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ABSTRACT The two cell surface receptors for tumor
necrosis factor (TNF) interact with a number of intracellular
signal transducing proteins. The association of TRADD, a
34-kDa cytoplasmic protein containing a C-terminal death
domain, with aggregated TNF receptor 1 (TNF-R1) through
their respective death domains leads to NF-kB activation and
programmed cell death. In contrast, TNF receptor 2 (TNF-R2)
interacts with the TNF receptor associated factors 2y1
(TRAF2yTRAF1) heterocomplex, which mediates the recruit-
ment of two cellular inhibitor of apoptosis proteins (c-IAP1
and c-IAP2) to TNF-R2. Here we show that the TNF-R2 signal
transducers TRAF2 and c-IAP1 are a part of the TNF-R1
signaling complex. The recruitment of TRAF2 and c-IAP1 to
TNF-R1 is TNF-dependent, is mediated by TRADD, and is
independent of TNF-R2. These data establish the physiolog-
ical involvement of TRAF2 and c-IAP1 in TNF-R1 signaling
and help provide a molecular explanation for both the over-
lapping and distinct signals generated by the two TNF recep-
tors.

Tumor necrosis factor (TNF) is a potent cytokine produced
primarily by activated macrophages and monocytes. TNF
elicits a broad range of biological effects (1–3) through two
distinct membrane receptors, TNF-R1 ('55 kDa) and
TNF-R2 ('75 kDa), which are expressed at low levels on most
cell types (3–7). The extracellular domains of the two TNF
receptors share a similar architecture with characteristic cys-
teine-rich motifs that define them as members of a receptor
superfamily that also includes Fas, CD27, CD30, CD40, and
the 75-kDa nerve growth factor receptor (8).
Binding of TNF to the extracellular domains of the two TNF

receptors initiates many similar cellular responses, notably the
activation of the proinflammatory transcription factor NF-kB
(9–14). In contrast to the extracellular domains, the primary
amino acid sequences of the cytoplasmic domains of TNF-R1
and TNF-R2 are unrelated. This led to the prediction that the
two receptors would be found to initiate distinct signal trans-
duction pathways by interacting with different signaling pro-
teins (15–17). Indeed, gene knockout experiments (18–20) and
studies with receptor-specific agonistic antibodies (21–25)
have confirmed that in many instances the two TNF receptors
mediate divergent biological responses.
Efforts to understand the molecular mechanisms of TNF

signaling have been aided by the discoveries of several proteins
that interact with the intracellular domains of TNF-R1 and
TNF-R2. Rothe et al. (12) identified two proteins, TNF-R2
associated factors 1 and 2 (TRAF1 and TRAF2, respectively),
that exist in a heterodimeric complex that associates directly
with the intracellular domain of TNF-R2. Overexpression of
TRAF2 causes activation of NF-kB, whereas a dominant

negative mutant of TRAF2 blocks TNF-R2 mediated NF-kB
activation, suggesting a central role for TRAF2 in TNF-R2
signaling (26). Recently, two novel proteins, c-IAP1 and
c-IAP2 (for cellular inhibitor of apoptosis protein 1 and 2,
respectively), were identified that are recruited to TNF-R2 by
the TRAF2yTRAF1 heterocomplex (27). Although the phys-
ical interactions among these molecules have been well-
established in experimental systems, the signaling mechanisms
and, in the cases of TRAF1 and c-IAPs, the physiological
functions of these individual molecules are not clear.
The intracellular regions of both TNF-R1 and Fas contain

a so-called ‘‘death domain’’ of'80 amino acids that is respon-
sible for signaling cell death by the respective receptors (28,
29). In contrast, the intracellular domain of TNF-R2 does not
contain a death domain and activation of TNF-R2 does not
cause apoptosis in most cell types (8). In a yeast two-hybrid
screening using the intracellular domain of TNF-R1 as bait,
Hsu et al. (13) identified TRADD, a 34-kDa cytoplasmic
protein containing a C-terminal death domain. TRADD and
TNF-R1 interact through their death domains and TRADD is
recruited to TNF-R1 in a ligand-dependent process (13, 14).
As observed for TNF-R1, overexpression of TRADD causes
both programmed cell death and activation of NF-kB (13).
These studies suggest that TRADD transduces TNF-R1 sig-
nals.
We recently found that the N-terminal domain of TRADD

