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Cytosolic Domain of the Type | Interleukin-1 Receptor Spontaneously Recruits
Signaling Molecules to Activate a Proinflammatory Gene

R. Singh, *¥ S. Huang, T. Guth,* M. Konieczkowski,* and John R. Sedor ~ *8
*Department of Medicine, and *Department of Physiology and Biophysics, School of Medicine, Case Western Reserve University,
Cleveland, Ohio 44106; and *Rammelkamp Center for Research, MetroHealth Medical Center, Cleveland, Ohio 44109

Abstract

Immediate postreceptor events activated by IL-1-IL-1R in-
teraction remain undefined. We have initiated studies to
identify candidate signal transducers that associate with the
cytosolic domain (cd) of the IL-1R. Immunocomplex kinase
assays demonstrated an IL-1-activated myelin basic protein
kinase activity that coprecipitated with the IL-1R from rat
mesangial, mouse EL-4, and HeLa cells. Using glutathione-
S-transferase (GST) fusion proteins, HeLa cell lysates next
were assayed for kinases that associated with IL-1R cyto-
plasmic sequences. A GST-IL-1R fusion protein containing
the entire cd (amino acids 369-569; GST-IL-1Rcd) re-
cruited a kinase activity in the absence and presence of IL-1
stimulation. In contrast, a GST-IL-1R membrane-proximal
region mutant (amino acids 369-501; GST-IL-1RcdA),
which lacks COOH-terminal amino acid residues required
for nuclear factor-xB activation, poorly phosphorylated
MBP. In gel, kinase assays demonstrated 63-, 83-, and 100-
kD kinases that specifically coprecipitated with the HelLa
IL-1R and the GST-IL-1Rcd, but not GST-IL-1RcdA. 3°S-
labeled proteins, with M,s identical to the kinase activities,
stably associated with GST-IL-1Rcd. Transient transfec-
tion assays of 293 cells were used to evaluate the functional
significance of these findings. Simply increasing IL-1cd ex-
pression in 293 cells stimulated 5’-IL-6 flanking region-reg-
ulated CAT activity threefold above control, an effect
blocked by the kinase inhibitors staurosporine and calphos-
tin C. In summary, we have identified two previously unrec-
ognized 63- and 83-kD kinases as well as a protein with an
M, similar to the recently cloned IL-1R-associated kinase,
all of which associate spontaneously with the IL-1Rcd. Ec-
topic IL-1Rcd expression was sufficient to trigger cellular
activation, suggesting that the extracellular domain of the
intact receptor represses signal transduction until IL-1 is
bound. Given that the IL-1Rcd signaling domain has been
conserved in a functionally diverse group of transmembrane
receptors, further characterization of this signaling process
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may define novel molecular mechanisms controlling cellu-
lar function and differentiation. (J. Clin. Invest. 1997. 100:
419-428.) Key words: cytokines « inflammation . signaling
kinases

Introduction

Interleukin-1 is a master cytokine that is rapidly synthesized to
propagate tissue inflammation (for review see reference 1).
Systemic injection of nanogram quantities of IL-1 induces the
“acute phase response” (2). Higher concentrations of this cy-
tokine induce hypotension and leukopenia (2), and IL-1 has
been implicated in the pathogenesis of septic shock syndrome
(3). The synthesis and release of IL-1 within tissues after in-
flammatory injury has been appreciated only since molecular
probes and antibodies became available. Local IL-1 produc-
tion has been implicated in fibrogenesis, matrix remodeling,
and endothelial cell activation that promotes intravascular co-
agulation and leukocyte adhesion. The discovery of a naturally
occurring IL-1 receptor antagonist and soluble, circulating re-
ceptors that respectively “block” and buffer IL-1 activity fur-
ther underscores the phlogistic potential of this cytokine (1).
Characterization of the precise signaling pathways activated by
the IL-1-IL-1R interaction should provide novel targets for
antiinflammatory therapy.

In addition to IL-1 receptor antagonist, the IL-1 peptide
family contains two agonist molecules, IL-1a and IL-1p3, that
bind to the same cell surface receptors. Two distinct IL-1 re-
ceptors have been molecularly characterized, an 80-kD (type
I) and a 68-kD (type II) receptor. These receptors are highly
homologous, each containing three IgG-like extracellular do-
mains and a single transmembrane domain. The 80-kD type I
receptor (IL-1RtI)! is present on many cell types, and the 217
amino acid cytoplasmic domain (cd) contains sequences re-
quired for activation of cytosolic signaling pathways (4, 5). IL-
1RtI does not contain consensus sequences for either tyrosine
or serine/threonine kinase activity or for protein tyrosine ki-
nase phosphorylation acceptor sites. Serine/threonine phos-
phorylation of the IL-1RtI does occur early after IL-1 binding
(6), but the functional importance of this observation remains
unclear. Mutagenesis and COOH-terminal deletion of the IL-
1RtI have delineated a critical region (amino acids 508-529)
required for IL-1-induced nuclear factor (NF)—«B activation
and gene expression (4, 5,7, 8). The type I IL-1R (IL-1RtII) is
a 68-kD molecule with a relatively short cytoplasmic tail (29
amino acids) that, in contrast with the extracellular domain,

1. Abbreviations used in this paper: CAT, chloramphenicol acetyl-
transferase; cd, cytosolic domain; GST, glutathione-S-transferase; IL-
1R, IL-1 receptor; IL-1RtI, IL-1 type I receptor; IRAK, interleukin-1
receptor—associated kinase; MBP, myelin basic protein; NF, nuclear
factor.

Spontaneous Signaling of the Type I Interleukin-1 Receptor Cytosolic Domain 419



lacks significant homology to the IL-1Rtlcd. This receptor is
predominantly expressed on leukocytes, functions as a molec-
ular trap for IL-1 to inhibit IL-1 activity, and does not mediate
gene activation (9). Studies of a hybrid receptor, composed of
the extracellular and transmembrane domains of the IL-1RtII
fused to the cd of the IL-1RtI, demonstrate that IL-1-medi-
ated signal transduction is dependent on the presence and acti-
vation of the IL-1Rtlcd.

Although the binding of IL-1 to the IL-1RtI (hereafter IL-
1R) generates lipid-derived signaling molecules and changes in
protein phosphorylation state, the most proximate events re-
main incompletely defined. The cloning of an IL-1R accessory
protein, which increases IL-1R binding affinity for IL-1, sug-
gests that the functional IL-1R is a multisubunit complex (10).
The finding that IL-1 stimulation recruits to the IL-1R within
seconds a putative kinase, IL-1 receptor—associated kinase
(IRAK), to activate NF-«xB (8, 11) further supports this
premise. The goal of the present study was to identify candidate
signal transducers that specifically associate with the cd of the
IL-1R using a glutathione-S-transferase (GST) fusion protein.

