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ABSTRACT: TNF receptor-1 (TNF-R1) signal transduction is mediated through the assembly of scaffolding pro-
teins, adaptors, and kinases. TNF receptor ubiquitous scaffolding and signaling protein (TRUSS), a 90.1 kDa
TNF-R1-associated scaffolding protein, also interacts with TRAF2 and IKK and contributes to TNF-o-induced
nuclear factor-«B (NF-«B) and c-Jun-NH,-terminal kinase (JNK) activation. Little is known about the mecha-
nism of interaction among TRUSS, TNF-R1, and TRAF2. To address this issue, we used deletional and site-
directed mutagenesis approaches to systematically investigate (i) the regions of TRUSS that interact with
TNF-R1 and TRAF2 and (ii) the ability of TRUSS to self-associate to form higher-order complexes. Here we
show that sequences located in the N-terminal (residues 1—248) and central (residues 249—440) regions of
TRUSS are required to form a docking interface that supports binding to both TNF-R1 and TRAF2. While
the C-terminal region (residues 441—797) did not directly interact with TNF-R1 or TRAF2, sequences located
in this region were capable of self-association. Collectively, these data suggest that (i) the interaction between
TNF-R1 and TRAF2 requires sequences located in the entire N-terminal half (residues 1—440) of TRUSS,
(i1) the binding interface for TNF-R1is closely linked with the TRAF2 binding interface, and (iii) the assembly
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of homomeric TRUSS complexes may contribute to its role in TNF-R1 signaling.

The TNF-a receptor, TNE-R1' (p55, CD120a), plays a key
role in the initiation of inflammation, host defense, apoptosis,
and cell survival through its ability to activate NF-«B, mitogen-
activated protein kinases, caspase-8, and other signaling responses
(1, 2). TNF-R1-dependent NF-«B activation is initiated by ligand-
induced receptor oligomerization that facilitates the recruitment
of TNF receptor-associated death domain protein (TRADD) to
the cytoplasmic region of the receptor (3). TRADD serves as a
platform for the recruitment of TNF receptor-associated factor-2
(TRAF?2) and receptor-interacting protein (RIP), which in turn
recruit and activate the IxkB kinase (IKK) complex (4, 5). The
receptor-associated IKK complex then phosphorylates I«B and
following its ubiquitination and degradation sets in motion the
nuclear translocation of NF-xB and downstream transcriptional
activation of NF-xB-dependent pro-inflammatory and pro-survival
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genes [as reviewed by Chen and Goeddel (6)]. Subsequently,
the IKK complex and associated adaptor proteins (the so-called
complex I) dissociate from TNF-R1, and a new complex (com-
plex IT) capable of recruiting FADD and either caspase-8 or c-FLIPL
forms in the cytosol and promotes apoptosis, provided that com-
plex I fails to activate NF-«B and upregulate c-FLIP; expression (7).
Other studies have also suggested that pro-apoptotic TNF-R1
signaling complexes are assembled on the cytosolic surfaces
of endosomes (8). Together, these studies suggest that spatial
and temporal elements contribute to the diversity of TNF-R1-
induced signaling responses. However, while the assembly of these
signaling complexes has been comprehensively studied, little is
known about the mechanisms that regulate their composition or
localization.

In an attempt to improve our understanding of the mecha-
nisms of assembly and dissociation of TNF-R1 signaling com-
plexes, we conducted yeast two-hybrid screens using the membrane
proximal region of TNF-R1 as bait and cloned TNF receptor
ubiquitous scaffolding and signaling protein (TRUSS) (9). In
addition to interacting with TNF-R1, TRUSS was found to asso-
ciate with TRAF2 and members of the IKK complex and acti-
vated NF-xB and JNK signaling pathways when overexpressed
in cell lines (9, 10). Furthermore, in studies aimed at generating a
map of the human protein interactome, Rual et al. (/) found that
of ~8000 human open reading frames included in their study,
TRUSS (gene name TRPC4AP) interacted with only TNF-R1,
TRAF?2, and IKKy. Together, these data suggest that TRUSS
may contribute to the regulation of TNF-R1 signaling, possibly
by facilitating the assembly and/or dissociation of TNF-RI
signaling complexes.
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Little is known about how TRUSS interacts with TNF-R1 or
TRAF?2, though primary sequence analysis points to the presence
of several protein—protein interaction motifs that include con-
sensus TRAF2 binding motifs and a leucine zipper motif, consis-
tent with TRUSS’ proposed function as a scaffolding protein.
Furthermore, computational analysis suggests that TRUSS exists
as a globular protein rich in o-helices. To gain insight into the
question of how TRUSS interacts with TNF-R1 and TRAF2,
we used a mutagenic approach to systematically investigate the
region(s) of TRUSS that interacts with these molecules. In addition,
on the basis of the known ability of TNF-R1 and TNF-R1 signal-
ing adaptors and associated molecules to assemble into homo-
meric complexes, we addressed the question of whether TRUSS
was also capable of self-association.