interacts directly with TRAF2, and that overexpression of a
dominant negative TRAF2 mutant blocks TNF-R1-induced
NF-kB activation (14). These data argue that TRAF2may play
a role in NF-kB activation mediated by both TNF receptors.
The death domain of TRADD also interacts with other two
death domain proteins, fas-associated death domain protein
and receptor interacting protein (14, 30). Since a dominant
negative mutant of FADD blocks TNF-R1- and TRADD-
mediated cell death (14), the TRADD–FADD interaction may
be part of the TNF-R1 pathway that signals apoptosis. Thus,
TRADD–TRAF2 and TRADD–FADD interactions appear
to define two distinct TNF-R1 signal transduction pathways.
Here we show that TRAF2 and c-IAP1 are rapidly recruited

to TNF-R1 signaling complex in a TNF-dependent manner in
untransfected mammalian cells. The recruitment of TRAF2
and c-IAP1 to TNF-R1 is mediated by TRADD and is
independent of TNF-R2. These data provide direct evidence
for the physiological involvement of TRAF2 and c-IAP1,
proteins first identified as part of the TNF-R2 signaling
complex, in TNF-R1 signaling.

MATERIALS AND METHODS
Reagents. Recombinant human TNF was provided by Gen-

entech. The 985 mAb to TNF-R1, the 1040 mAb to TNF-R2,
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and the rabbit polyclonal antibodies against TNF-R2,
TRADD, c-IAP1, and c-IAP2 were described previously (12,
13, 23, 24, 27). Rabbit polyclonal antibodies against human
TRAF1 and human TRAF2 were raised against a 30-mer
peptide, RGEDLQSISPGSRLRTQEKAHPEVAEAGIG,
and a 34-mer peptide, VHEGIYEEGISILESSSAFPDNAAR-
REVESLPAV, respectively (Babco, Richmond, CA).
Mammalian cell expression vectors encoding TNF-R1,

TRADD, TRAF2, and c-IAP1 have been described (13, 26,
27).
Cell Culture and Transfection. Human U937 histiocytic

lymphoma cells (provided by C. Ware, University of Califor-
nia, Riverside) were grown in RPMI medium 1640 containing
10% fetal calf serum and 100 mgyml each of penicillin G and
streptomycin. Human HeLa-S3 cells (provided by J. Anzola,
Tularik) were maintained in MEM for suspension cells
(GIBCO) containing 10% fetal calf serum, 100 mgyml each of
penicillin G and streptomycin, and 1% Pluronic F-68
(GIBCO). Human 293 embryonic kidney cells were main-
tained in high glucose DMEM containing 10% fetal calf
serum.
For transient transfection, '2 3 106 cells per well were

seeded on 100-mm plates. Cells were transfected the following
day by the calcium phosphate precipitation method (31).
Coimmunoprecipitation following transient transfection has
been described (13).
Immunoprecipitation and Immunoblotting. For endoge-

nous coimmunoprecipitation experiments, U937 or HeLa cells
were washed in warm PBS and incubated in the presence or
absence of TNF (100 ngyml) for variable time periods as
indicated in the text. Cells were lysed in 5 ml lysis buffer (20
mM Tris, pH 7.5y150 mM NaCly1% Tritony1 mM EDTAy30
mM NaFy2 mM sodium pyrophosphatey10 mg/ml aproti-
niny10 mg/ml leupeptin). Lysates were incubated with 25 mg of
mAb or mouse IgG control, or 10 ml polyclonal antibody or
preimmune serum control, and 50 ml of a 1:1 slurry of protein
GammaBind G Plus-Sepharose (Pharmacia) overnight at 48C.
The Sepharose beads were washed four times with 5 ml of lysis
buffer containing 0.5 M NaCl, and once more with lysis buffer.
The precipitates were fractionated on 10% SDSyPAGE and
transferred to a nitrocellulose membrane. Immunoblotting
analyses were performed with various polyclonal antibodies
and visualized with horseradish peroxidase-coupled goat an-
tirabbit IgG (Amersham) or horseradish peroxidase-coupled
protein A (Bio-Rad) using the Enhanced Chemiluminescence
Detection system (Amersham).
Gel Filtration. HeLa cells ('1 3 108) were collected and