Methods

Cell culture. HeLa and human embryonic kidney 293 cells (Ameri-
can Type Culture Collection, Rockville, MD) were maintained in
RPMI 1640 medium (GIBCO BRL, Gaithersburg, MD) supple-
mented with 2 mM glutamine (GIBCO BRL), 15 mM Hepes, 100 U/
ml penicillin, 100 pg/ml streptomycin, 0.25 wg/ml fungizone, 5 wg/ml
insulin and transferrin, 5 ng/ml sodium selenite, 10% fetal bovine se-
rum (Hyclone, Logan, UT), and 10% calf bovine serum (Hyclone) at
37°Cin 5% CO.,.

Immunoprecipitation and in vitro solution immunocomplex kinase
assays. Before initiation of each experiment, cells were held for 3 h in
RPMI medium containing 0.1% FBS, and then stimulated for 10 min
with vehicle or human recombinant IL-1a (Hoffman-LaRoche, Nut-
ley, NJ) at a final concentration of 20 ng/ml. In some experiments,
HeLa cells were pretreated with 1 uM herbimycin, 29 wM genistein,
50 nM staurosporine (all from BIOMOL Research Labs., Inc., Ply-
mouth Meeting, PA) or DMSO for 12 h before stimulation with
IL-1a. After washing, the cells were placed on ice and 750 pl chilled
lysis buffer (Ca?*- and Mg?*-free Dulbecco’s phosphate-buffered sa-
line containing 1% Triton X-100, 5 mM EDTA, 1.2 pg/ml leupeptin,
1.2 wg/ml pepstatin, and 120 .M PMSF) was added for 10 min. Ex-
tracts were collected and cell debris pelleted by centrifugation at
14,000 g for 10 min. The resulting supernatants were matched for pro-
tein (600-800 pg) and sequentially precleared at 4°C with nonim-
mune rabbit IgG (1 pg) for 30 min and protein A-Sepharose (Phar-
macia LKB Biotechnology, Piscataway, NJ) for 1 h. Precleared
samples were incubated for 30-60 min at 4°C with 1 pg affinity-puri-
fied rabbit polyclonal antibody raised against a peptide correspond-
ing to amino acids 550-569 of the IL-1R (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) or an irrelevant, affinity-purified, rabbit poly-
clonal IgG. To assess specificity, antibodies were incubated in some
experiments with either the peptide immunogen (Santa Cruz Bio-
technology, Inc.) or bacterially expressed fusion protein containing
IL-1Rcd sequences (see below). Protein A Sepharose was subse-
quently added and the samples were incubated overnight. Protein A—
associated immune complexes were collected by centrifugation in a
microfuge for 10 s, washed three times with NET buffer (150 mM
NaCl, 5 mM EDTA, 50 mM Tris-HCI, pH 8.0, and 0.05% NP-40), and
washed twice with kinase buffer (100 mM NaCl, 20 mM Hepes, pH
7.0, 5 mM MgCl,, and 5 mM MnCl,). In some experiments, the im-
mune complexes were washed in NET buffer containing either 250,
500, or 1,000 mM NaCl. Immunocomplex kinase assays were initiated
by resuspending the pellets in 50 pl kinase buffer supplemented with
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1 uM Li-ATP, 5 pg myelin basic protein (MBP; Sigma Chemical Co.,
St. Louis, MO), and 1 pCi [y-*?P]ATP (Dupont-NEN, Boston, MA).
Reactions proceeded for 10 min at room temperature and were
stopped by adding 15 pl 4X SDS-Laemmli buffer (0.5 M Tris, pH 6.8,
8% SDS, 40% glycerol, 0.04% bromphenol blue, 400 uM dithiothreitol).
After boiling for 5 min, proteins were analyzed on 12% SDS-poly-
acrylamide gels. Radiolabeled proteins were detected by autoradiog-
raphy. Where indicated, autoradiographic densities were quantified by
densitometry and appropriate software as previously published (12).

GST fusion expression constructs. The cd of the IL-1R was ampli-
fied from HeLa cell RNA, extracted with Trizol reagent (GIBCO
BRL) by reverse transcriptase-PCR (RT-PCR kit; Perkin Elmer
Corp., Norwalk, CT) according to the manufacturer’s protocols. The
following primers (5’ to 3"): upstream: GGATTCCTGCTATGATT
(bp 1436-1453) and downstream: GGATCCGGAGGCACCTAA-
AGA (bp 2064-2078) amplified a 649-bp fragment that encodes
amino acids 369-569 of the IL-1R, which was isolated from low melt-
ing point agarose and cloned into pCRII (Invitrogen Corp., San Diego,
CA) by an A-T tailing reaction. Dideoxy sequencing, using a kit (ALF;
Pharmacia LKB Biotechnology) according to the manufacturer’s pro-
tocol, confirmed the sequence fidelity of the amplified IL-1Rcd frag-
ment with the published cDNA sequence. The IL-1Rcd cDNA se-
quence subsequently was released from pCRII by EcoR1 digestion
and subcloned into EcoR1-linearized pGEX4T-1 (Pharmacia LKB
Biotechnology) to generate pGEX4T-1-IL-1Rcd. Ligation reactions
were used for transformation of DHS5« Escherichia coli, which were
selected on LB-ampicillin agar plates. Clones containing the IL-1Rcd
cDNA insert in the appropriate orientation were selected by restric-
tion endonuclease mapping. pGEX-4T-1-IL-1Rcd was restricted by
Clal and Sall to remove IL-1Rcd sequence encoding the COOH-ter-
minal amino acid residues required for NF-«kB activation (7). The re-
sidual IL-1R sequence consists of a 400-bp fragment encoding mem-
brane proximal region amino acids 369-501. Overhanging ends were
filled with Klenow fragment of DNA polymerase I (Boehringer Mann-
heim, Mannheim, Germany), and then blunt ligated to generate plas-
mid pGEX-4T-1-1L-1RcdA. The reading frame of the GST-IL-1Rcd
junction sequence was confirmed by dideoxy DNA sequencing, and
after transformation into BL21 E. coli, both constructs were screened
for expression of isopropyl-B-thiogalactoside (IPTG)-inducible GST-
fusion proteins with the predicted M, (see below).

GST fusion proteins. The expression and purification of the GST
fusion proteins was performed as described with modification for pu-
rification of insoluble fusion proteins (13, 14). BL21 E. coli carrying
pGEX4T-1 or the fusion protein expression constructs were grown
until the bacterial cultures reached midlogarithmic growth phase
(0.4-0.5 Agy)- ITPG (0.1 mM) was added, and the cultures incubated
at 37°C for 4 h. The bacteria were collected by centrifugation, the pel-
lets resuspended in STE buffer (10 mM Tris-HCI, pH 8.0, 150 mM
NaCl,2 mM EDTA, 1 mM PMSF, 2 mg/ml pepstatin, and 2 mg/ml leu-
peptin), and the bacteria lysed by incubation with 0.3 mg/ml lysozyme
at 4°C for 15 min, followed by the addition of 5 mM DTT and 1.5%
N-laurylsarcosine (sarkosyl) to recover GST-IL-1Rcd and GST-
IL-1RcdA fusion proteins. Sarkosyl was not required for recovery of
GST. The bacteria were disrupted by brief sonication on ice, and the
lysate clarified at 4°C by centrifugation at 1,000 g for 15 min. Each su-
pernatant was incubated at 4°C for 2 h with 700 pl GSH-Sepharose
(Pharmacia LKB Biotechnology). The Sepharose matrix was recov-
ered by centrifugation and washed four times with STE buffer con-
taining 0.1% Triton X-100 and stored at 4°C as a 35% slurry in STE
buffer containing 0.1% Triton X-100, 5 mM DTT, and 10% glycerol.
For some experiments, GST fusion proteins and GST were eluted
from the GSH-Sepharose matrix as described (13), and free GSH was
removed using Sephadex G-25 columns. GST fusion and GST protein
integrity was analyzed on Coomassie blue-stained SDS-polyacryl-
amide gels, and protein concentration estimated by comparison with
known concentrations of bovine serum albumin.

