a volume. In measurements made from air-
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craft (3, 5), the volume is ill-defined, and
measurement of fluxes on its boundaries is
by necessity limited to just a few locations.
The usual approach is to measure the fluxes
at the cloud top and base along the flight
line of the aircraft and to make assumptions
about the representativeness of these mea-
surements to the unsampled regions. Given
these assumptions, absorption then results
as a (usually small) residual of the differenc-
es in these fluxes. When error analyses of
this approach is considered, the combina-
tion of undersampling of boundary fluxes
and the natural variability of the real atmo-
sphere is too great to produce credible re-
sults (2, 7). This variability results in spu-
riously large positive and negative excur-
sions-to-absorption calculated as a flux dif-
ference (8). Where the study by Cess et al.
(3) differs from others is that the above-
cloud flux data derive from satellite obser-
vations, whereas the surface measurements
are obtained from either a single radiometer
or a network of 11 radiometers. This anal-
ysis is supposed to account for large space
and time scale variability and is supposed to
accommodate undersampled boundary flux-
es. The report (3) does not contain an error
analysis and or evidence to support this
assumption.

Cess et al. introduce an approach to the
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