washed twice with PBS containing 5 mM EDTA. All the
following procedures were performed at 48C. Washed cells
were lysed in 5ml lysis buffer 400 (50mMTris, pH 7.4y400mM
NaCly0.1% Nonidet P-40y10% glyceroly50 mM NaFy1 mM
Na orthovanadatey1 mM DTTy1 mM phenylmethylsulfonyl
f luoridey10 mg/ml aprotininy10 mg/ml leupeptiny10 mg/ml
pepstatin A). The lysate was centrifuged at 3500 rpm for 10
min. The supernatant was further cleared by centrifugation at
35,000 rpm for 1 hr, and then separated by size exclusion
chromatography on a Superdex 200 column in lysis buffer 400.
Samples were collected in fractions of 1.0 ml. For immuno-
blotting analysis, 100 ml samples were precipitated with tri-
chloroacetic acid and dissolved in SDSyPAGE loading buffer.
Immunoblotting was performed as described above.

RESULTS

TNF-Dependent Recruitment of TRAF2 to TNF-R1. We
have previously demonstrated in mammalian cell overexpres-
sion systems and yeast two-hybrid assays that TRADD can
simultaneously interact with TNF-R1 and TRAF2 (14). How-
ever, the presence of TRAF2 in the TNF-R1 signaling complex
has not been established under physiological conditions. Since

TRADD is recruited to TNF-R1 in a ligand dependent process
(14), we attempted to determine whether TRAF2 is also
recruited to TNF-R1 following TNF treatment of untrans-
fected human cells. U937 cells were left untreated or treated
with TNF for variable time periods. Cell lysates were immu-
noprecipitated with a nonagonistic TNF-R1 mAb and the
immunoprecipitates were analyzed by immunoblotting with
various antisera. We found that TRADD was recruited to
TNF-R1 within 2 min of TNF treatment, and remained
associated with TNF-R1 for at least 40 min after TNF treat-
ment (Fig. 1A). Similarly, TRAF2 was rapidly recruited to
TNF-R1 following TNF treatment (Fig. 1B). In similar exper-
iments, we could not detect TRAF1 in the TNF-R1 complex
(data not shown). These data suggest that TRAF2 is involved
in TNF-R1 signaling under physiological conditions.
TNF-Dependent Recruitment of c-IAP1 to TNF-R1. In

mammalian cell expression systems, TRAF2 interacts with
c-IAP1 and c-IAP2 and helps recruit them to the TNF-R2
signaling complex (27). Furthermore, different domains of
TRAF2 are used for their interactions with c-IAP and
TRADD (14, 27). Therefore, we examined whether c-IAP1
andyor c-IAP2 could be found in the TNF-R1 complex.
Remarkably, the 68-kDa c-IAP1 was recruited to TNF-R1 in
a pattern similar to the recruitment of TRAF2 (Fig. 1C). The
c-IAP1 polyclonal antibody also recognized a protein of '53
kDa whose presence in the TNF-R1 complex was likewise
ligand-dependent (Fig. 1C). This '53 kDa protein appears to
be either a truncated form of c-IAP1 or a closely related
homolog. In similar experiments, c-IAP2 could not be detected
in the TNF-R1 signaling complex in U937 cells (data not
shown). These data provide the first evidence for c-IAP1
playing a physiological role in TNF-R1 signaling.
Recruitment of TRAF2 and c-IAP1 to TNF-R1 Is Indepen-