Fusion protein solution kinase and binding assays. HeLa cells were
held for 3 h in RPMI media supplemented with 0.1% FBS before



stimulation for 10 min with 20 ng/ml of recombinant IL-1a. Cell ex-
tracts, prepared as described above, were precleared with 25 pg
equine GST and GSH-Sepharose for 2 h at 4°C. Sepharose matrix
was removed by centrifugation, and the resulting cell supernatants
were incubated overnight at 4°C with 5-10 wg GST, GST-IL-1Rcd, or
GST-IL-1RcdA proteins. The beads were collected by centrifugation
and washed three times with NET buffer and twice with kinase
buffer. Where indicated, pellets were washed in NET buffer contain-
ing either 250, 500, or 1,000 mM NaCl. Pellets were then used in in
vitro solution kinase assays as described above.

For binding assays, HeLa cells were serum deprived for 1 h in
cysteine- and methionine-free RPMI medium (ICN Biomedicals Inc.,
Irvine, CA), supplemented with 0.1% fetal bovine serum for 1 h,
washed once, and incubated for 18 h in cysteine- and methionine-free
RPMI medium, supplemented with 10% complete RPMI medium
and 18 wCi/ml [¥S]translabel (ICN Biomedicals Inc.). In some exper-
iments, labeled cells were treated with 20 ng/ml IL-1a for the final 10
min. Cell extracts were prepared as previously described, precleared
with equine glutathione-S-transferase and GSH-Sepharose, and incu-
bated with GST or the GST fusion protein as described above. Beads
were collected, washed five times with NET buffer containing 150,
250, 500, or 1,000 mM NaCl, and boiled for 5 min with 50 wl of 4X
SDS-Laemmli loading buffer. Proteins were resolved on 10% SDS-
polyacrylamide gels, and labeled proteins were visualized by fluorog-
raphy (ENHANCE; DuPont NEN).

Solid phase (in-gel) kinase assays. Solid phase kinase assays were
performed as described previously (15, 16). Briefly, proteins immuno-
precipitated by nonspecific antibody, anti-IL-1R antibody, GST, or
the GST fusion proteins, which had been incubated with clarified cell
extracts as described above, were resolved on 10% SDS-polyacryl-
amide gels copolymerized with 0.1 pg/ml MBP. After electrophoresis,
SDS was removed from the gel by soaking twice for 20 min in buffer
A (20% isopropanol, 50 mM Tris, pH 7.4, 1 mM EGTA, 1 mM DTT)
and by rinsing twice in buffer B (50 mM Tris, pH 7.4, 1 mM EGTA,
1 mM DTT, 50 mM NaCl). Proteins were denatured by serially incu-
bating the gel for 40 min each in 9, 6, 3, 1.5, and 0.75 M urea in buffer
B, and then renatured in buffer C (25 mM Hepes, pH 7.3, 1 mM
EGTA, 1 mM DTT, 5 mM MgCl,, 0.04% Tween 20) at 4°C for 16-18 h
with five buffer changes. Subsequently, the gel was incubated for
30 min in 30 ml of kinase buffer (20 mM Hepes, pH 7.3, 50 mM B-glyc-
erol phosphate, pH 7.3, 20 mM MgCl,, 1.5 mM EGTA, 1 mM DTT,
0.03% Brij35) at 33°C. Then, the kinase reaction was initiated by
incubating the gel in 30 ml of kinase buffer containing 300 wCi of
[y-?P]ATP and 20 p.M ATP for 2 h at 33°C. The gel was then washed
extensively with buffer D (5% [vol/vol] trichloroacetic acid and 5%
[wt/vol] sodium pyrophosphate) until radioactivity contained in the
washes was negligible.

Eukaryotic expression constructs, transient transfection, and CAT
assays. An IL-1Rcd eukaryotic expression construct was synthesized
by subcloning IL-1Rcd sequences, described above, into a HindIII-
linearized episomal vector pEBVHisB (Invitrogen Corp.) to generate
pEBVHisBIL-1Rcd. The control plasmid pEBVHisLacZ was pur-
chased from Invitrogen Corp. The human IL-6 5'-flanking region
(=742 to +11) fused to the chloramphenicol acetyltransferase (CAT)
gene (17) was a generous gift from Dr. Jan Vilcek (New York Univer-
sity Medical Center, New York). Wild-type human embryonic kidney
293 cells and 293 cells stably expressing the EBNA-1 protein (293-
EBNA; Invitrogen Corp.) were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% FBS, 100 U/ml penicillin G,
100 pg/ml streptomycin, and 0.25 wg/ml fungizone. 293-EBNA cells
were selected with geneticin (250 pg/ml; Life Technologies, Inc.,
Grand Island, NY). Before transfection, cells (5 X 10°) were seeded
in 100-mm dishes. The indicated expression constructs (10 g each)
were transfected, using calcium phosphate coprecipitation (14), 24 or
48 h after plating for the 293 and 293-EBNA cells, respectively. The
following day, medium was replaced with DMEM containing 2%
FBS and, after a subsequent 24 h in 0.1% FBS, cells were stimulated
with recombinant IL-1« (20 ng/ml) or vehicle. In some experiments,

protein kinase inhibitors, as indicated, were included for the final 24 h
in the absence or presence of IL-1a. Cells were harvested 72 h after
transfection and CAT activity in cell extracts was determined by lig-
uid scintillation quantification of [*C]n-butyryl chloramphenicol, as
described (14). Preliminary experiments demonstrated that the radio-
activity contained in these extracts exclusively represented acetylated
chloramphenicol. CAT activities were normalized for cell lysate pro-
tein content, determined by the BCA method (Pierce Chemical Co.,
Rockford, IL).