dent of TNF-R2. Since TRAF2 and c-IAP1 were first identified
as signal transducers in the TNF-R2 signaling pathway, we
considered the possibility that the presence of TRAF2 and
c-IAP1 in the TNF-R1 complex might be due to TNF-induced
formation of complexes containing both TNF-R1 and TNF-
R2. To examine this possibility, we comparedU937 cells, which
express both receptors, with HeLa cells, which do not express
detectable TNF-R2 (Fig. 2A). We found that both TRAF2 and
c-IAP1 were recruited to TNF-R1 in a TNF-dependent man-
ner in HeLa cells (Fig. 2 B and C). The amount of TRAF2 and

FIG. 1. TNF-dependent recruitment of TRADD, TRAF2, and
c-IAP1 to TNF-R1 in U937 cells. TNF (100 ngyml) was used to treat
U937 cells ('2 3 108) for the indicated times (lanes 2–6) or left the
U937 cells were left untreated (lane 1). Immunoprecipitations were
carried out with the 985 mAb to TNF-R1. Immunoprecipitates were
analyzed by immunoblotting with rabbit polyclonal antibodies against
TRADD (A), TRAF2 (B), or c-IAP1 (C). Positions of molecular mass
standards (in kDa) are shown on the left.
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c-IAP1 recruited to TNF-R1 in HeLa cells is equal to, or
greater than, that in U937 cells. The '53 kDa protein iden-
tified with c-IAP1 antibody in U937 cells (Figs. 1C and 2C) was
not observed in the TNF-R1 complex in HeLa cells (Fig. 2C).
In fact, although this'53 kDa protein was easily detectable in
U937 cells by immunoprecipitation with the c-IAP1 antibody,
it could not be detected by this approach in HeLa cells (data
not shown). Consistent with our earlier experiments, c-IAP2
could not be detected in the TNF-R1 complex in either U937
cells or HeLa cells (data not shown). These data demonstrate
that TNF-dependent recruitment of TRAF2 and c-IAP1 to
TNF-R1 occurs independently of TNF-R2.
Recruitment of c-IAP1 to TNF-R1 Is Mediated by TRADD

and TRAF2. Previously, different domains of TRAF2 have
been shown to interact with TRADD (14) and c-IAP1 (27) in
mammalian cells overexpressing these proteins. Therefore, the
TNF-dependent recruitment of c-IAP1 to TNF-R1 might be
mediated by TRAF2 and TRADD. To test this possibility, 293
cells were transfected with various combinations of expression
vectors for TNF-R1, TRADD, TRAF2, and myc-epitope-
tagged c-IAP1. Transfected cell lysates were immunoprecipi-
tated with polyclonal antibody against TNF-R1, followed by
immunoblotting analysis with anti-myc antibody. We found
that c-IAP1 did not directly interact with TNF-R1, and neither
TRADD nor TRAF2 alone could mediate the recruitment of
c-IAP1 to TNF-R1. However, in the presence of both TRADD
and TRAF2, c-IAP1 was recruited to TNF-R1 complex (Fig.
3). These data suggest that the recruitment of endogenous
c-IAP1 to TNF-R1 occurs through TRADD and TRAF2.

Sequential Assembly of the TNF-R1 Signaling Complex.
Since TRADD, TRAF2, and c-IAP1 are all recruited to
TNF-R1 rapidly following TNF treatment, the time course
experiments described above were not able to determine
whether these signaling proteins are recruited to TNF-R1
sequentially or in the form of a preexisting complex. To
address this question, we examined the biochemical nature of
these signaling proteins in normal cells. HeLa cell lysates were
separated by gel filtration, and individual fractions were
analyzed by immunoblotting with antibodies against TRADD,
TRAF2, and c-IAP1. We found that TRADD was present in
fractions that eluted in the 35–80 kDa range (Fig. 4), suggest-
ing that TRADD exists as a monomer andyor dimer in normal
cells. However, TRAF2 and c-IAP1 were found in overlapping
fractions eluting at '350 kDa (Fig. 4). These data are consis-
tent with the hypothesis that TRADD is first recruited to
TNF-R1 following TNF treatment and then acts as an adaptor
for the subsequent recruitment of TRAF2 and c-IAP1.
To further determine how TRAF2 and c-IAP1 are recruited

to TNF-R1, we asked whether these signal transducers exist in
the same complex under physiological conditions. HeLa cells
were treated with TNF or left untreated and cell extracts were
immunoprecipitated with antisera directed against TRADD,
TRAF1, TRAF2, or c-IAP1. Each immunoprecipitate was
analyzed by immunoblotting with the c-IAP1 antibody. We
found large amounts of c-IAP1 coimmunoprecipitated with
TRAF2 and significantly lower amounts associated with
TRAF1 (Fig. 5). No c-IAP1 was found in association with
TRADD in untreated cells, and barely detectable amounts
were seen in TNF treated cells (Fig. 5). In these experiments,
TNF treatment had no significant effect on the association of
TRAF2 with c-IAP1 (Fig. 5), suggesting that the presence of
physiological TRAF2-c-IAP1 complexes is not TNF-
dependent.

DISCUSSION

The Pleiotropic Activities of TNF are Mediated by Two
Distinct TNF Receptors, TNF-R1 and TNF-R2. Recently,
several novel proteins have been identified that interact with
the intracellular domains of TNF-R1 and TNF-R2 to initiate
signal transduction events (12–14, 30). TRADD is a 34-kDa
protein containing a C-terminal death domain that interacts
with the death domain of TNF-R1 (13). Overexpression of
TRADD in mammalian cells causes both apoptosis and NF-kB

FIG. 2. TNF-dependent recruitment of TRAF2 and c-IAP1 to
TNF-R1 is TNF-R2-independent. (A) Comparison of TNF-R2 expres-
sion in U937 andHeLa cells. Lysates of U937 cells ('13 108) or HeLa
cells ('1 3 108) were immunoprecipitated with the 1040 mAb to
TNF-R2 (lanes 2 and 4) or mouse IgG control (lanes 1 and 3). The
immunoprecipitates were subsequently analyzed by immunoblotting
with a polyclonal TNF-R2 antibody. Positions of molecular mass
standards (in kDa) are shown on the left. (B and C) Recruitment of
TRAF2 and c-IAP1 to the TNF-R1 complex in U937 and HeLa cells.
TNF (100 ngyml) was used to treat 2 3 108 U937 cells (lanes 1 and 2)
or HeLa cells (lanes 3 and 4) for 5 min (lanes 2 and 4). Lanes 1 and
3 were left untreated. Cell lysates were immunoprecipitated with the
985 mAb to TNF-R1 and immunoprecipitates were analyzed by
immunoblotting with polyclonal antibodies against TRAF2 (B) or
c-IAP1 (C). Positions of molecular mass standards (in kDa) are shown
on the left.

FIG. 3. TRADD and TRAF2 mediate recruitment of c-IAP1 to
TNF-R1. Combinations of expression vectors for TNF-R1, myc tagged
c-IAP1, TRADD, and TRAF2 (as indicated) were used to transfect
293 cells ('23 106). Transfected cell lysates were immunoprecipitated
with either mouse IgG control (lanes 1, 3, 5, and 7) or a goat anti
human TNF-R1 antibody (lanes 2, 4, 6, and 8). Immunoprecipitates
were analyzed for c-IAP1 by immunoblotting with a myc epitope
antibody. Positions of molecular mass standards (in kDa) are shown on
the left.
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activation, mimicking the effects of TNF treatment and
TNF-R1 activation (13). Under physiological conditions,
TRADD is recruited to TNF-R1 in a ligand-dependent process
(14), suggesting that TRADD is critically involved in TNF-R1
signaling.
The intracellular domain of TNF-R2 does not contain a