Results

IL-1R coprecipitates with a protein kinase from IL-1-activated
cells. IL-1-activated gene transcription has been demon-
strated in HeLa cells (17, 18), and we demonstrated HeLa cell
IL-1R expression using reverse transcriptase-PCR (data not
shown). Immunoprecipitates from IL-la— and vehicle-stimu-
lated HeLa cells were assayed for kinase activity using MBP as
an exogenous substrate as described in Methods. Substantial
MBP kinase activity coprecipitated with specific, but not con-
trol, antibody from cells treated with IL-1 (Fig. 1 A). IL-1R im-
munocomplexes from vehicle-treated cells did phosphorylate
MBP in this particular experiment (Fig. 1 A, lane 3). However,
this finding was inconsistent. Importantly, simply increasing
the NaCl concentration in the washes substantially reduced the
kinase activity associated with IL-1R immunocomplexes de-
rived from vehicle-stimulated cells (not shown), demonstrating
relatively weak and nonspecific, protein—protein interactions.
In contrast, the MBP kinase activity, coprecipitating with IL-1R
immunocomplexes from IL-1-stimulated cells, changed little
even after washing the precipitates with salt concentrations as
high as 1 M (not shown). The minimal MBP kinase activity as-
sociated with control antibodies (Fig. 1 A, lanes I and 2) was
variable between experiments and eliminated by increases in
salt concentrations in the wash buffers. The lack of consistent
MBP kinase activity associated with IL-1R immunocomplexes
derived from vehicle-treated cells suggests that kinase activity
is not an intrinsic property of the IL-1R, although the anti-IL-1R
antibody used in these experiments could block intrinsic IL-1R
kinase activity within the cd. However, IL-1R immunoprecipi-
tates from vehicle-treated cells, obtained with an antipeptide
antibody directed against epitopes in the extracellular domain
of the IL-1R, also failed to phosphorylate MBP (not shown).
IL-1R immunocomplexes from IL-1-stimulated cells repro-
ducibly coprecipitated cellular phosphoproteins of apparent
63, 83, and 100 kD, which may be endogenous MBP kinase
substrates (Fig. 1 A, lane 4). IL-1 rapidly activated the MBP ki-
nase coprecipitable with the IL-1R (Fig. 1 B). Phosphorylation
of MBP and the putative endogenous cellular substrates was
detectable after 1 min, had doubled by 3 min, plateaued by
5 min, and persisted for at least 10 min. The higher molecular
phosphoproteins, detected by autoradiography for 20 h (Fig. 1
A), are not visualized in these 2-h autoradiograms. MBP ki-
nase activity also coprecipitated with the IL-1R from EL-4 and
glomerular mesangial cells, demonstrating that these observa-
tions were not unique to HeLa cells. Taken together, these
data suggest that the ligation of the IL-1R by IL-1 rapidly re-
cruits or activates a constitutively associated kinase activity.
Genistein, herbimycin, or staurosporine did not substan-
tially inhibit association/activation of the MBP kinase coprecip-
itable with IL-1R. We next determined if a posttranslational
phosphorylation regulated the association/activity of the MBP
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Figure 1. The IL-1R specifically co-
precipitates with a protein kinase(s)
that phosphorylates myelin basic
protein. (A) HeLa cells were held in
RPMI medium supplemented with
0.1% fetal bovine serum for 3 h. The
cells were then stimulated with (+)
or without (—) IL-1a (20 ng/ml) for
10 min, and IL-1R was immunopre-
cipitated using a polyclonal anti—
IL-1R antipeptide antibody
(IL-1RAD) or nonspecific rabbit
IgG (IgG). Immunocomplexes
were assayed for kinase activity as
described in Methods, using myelin
basic protein (MBP) as an exoge-
nous substrate. Proteins were re-
solved on a 12% SDS-polyacryl-
amide gel and migration of MBP
was confirmed by Coomassie blue
staining. *P-labeled products were
detected by autoradiography for 20 h
to identify endogenous substrates

-+— MBP

15 19 23 27

that coprecipitate with the IL-1R. Molecular mass markers (in kilodaltons) are indicated at left. (B) HeLa cells were stimulated for the indicated
times (/eft) and solution kinase assays performed. Relative changes in MBP phosphorylation, quantified by scanning densitometry, are indicated.

Autoradiography was 2 h.

kinase coprecipitable with IL-1R. IL-1 induces serine/threo-
nine phosphorylation and tyrosine phosphorylation of a
number of cellular substrates, including the murine IL-1R, and
both human and murine IL-1R contain a putative C- and
A-kinase acceptor site (6). These later data suggested to us that
a change in either MBP kinase or IL-1R phosphorylation states
may be required for MBP kinase association/activation. To
test this hypothesis in these experiments, HeLa cells were pre-
incubated with the indicated kinase inhibitors (see Methods
and Fig. 2) and subsequently stimulated with IL-1 for 10 min.
IL-1R immunocomplexes were washed to remove residual in-
hibitor and assayed for kinase activity. The inhibitor concen-
trations employed in these experiments have been used previ-
ously to block kinase activity. Pretreatment of HeLa cells with
the tyrosine kinase inhibitors, genistein and herbimycin, or the
serine/threonine-kinase inhibitor staurosporine failed to in-
hibit significantly IL-1-stimulated coprecipitation of the MBP
kinase with the IL-1R (Fig. 2). MBP phosphorylation was sim-
ilar in IL-1-treated cells in the absence or presence of the ki-
nase inhibitors or their vehicle (DMSO). Densitometric analy-
sis of the experiment shown in Fig. 2 and two similar
experiments confirmed that none of the kinase inhibitors sig-
nificantly reduced IL-1-activated MBP phosphorylation (rela-
tive MBP phosphorylation, mean=SEM, n = 3: IL-1, 1; IL-1 +
genistein, 0.95+0.04; IL-1 + herbimycin, 0.93+0.09; IL-1 +
staurosporine, 0.99+0.1) or the 83- or 100-kD phosphopro-
teins (not shown). Pretreatment of HeLa cells with herbimycin
did variably reduce association of the 63-kD phosphoprotein
with IL-1R immunocomplexes, a finding that did not signifi-
cantly reduce the aggregate level of MBP phosphorylation
(relative 63-kD phosphorylation; mean+SEM, n = 3: IL-1, 1;
IL-1 + herbimycin, 61.1+20.6). These results suggest that IL-
1R-MBP kinase association and kinase activation does not de-
pend substantially on protein phosphorylation.
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A GST-IL-IR fusion protein containing IL-1Rcd se-
quences can recruit MBP kinase activity from HelLa cell ex-
tracts. We next used GST fusion proteins to assay cell lysates
for kinases associated with IL-1R intracellular sequences. Fig.
3 shows the fusion protein constructs. GST-IL-1Red contains
IL-1Rcd sequences COOH terminal to the transmembrane re-
gion (amino acids 369-569). GST-IL-1RcdA contains the
membrane proximal region of the IL-1Rcd (amino acids 369—
501), lacking the COOH-terminal amino acid residues re-
quired for NF-kB activation (7). Bacterially expressed GST
and the GST-IL-1R fusion proteins were incubated with Tri-
ton X-100 HeLa cell extracts and used in the solution kinase
assay as described in Methods. Consistent with the data ob-
tained with HeLa IL-1R immunocomplexes, GST-IL-1Rcd as-
sociated with MBP kinase activity (Fig. 4). GST-IL-1R also
autophosphorylated and, similar to IL-1R immunocomplexes,
labeled putative cellular substrates of apparent M, 63 and 100
kD. The 83-kD protein labeled by IL-1R immunocomplexes is
not seen in this experiment, although a 31-kD cellular phospho-
protein coprecipitated with GST-IL-1Rcd. In contrast, GST-
IL-1RcdA poorly phosphorylated MBP (Fig. 4), did not auto-
phosphorylate, and failed to coprecipitate with any cellular
phosphoproteins. Washing the GST-IL-1R cellular protein
complexes with increasing salt concentrations produced results
in agreement with the data obtained with IL-1R immunocom-
plexes. MBP kinase activity stably associated with GST-IL-1Rcd,
but not GST-IL-1RcdA, even after washes with salt concentra-
tions up to 1 M (not shown), suggesting that the kinase activity
recruited by a kinase-binding domain (within amino acids 501—
569) is functionally important in initiating IL-1-activated
downstream signaling events. Minimal kinase activity was pre-
cipitated by GST bound to glutathione agarose (Fig. 4). Con-
trol experiments demonstrated that the kinase activity origi-
nated from cellular extracts. No phosphorylation of MBP was
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Figure 2. The kinase inhibitors, genistein, herbimycin, or staurospo-
rine, do not prevent association/activation of MBP kinase(s) with the
IL-1R. HeLa cells were incubated in the absence (control) or pres-
ence of herbimycin (1 uM), genistein (29 wM), staurosporine (50
nM), and DMSO (vehicle-control) for 12 h before stimulation with
(+) or without (—) IL-1a (20 ng/ml) for 10 min. IL-1R was immuno-
precipitated with an anti-IL-1R antibody, and after washing to re-
move residual inhibitor, the immunocomplexes were assayed for ki-
nase activity as described in Methods. Proteins were resolved on 12%
SDS polyacrylamide gels, and phosphorylated proteins were visual-
ized by autoradiography as described in Fig. 1. The migration of
MBP, confirmed by Coomassie staining, is shown on the right and
molecular mass markers (in kilodaltons) are indicated at left.