death domain and does not interact with TRADD (13),
suggesting that TRADD is not involved in TNF-R2 signaling.
This is consistent with the observations that TNF-R2 does not
mediate programmed cell death in most cell types (8). Instead,
the intracellular domain of TNF-R2 interacts with a TRAF2y
TRAF1 heterocomplex (12), which can then recruit c-IAP1
and c-IAP2 to the TNF-R2 complex (27). Whereas the func-
tional roles of TRAF1, c-IAP1, and c-IAP2 in TNF-R2
signaling are not yet known, TRAF2 appears to be an essential
component in the TNF-R2-mediated NF-kB activation path-
way (26).
The initial identification of these distinct TNF receptor-

associated proteins seemed to confirm earlier predictions
(15–17) that TNF-R1 and TNF-R2 would be found to activate
independent and distinct signal transduction pathways. How-
ever, a recent study (14) suggested that functional crosstalk
between these pathways may account for certain overlapping
functions of the two TNF receptors, such as NF-kB activation.
In this study, we found that TRAF2 interacts strongly with the
N-terminal half of TRADD and that overexpression of a
dominant negative mutant of TRAF2 inhibited TNF-R1-
mediated NF-kB activation (14). Thus, TRAF2 may be a
common player in both TNF-R1- and TNF-R2-mediated
NF-kB activation pathways.
In this study, we show that TRAF2 is rapidly recruited to

TNF-R1 in a ligand-dependent manner in normal mammalian
cells. These data provide the strongest evidence yet for an
essential role of TRAF2 in TNF-R1-mediated NF-kB activa-

tion. Additionally, c-IAP1, a mammalian homolog of baculo-
viral inhibitor of apoptosis proteins, which was first identified
in the TNF-R2 complex, is also recruited to the TNF-R1
complex in a similar ligand-dependent manner. Interestingly,
in U937 cells a '53-kDa protein recognized by c-IAP1 anti-
body is also recruited to TNF-R1 following TNF treatment.
This '53 kDa protein might be a closely related homolog of
c-IAP1. In fact, several members of the human IAP family
have been recently identified (26, 32). Alternatively, the '53
kDa protein might be a proteolytically derived form of c-IAP1.
Consistent with this latter possibility, we observed that a
fraction of overexpressed full-length c-IAP1 and c-IAP2 is
degraded to a size of '53 kDa in 293 cells (data not shown).
Since TRAF2 interacts with c-IAP1 in mammalian cells,

recruitment of c-IAP1 to TNF-R1 may itself not be as sur-
prising as the notion that activation of TNF-R1 can cause cell
death while members of IAP family are proposed to be
involved in antagonizing apoptosis (27, 33–35). In fact, TNF-
R1-induced cell death is generally weaker and slower than that
induced by Fas (36), another member of the TNF receptor
superfamily. In this context, c-IAP1 may be recruited to
TNF-R1 to protect or delay cells from TNF induced cell death.
However, the exact function of c-IAP1 in TNF-R1 signaling is
still unresolved. Nonetheless, our data suggest that TRAF2
and c-IAP1 are involved in both TNF-R1 and TNF-R2 medi-
ated signal transduction pathways. Utilization of these com-
mon proteins may help explain certain shared functions of the
two TNF receptors, such as NF-kB activation. Our finding that
TRAF2 and c-IAP1 are recruited to TNF-R1 in HeLa cells,
which have no detectable TNF-R2, shows that the ligand
dependent recruitment of TRAF2 and c-IAP1 to TNF-R1 is
not dependent on TNF-R2. Thus, it seems that the two TNF
receptors can independently utilize common downstream sig-
nal transducers following TNF stimulation.
In mammalian cells, TRADD and c-IAP1 do not interact

under physiological conditions or when overexpressed (data
not shown). Since TRAF2 can interact with TRADD through
its C-terminal TRAF-C domain (14) and with c-IAP1 through
its TRAF-N domain (27) in mammalian overexpression sys-
tems, recruitment of c-IAP1 to TNF-R1 seems to be mediated
through TRADD and TRAF2. Since TRADD is present in
either monomer or dimer form and is not associated with the
TRAF2-cIAP1 complex in normal cells, the TRADD–TRAF2
interaction possibly occurs only after aggregation of TRADD,
either by TNF stimulation or overexpression in mammalian
cells. These data suggest that TRADD may be recruited to
TNF-R1 in a monomeric or dimeric form where it then
functions as an adapter for recruitment of TRAF2-cIAP1
complex.