seen in the absence of HeLa cell lysates (not shown), further
suggesting that the IL-1Rcd itself has no intrinsic kinase activ-
ity. Interestingly, coprecipitation of GST-IL-1Rcd and the
MBP kinase activity did not require IL-1 treatment of HeLa
cells before lysis (Fig. 4), indicating that IL-1cd sequences con-
tain the structural information to associate constitutively with
cytosolic signaling proteins. To investigate the subcellular lo-
calization of the IL-1R-associated MBP kinase activity, HeLa
cytosolic and membrane fractions, prepared from lysates ob-
tained by Dounce homogenization, were used in solution ki-
nase assays with GST-IL-1Rcd. IL-1R-associated MBP kinase
activity was identified in the cytosolic fraction (not shown).
Solid phase (in-gel) kinase assays demonstrate MBP kinase
activities with apparent 63, 83, and 100 kD. Protein kinases, pres-
ent in extracts of HeLa cells treated with IL-1a and coprecipi-
tated with IL-1cd sequences, were next analyzed after SDS-
polyacrylamide gel electrophoresis through the use of a solid
phase (in-gel) assay with MBP polymerized in the gel (Fig. 5).
Treatment with IL-1a increased phosphorylation of MBP by
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Figure 3. GST-IL-1Rcd fusion proteins. A series of GST fusion pro-
teins were purified from E. coli as described in Methods. (A) The full
length 569 amino acid human IL-1R is shown for reference (30). The
mature transmembrane protein is 552 amino acids. The extracellular
domain (open region, ED), including a 17 amino acid signal peptide,
spans from amino acids 1 to 336, the transmembrane region (solid re-
gion, TM) from 337 to 357, and the cytosolic domain (hatched region,
CD) from 358 to 569. (B) GST and the GST-IL-1R fusion proteins
are shown. GST-IL-1Rcd contains the amino acids 369-569 of the
IL-1Rcd fused to GST (stippled region). The Clal site in the IL-1Red
cDNA sequence, used to remove the sequences encoding the COOH-
terminal amino acid residues required for NF-kB activation (7), is in-
dicated. The resulting fusion protein, GST-IL-1RcdA, contains mem-
brane proximal cd region amino acids 369-501 fused to GST.
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Figure 4. A GST-fusion protein containing IL-1Rcd sequences asso-
ciates with MBP kinase activity from HeLa cells. Extracts, prepared
from HeLa cells held in RPMI media supplemented with 0.1% FBS
for 3 h before stimulation with (+) or without (=) IL-1a (20 ng/ml)
for 10 min, were incubated with GST or the GST-IL-1R fusion pro-
teins and assayed for MBP kinase activity as described in Methods.
HeLa IL-1R immunocomplexes (/P) were also assayed for kinase ac-
tivity. Proteins were analyzed by SDS-PAGE and phosphorylated
proteins were visualized as described in Fig. 1. The migration of GST
and the GST-IL-1R fusion proteins, confirmed by Coomassie stain-
ing, is shown on the right, and molecular mass markers (in kilodal-
tons) are indicated at left.
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10 C Figure 5. Solid phase (in-gel) ki-
nase assays demonstrate 63-, 83-,
and 100-kD MBP kinases specifi-
cally coprecipitate with IL-1R im-
munocomplexes and GST-IL-1Rcd.
HelLa cells were held in RPMI me-
dia supplemented with 0.1% FBS
for 3 h, and then stimulated with
(+) or without (=) IL-1a (20 ng/ml)
for 10 min. Protein kinases in cell ly-
sates were analyzed after 10%
SDS-PAGE using gels polymerized
with 0.1 pg/ml MBP as described in
Methods. Phosphorylated MBP was
visualized by autoradiography. Mo-
lecular mass markers (in kilodal-
tons) are indicated at left. (4) IL-1a
stimulates the activity of multiple
MBP kinases in Triton X-100 HeLa
cell extracts. (B) MBP kinases asso-
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ciated with immunoprecipitates of HeLa cell extracts, obtained using a nonspecific (lanes /—4) or anti-IL-1R antibody (/L-/RAb). Competition
coprecipitation experiments (lanes 3-4 and 7-10) were performed by incubating the precipitating antibody with the IL-1R peptide epitope
(IL-1R peptide; lanes 3, 7, and 8) or with GST-IL-1Rcd (lanes 4, 9, and 10). (C) MBP kinases associate specifically with GST-IL-1Rcd, but not
GST-IL-1RcdA or GST. Molecular masses (in kilodaltons) of associating MBP kinases are indicated on right. Kinases with similar M, specifi-

cally associate with IL-1R immunocomplexes (B).

protein kinases of 100, 83, and 63 kD, proteins with apparent
molecular weights identical to the putative endogenous cellu-
lar MBP kinase substrates previously observed identified in
Fig. 1 A (Fig. 5 A). Other MBP kinases with lower apparent
molecular weights (48, 40, and 35 kD) were also detected. These
results confirm that IL-1 rapidly increases activities of multiple
intracellular kinases.

In Fig. 5 B, immunoprecipitates of HeLa cell extracts, ob-
tained using a nonspecific (Fig. 5 B, lanes /-4) and anti-IL-1R
antibodies (Fig. 5 B, lanes 5-10), were analyzed for coprecipi-
tating MBP kinase activity. MBP kinases of ~ 63, 83, and 100
kD specifically precipitate with the IL-1R from HeLa cells
treated with either IL-1« (Fig. 5 B, lane 6) or vehicle (Fig. 5 B,
lane 5). Competition coprecipitation experiments were per-
formed with anti-IL-1R antibody and either the IL-1R-pep-
tide immunogen or the GST-IL-1R fusion protein using ex-
tracts from vehicle control or IL-1-treated cells (Fig. 5 B, lanes
7-10). Both the competitors prevented the precipitation of the
kinase activities. In contrast, the pattern of MBP kinase activi-
ties coprecipitating with irrelevant antibody (Fig. 5 B, lanes 1
and 2) was unchanged in parallel competition coprecipitation
experiments (Fig. 5 B, lanes 3 and 4), indicating that MBP ki-
nase activities coprecipitated by irrelevant antibody differ
from those associating with the IL-1R. In contrast with the
data obtained using solution immunocomplex kinase assays,
the MBP kinase activities, which specifically coprecipitated
with the IL-1R (Fig. 5 B, lanes 5 and 6), were not regulated
strongly by IL-1a.

MBP kinases that coprecipitated with the GST-IL-1R fu-
sion proteins were also analyzed in gel (Fig. 6 C). GST-IL-1Rcd
precipitated from HeLa cell extracts MBP kinases with M,
identical to those kinase activities, which coprecipitated with
the wild-type IL-1R (63, 83, and 100 kD). The 83-kD kinase
activity obtained using specific antibody was more abundant
than that recruited by the fusion protein. Neither GST or
GST-IL-1RcdA coprecipitated these kinase activities. This
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correlation between the inability of IL-1RcdA to activate NF-
kB (7) and the coprecipitation results obtained with GST-
IL-1Rcd and GST-IL-1RcdA suggests that MBP kinases of 63,
83, and 100 kD are involved in IL-1R signaling.

GST-IL-1IR cytosolic domain fusion proteins specifically
associate with ¥S-labeled proteins from HelLa cell extracts.
The GST-IL-1R fusion proteins and GST were incubated with
lysates from 3S-labeled HeLa cells (Fig. 6). Bands, found to
coprecipitate specifically with the GST-IL-1Rcd (Fig. 6) and
with IL-1R immunocomplexes (not shown), were similar in
size to the MBP kinase activities (63, 83, and 100 kD) that co-
precipitated with this fusion protein and the IL-1R. In addi-
tion, other [*S]proteins specifically associate with both GST-
IL-1Rcd and GST-IL-1RcdA. The association of the [**S] 63-,
83-, and 100-kD proteins with GST-IL-1Rcd or with IL-1R im-
munocomplexes was not altered by stimulating the cells for 10
min with IL-1a before lysis (data not shown), further indicat-
ing that these proteins constitutively associated with cd se-
quences. To assess the strength of the cellular protein interac-
tions with the GST-IL-1Rcd fusion protein, the GST-IL-1R
HeLa cell protein complexes were washed with increasing salt
concentrations. The p63, p83, and pl00 remained associated
with GST-IL-1Rcd, but not either GST-IL-1RcdA or GST
over a range of salt concentrations from 150 mM to 1 M (Fig.
6, A and B, black arrowheads). A 35-kD protein also specifi-
cally associates with the GST-IL-1Recd, which is somewhat
more sensitive to high salt since its association with the fusion
protein diminishes in 500 mM NacCl and is eliminated in 1 M
NaCl (Fig. 6, A and B). In addition, several other 33S-labeled
proteins specifically associated with both GST-IL-1R fusion
proteins, even in high NaCl (Fig. 6 B, open arrowheads), sug-
gesting that other signaling molecules may associate with the
membrane proximal domain of the IL-1R.

Transient transfection of an IL-1Rcd eukaryotic construct
activates IL-6 gene transcription. To evaluate the functional
significance of molecules that associate with the IL-1Red, we



101—
83 —

50

GST-IL-1Red —
GST-IL-1RcdA e

35—

GST —

150mM NaCl 250mM NaCl  500mM NaCl

<4100
-

7,
e, % %
% % %
101— <100
83— -3
<]
- 63
50— e <
e .- &
GST-IL-1Rcd — e
——

GST-IL-1RecdA —
35—
20—

GST =

- -

IM NaCl

Figure 6. Metabolically labeled cellular proteins associate with GST-IL-1R fusion proteins even after high salt washes. S-labeled cell extracts
were prepared, precleared, and incubated overnight with GST, GST-IL-1Rcd, and GST-IL-1RcdA as described in Methods. The beads were
collected and washed repeatedly with buffers containing (A) 150, 250, or 500 mM, or (B) 1 M NaCl. GST and the GST-IL-1R fusion proteins
and associated cellular proteins were analyzed by 10% SDS-PAGE and fluorography. The migration of GST and the GST-IL-1R fusion pro-
teins, confirmed by Coomassie staining, and molecular mass markers (in kilodaltons) are indicated at left. Solid arrowheads indicate **S-labeled
proteins with 63, 83, and 100 kD. Open arrowheads indicate other 33S-labeled proteins specifically associated with the GST-IL-1R fusion pro-

teins.

next assessed the effects of IL-1Rcd expression on IL-6 tran-
scription by cotransfecting a CAT reporter gene under control
of IL-6 5'-flanking sequences (bp —742 to +11) and an epi-
somal EBV expression construct containing the IL-lcd se-
quences contained in GST-IL-1Rcd (EBV-HisIL-1R or “Recd”
[Fig. 7]) or a control vector (EBV-HisLacZ or “GAL” [Fig.
7]). In addition, another EBV expression vector (pEBV-His-
BIL-1Rkb or “Rkb” [Shirvaikar, A., R. Singh, K. Schaeffer,
M. Konieczkowski, and J.R. Sedor, manuscript in prepara-
tion]), containing only the COOH-terminal IL-1Rcd se-
quences (bp 501-569) known to be critical for productive
downstream signaling (4, 5, 7, 8), was used in these studies.
The amino acids encoded by this COOH-terminal IL-1Rcd se-
quence recruit MBP kinase activity and specifically associate
with MBP kinases with 63, 83, and 100 kD (data not shown;
Shirvaikar, A., R. Singh, K. Schaeffer, M. Konieczkowski, and
J.R. Sedor, manuscript in preparation). Our in vitro data pre-
dicted that, even in the absence of IL-1a stimulation, IL-1Rcd
sequences would recruit active MBP kinases to stimulate IL-6—
regulated CAT activity. Therefore, we chose the highly trans-
fectable 293 cell line, which minimally expresses the IL-1R (7).
Both wild-type 293 and 293-EBNA cells were used. CAT ac-
tivity in transiently transfected cells was measured in the pres-