FIG. 4. Biochemical properties of TRADD, TRAF2, and c-IAP1 in HeLa cells. HeLa cell lysates (13 108 cells) were separated by size exclusion
chromatography on Superdex 200 column. Individual fractions were analyzed by immunoblotting with polyclonal antibodies against TRADD,
TRAF2, or c-IAP1 as indicated. Positions of molecular mass standards (in kDa) are shown on the left.

FIG. 5. Association of TRAF2 and c-IAP1 in HeLa cells. HeLa
cells ('2 3 108) were treated with TNF (100 ngyml) for 5 min (lanes
2, 4, 6, and 8) or left untreated (lanes 1, 3, 5, and 7). Cell lysates were
immunoprecipitated with rabbit polyclonal antisera against TRADD
(lanes 1 and 2), TRAF1 (lanes 3 and 4), TRAF2 (lanes 5 and 6), or
c-IAP1 (lanes 7 and 8). Immunoprecipitates were analyzed by immu-
noblotting with a polyclonal antibody against c-IAP1. Positions of
molecular mass standards (in kDa) are shown on the left.
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In mammalian overexpression systems, recruitment of c-
IAP1 to TNF-R2 complex requires a TRAF2yTRAF1 het-
erocomplex (27). In contrast, our current study suggests that
TRADD and TRAF2, but not TRAF1, are necessary for the
recruitment of c-IAP1 to TNF-R1. Thus, it is possible that the
presence or absence of TRAF1 may determine whether c-
IAP1 associates with TNF-R1 or both TNF receptors.
Although TRADD, TRAF2, and c-IAP1 are recruited to

the TNF-R1 complex after TNF treatment, the association of
TRADD with c-IAP1 following TNF treatment in untrans-
fected cells was barely detectable (Fig. 5). Although we do not
exclude other possibilities, the simplest explanation for this
observation is that TRADD associated with the TNF-R1
signaling complex is not accessible to antibody in this exper-
iment or that anti-TRADD antibody disrupts the complex. To
date, we have been unable to detect either TRAF1 or c-IAP2
in the TNF-R1 signaling complex in either U937 or HeLa cells.
This may suggest that TRAF1 and c-IAP2 are not components
of the TNF-R1 signaling complex, or that they are not ex-
pressed in these cells. The third possibility is that our TRAF1
and c-IAP2 antibodies are not potent enough to detect low
levels of TRAF1 and c-IAP2 associated with TNF-R1.
Based on the current data and our earlier studies, we

propose the following model for TNF-R1 signaling (Fig. 6). In
this model, the death domains of TRADD and TNF-R1 do not
interact with each other as monomers. Instead, the trimeric
TNF is likely to induce trimeric aggregates of TNF-R1 (37)
that are stabilized by its self-associating death domain (38, 39).
These aggregated TNF-R1 death domains would then provide
a high affinity binding site for TRADD monomers or dimers.
The aggregated TNF-R1-TRADD complex may recruit RIP,
another death domain protein to the TNF-R1 complex through
its C-terminal death domain (30). Following the association of
TRADD with TNF-R1, the N-terminal domain of TRADD
may become accessible to TRAF2, thereby permitting recruit-
ment of the TRAF2ycIAP1 heterocomplex. This recruitment
of the TNF-R2 signal transducers TRAF2 and cIAP1 to
TNF-R1 provides a molecular explanation for the functional
overlap of the two TNF receptors. It is now of great interest to
decipher how signals are transduced from the TNF receptor

signaling complexes to downstream components, such as the
inducible kinase(s) for IkB.
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