ence and absence of IL-1a. A low level of CAT activity was
measurable in 293-EBNA cells transfected with a control ex-
pression construct containing the B-galactosidase gene (Fig. 7).
In the absence of ectopic cd, IL-1a minimally induced tran-
scriptional activation through endogenous IL-1R. In contrast,
a 2.5-4-fold increase in IL-6 5'-flanking region-regulated tran-
scription was measured in untreated 293-EBNA cells tran-
siently transfected with IL-1Rcd expression constructs (Fig. 7).
The observed increase in CAT activity is similar to that re-
ported in IL-1-responsive cells transfected with this IL-6 re-
porter chimera (17). These data demonstrate in whole cells
that the protein associations with the IL-1Rcd sequences have
functional consequences. In addition, Rcd and Rkb, which re-
cruit MBP kinase activities with identical M,s (not shown; Shir-
vaikar, A., R. Singh, K. Schaeffer, M. Konieczkowski, and J.R.
Sedor, manuscript in preparation), stimulate similar increases
in CAT activity, further suggesting that these MBP kinases are
required molecules for IL-1-activated cellular responses. I1L-
la treatment of Rcd- and Rkb-expressing cells further en-
hanced CAT activity. However, the quantitative increase of
CAT activity in IL-1-stimulated over unstimulated cells, trans-
fected with IL-1Rcd expression constructs, was similar to that
measured in cells transfected with control constructs. We be-
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Figure 7. Expression of IL-cd in 293 cells stimulates IL-6 gene tran-
scription. Human 293 cells stably expressing the EBNA-1 protein
cells were cotransfected with a 5'-flanking region (=742 to +11)
IL-6-CAT reporter construct and either an IL-1Rcd eukaryotic ex-
pression vector pEBV-HisBIL-1Rcd (Rcd), an expression vector con-
taining IL-1Rcd sequences (amino acids 501-569) critical for NF-xB
activation and gene expression (references 4, 5, 7, 8; pEBV-HisBIL-
1Rkb [Rkb]; Shirvaikar, A., R. Singh, K. Schaeffer, M. Koniecz-
kowski, and J.R. Sedor, manuscript in preparation) or the control ex-
pression construct pEBV-HisLacZ (GAL) as shown in the top panel.
Transfected cells were incubated for 20 h in the presence or absence
of IL-1a (20 ng/ml) and CAT activity was determined as described in
Methods. Results shown in the bottom panel are the mean+SEM of
three independent experiments. *P < 0.01, compared with unstimu-
lated cells transfected with the GAL control vector; **P < 0.01, com-
pared with IL-1-stimulated cells transfected with the GAL control
vector; Kruskal-Wallis one way ANOVA with pairwise multiple com-
parisons by Student-Newman-Keuls method.

lieve therefore that the total CAT activity measurable in IL-
1Rcd-expressing cells represented additive effects of ex-
pressed IL-1cd protein and activation of endogenous IL-1R.
Results from experiments using wild-type 293 cells were quali-
tatively similar (data not shown).

To assess whether protein kinases mediated the IL-1Rcd-
directed increases in CAT activity, 293-EBNA cells trans-
fected with either Red or GAL were treated as described with
either staurosporine, calphostin C, or genistein in the indicated
concentrations (Table I). CAT activity in cells transfected with
the GAL construct was not significantly different in kinase in-
hibitor-treated and untreated cells. In contrast, the serine/
threonine kinase inhibitors calphostin C and staurosporine sig-
nificantly reduced CAT activity in cells transfected with Rcd
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Table I. Effect of Protein Kinase Inhibition on IL-6—directed
CAT Activity

Expression construct Treatment Relative CAT activity
EBVHis-LacZ None 1.00
(GAL) Staurosporine (100 nM) 1.17+0.21
Calphostin C (500 nM) 0.87+0.14
Genistein (20 pM) 1.08%0.14
EBVHis-ILRcde None 1.00
(Red) Staurosporine (100 nM) 0.45+0.06*
Calphostin C (500 nM) 0.23+0.11*
Genistein (20 pM) 1.06%0.31

293-EBNA cells were transiently transfected with either a control mam-
malian expression plasmid [EBVHis-LacZ (GAL)], or a construct con-
taining the cytosolic domain of the IL-1R [EBVHis-ILRcd (Rcd)] and
the IL-6 5’ flanking region—-CAT chimeric reporter plasmid as described
in Methods. Inhibitors at the indicated concentrations were added for
the final 24 h of incubation. Results are expressed as the CAT activity
normalized to the CAT activity present in the untreated sample within
each construct group, mean*+SEM (n = 4 independent experiments).
CAT activity for the control plasmid (GAL) was 14,200-2,500 com-
pared with 69,000%8,500 cpm for the ILRcd construct. *P < 0.05, com-
pared with the untreated sample for the indicated expression construct
by one way ANOVA with pairwise multiple comparisons by Dunn’s
method.

(Table I). The tyrosine kinase inhibitors, genistein (Table I) or
herbimycin (not shown), failed to reduce CAT activity in these
cells. These results suggest that intact serine/threonine kinase
activity is required for activation of downstream signaling
events to result in a functional cell response, gene transcrip-
tion. In contrast, MBP kinase-IL-1R association does not re-
quire the kinase activities blocked by these same inhibitors
(Fig. 2).

Discussion

Little is understood at the molecular level about IL-1-receptor
activation and postreceptor signaling events. The IL-1Rcd is
essential for cellular responses to IL-1 (9), and IL-1 stimulates
within minutes a number of biochemical processes, including
sphingomyelin turnover, arachidonate release, GTP hydrolysis
and tyrosine- and serine-threonine phosphorylation and de-
phosphorylation (1). Yet, despite the biological importance of
IL-1 in initiating and propagating inflammatory tissue injury,
only the putative kinase IRAK has been directly coupled with
the IL-1R (11).

To further understand IL-1R function, we have used IL-1R
immunocomplexes and recombinant GST fusion proteins to
assay and characterize kinases that associate with the cd se-
quences of IL-1R. This approach provided direct biochemical
evidence for interacting proteins from cell lysates. Consistent
with the work of Cao et al. (11), we have found that three
MBP kinases of 63, 83, and 100 kD strongly interact with the
IL-1Rcd. The 100-kD protein is similar in size to IRAK, which
was originally identified as a 100-kD phosphoprotein that co-
precipitated with the IL-1R from IL-1-stimulated 293 cells (8)
and subsequently was cloned (11). Sequential immunoprecipi-
tation and immunoblotting has demonstrated that IRAK phys-
ically associates with the IL-1R in an IL-1-dependent manner



(8), and the aggregation of IL-1R and IRAK appears neces-
sary for IL-1-mediated NF-xB activation (8). Kinase function
has not been directly demonstrated for IRAK, although an IL-1-
dependent shift in IRAK mobility consistent with autophos-
phorylation was demonstrated (8, 11). An apparent murine ho-
mologue of IRAK, mouse Pelle-like protein kinase (mPLK), has
kinase activity in vitro but has not been demonstrated to phys-
ically associate with IL-1R (19). The data presented in this pa-
per identified a 100-kD MBP kinase that coprecipitates with
both IL-1R immunocomplexes and GST-IL-1Rcd, but not a
mutant fusion protein lacking COOH-terminal sequences for
IL-1-mediated signal transduction, and suggests that IRAK
does function as a kinase.

The functional significance of these IL-1R-associated MBP
kinases in mediating IL-1-stimulated cellular functions is sug-
gested by two observations. First, a GST-IL-1R fusion protein
(IL-1Rcd), which lacks critical amino acids essential for IL-2
(4) and IL-8 (5) transcription and NF-«B activation (7), poorly
phosphorylates MBP in solution kinase assays (Fig. 4) and fails
to coprecipitate with the 63-, 83-, and 100-kD MBP kinases in
solid phase (in gel) assays (Fig. 5). Second, merely expressing
either the IL-1Rcd sequences used in the wild-type GST-IL-
1R fusion protein or the COOH-terminal sequences necessary
for NF-kB activation was sufficient to trigger transcription of
the IL-1-inducible gene IL-6, even in the absence of IL-1 stim-
ulation of the target cells (Fig. 7). This IL-1Rcd-mediated in-
crease in IL-6 promoter—directed CAT activity was inhibited
by the protein kinase inhibitors staurosporine and calphostin C
(Table I), suggesting the functional effects of ectopic IL-1Rcd
expression requires serine/threonine kinase activity.

Both our in vitro and in vivo data strongly suggest that IL-
1Rcd sequences contained within the recombinant proteins, in
the absence of the IL-1R extracellular and transmembrane do-
mains, can spontaneously recruit and activate the signaling
molecules necessary for IL-1-mediated cellular activation.
Several mechanisms could explain these observations. One
possibility is that wild-type secondary structure and protein
folding may not be generated by either the bacterial or mam-
malian expression constructs used in these studies. The wild-
type IL-1Rcd, in contrast with the recombinant Red molecules,
may associate with a regulatory molecule(s) that represses
MBP kinase association/activity. Our results support this prem-
ise, since assayed in solution (Fig. 1 A), MBP kinase activity as-
sociated with IL-1R immunocomplexes was ligand dependent.
In contrast, when assayed in gel (Fig. 5 B), MBP kinase activity
coprecipitating with IL-1R was specific but ligand indepen-
dent. The denaturing conditions used to separate IL-1R-
associated molecules in the solid phase kinase assay may have
dissociated regulatory molecules.

A second explanation for IL-1Rcd-directed spontaneous
signaling is that IL-1R aggregation may be necessary to acti-
vate downstream signals (1, 20). Most investigators have as-
sumed IL-1R to be a single chain receptor, since transfection
of Chinese hamster ovary cells with the IL-1R cDNA was suf-
ficient to confer significant functional responses to IL-1 (21).
However, IL-1-stimulated prostaglandin synthesis was sup-
pressed in a second Chinese hamster ovary cell line, which
overexpressed an IL-1R mutant lacking the entire cd. The pre-
sumed clustering of the low abundance, endogenous Chinese
hamster ovary (wild type) with the excess, recombinant IL-1R
(mutant) extracellular domains blocked signal transduction
(21). Guo et al. recently provided more direct evidence for

IL-1-dependent IL-1R aggregation using fluorescence reso-
nance energy transfer (20). The recombinant proteins used in
our experiments may have formed IL-1 cd oligomers that
mimicked IL-1R clustering necessary for recruitment/activa-
tion of downstream responses.

Although our data have demonstrated that recombinant
IL-1Rcd proteins can spontaneously recruit and activate sig-
naling molecules to stimulate functional responses, the wild-
type IL-1R do not stimulate cellular biochemical and func-
tional responses in the absence of IL-1. Cellular mechanisms
must prevent spontaneous IL-1R activation and signal trans-
duction. To some extent, spontaneous signaling is inhibited by
the membrane-proximal region of the cd (Shirvaikar, A., R.
Singh, K. Schaeffer, M. Konieczkowski, and J.R. Sedor, manu-
script in preparation). In addition, our results suggest that the
conformation of the wild-type extracellular IL-1R domains, in
the absence of IL-1, may repress spontaneous signaling in
whole cells by preventing recruitment/activation of the signal-
ing molecules associated with the intracellular domains. Mod-
eling studies have suggested that a region of the IL-1R that is
important for biological function of IL-1B induces movement
of the third immunoglobulin-like extracellular domain (22).
Such a structural change caused by IL-1 binding could coordi-
nately change the conformation of the IL-1Rcd to permit acti-
vation of signaling molecules. Interestingly, ultraviolet light, in
the absence of IL-1, induced IL-1R clustering and JNK activa-
tion (23). These investigators suggested that energy absorption
by membrane lipids and proteins may have lead to changes in
IL-1R conformation similar to those initiated by IL-1.

Whether or not IL-1R multimerization or IL-1-mediated
changes in IL-1R conformation are critical to signal transduc-
tion, data presented here and in an earlier study (6) indicate
that the IL-1Rcd does not possess enzymatic activities. Either
directly or indirectly through docking proteins, the IL-1Rcd
must bind to downstream signaling molecules when activated.
Both direct immunoprecipitation of IL-1R (24) and cross-link-
ing of IL-1 to cells expressing IL-1R (references in 10) have
suggested that the IL-1R is a multisubunit complex. An IL-1R
accessory protein has been cloned and shown to increase bind-
ing affinity of the IL-1R for IL-1 (10), similar to the non-
ligand-binding subunits of the hematopoietic cytokines (25).
The serine/threonine kinase IRAK is the only signaling mole-
cule that has been shown to physically associate with the IL-1R
after IL-1 treatment. IRAK subsequently recruits a new mem-
ber of the TRAF protein superfamily of signal transducers,
TRAF®6, to activate NF«B (26). Our data extend these observa-
tions by demonstrating that sequences within the IL-1Rcd as-
sociate physically with three MBP kinases and can direct IL-6
transcription, an effect blocked by serine/threonine kinase in-
hibitors.

The IL-1R is the prototype member of a growing family of
transmembrane molecules with diverse or unknown functions
that share significant sequence similarities within their cyto-
plasmic domains and can transmit IL-1-activated signals. The
extracellular domains lack sequence homologies, suggesting
that each binds distinct ligands to activate unique functions.
These proteins include the Drosophila Toll transmembrane
protein involved in establishing dorsal-ventral cell fate, the
primary response gene Fit-1/T1/ST2, the human IL-1R-related
protein, and the tobacco mosaic virus resistance gene N (4, 27—
29). Molecular characterization of signaling pathways acti-
vated by the IL-1-IL-1R interaction may provide insights into
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the activation signals generated by the ligands of each of these
proteins.

In summary, we propose that IL-1 binding to the extracel-
lular domain of IL-1R induces a conformational change in the
IL-1Rcd that results in (a) IL-1R self association, and/or (b)
interaction with other cellular proteins, such as the IL-1R ac-
cessory protein. These protein—protein interactions result in
the recruitment of activated signal molecules or unmasking of
signaling activity in molecules constitutively associated with
the receptor. Our data suggest that three of these molecules
are 63-, 83-, and 100-kD MBP kinases. Early in inflammation,
IL-1 is produced by infiltrating, activated macrophages as well
as in lesser amounts by injured resident cells. A cascade of in-
flammatory responses ensues that, if unchecked, can lead to fi-
brosis and often organ failure. By further defining the proxi-
mate signaling events activated by IL-1 at the molecular level,
novel targets for the therapy of inflammatory diseases may be
identified.
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