EXPERIMENTAL PROCEDURES

Materials. The following Western blot antibodies were used:
anti-HA (Covance), anti-Flag (Sigma-Aldrich), anti-TRAF2
(Santa Cruz), anti-GFP (Clontech), and anti-myc (Clontech).
Anti-TRUSS N-terminal and C-terminal antisera were prepared
in rabbits by Alpha Diagnostics and affinity purified. The following
immunoprecipitation antibodies were used: anti-HA mAb (Roche),
goat anti-mTNF-R1 (R&D Systems), and anti-TRAF2 (Santa
Cruz Biotechnology). Vectors pcDNA3.1, pEGFP, pRSET, and
pGEX were from Invitrogen; pCMV-myc was from Clontech,
and all PCR primers were purchased from Genelink.

Constructs, Mutagenesis, and Cloning. All HA-tagged
TRUSS deletion mutants were cloned into pcDNA3.1 as described
previously (9). Mutagenesis of TRAF2 binding sites was performed
with the QuikChange site-directed mutagenesis kit (Stratagene).
HA-TRUSS,49_449 Was cloned using a TOPO-TA cloning kit
(Stratagene). His-TRUSS (pRSET), GFP-TRUSS (pEGFP-C1),
and myc-TRUSS (pCMV-myc) constructs were cloned by excision
of TRUSS from HA-TRUSS constructs with Kpnl and Notl
followed by gel purification and ligation into new vectors. The
fidelity of all constructs and mutants was verified by sequencing.

GST Bead and Recombinant His-TRUSS Preparation.
GST and GST-TNF-R1507_4,5 in pGEX vectors were prepared
in DHS-a cells (Stratagene) as previously described (/2). BL-21
cells (Stratagene), transformed with pRSET-His-TRUSS, were
grown at 30 °C until the ODg reached ~0.3—0.4 and induced
for 3 h with 1 mM IPTG, and the supernatant was prepared as
described above. NTA-Ni" beads (Qiagen) were incubated with
the supernatant; the beads were washed, and the recombinant
His-TRUSS was eluted from the beads with PBS containing
250 mM imidazole.

Cell Culture and Transfections. HEK293 cells (ATTC)
were maintained in DMEM with 2 mM glutamine, 100 units/mL
penicillin, 100 ug/mL streptomycin, and 10% (v/v) FBS and
plated at a density of 5 x 10° cells/well in poly-b-lysine-treated six-
well plates the day before transfection. HEK293 cells were
transfected for 18—24 h using the Lipofectamine 2000 standard
transfection protocol (Invitrogen).

Pull-Downs and Co-Immunoprecipitations. For GST pull-
downs, HEK293 cells were transfected with 1 ug of each HA-
TRUSS deletion construct and lysed in an NP-40 lysis buffer
[50 mM HEPES (pH 7.6) containing 150 mM NaCl, 5mM EDTA,
1% (v/v) NP-40, 1 mM PMSF, 5 ug/mL leupeptin, 5 ug/mL aproti-
nin, | mM NaF, and 1 mM Na;VO,]. Equal amounts of postnuclear
supernatant (PNS) were incubated overnight with glutathione
beads coupled with 15 ug of either GST or GST-TNF-R 1507_425.
After three washes with lysis buffer containing 500 mM NaCl, the

Terry Powers et al.

PNS and bead-associated proteins were separated by SDS—PAGE
on a 10% gel under reducing conditions, Western blotted, deve-
loped with ECL, and exposed to Hyperfilm (GE Healthcare).
The blots were then incubated in a Ponceau S solution [0.1% (w/v)
Ponceau S dissolved in 5% acetic acid] for detection of GST
fusion proteins. For co-immunoprecipitations, HEK293 cells were
cotransfected with up to 1 ug of each construct (see the figure
legends for the amount of each construct). The following day, the
cells were lysed in the same lysis buffer that was used for the GST
pull-downs for the anti-TNF-R1, anti-HA, and anti-GFP immuno-
precipitations. A glycerol-based lysis buffer was used for the anti-
TRAF2 immunoprecipitations [S0 mM Tris (pH 7.6), 0.1% (v/v)
NP-40, 250 mM NaCl, and 10% glycerol], as described previ-
ously (/3). After protein quantification, equal amounts of lysate
were incubated with 1 ug of the immunoprecipitating antibody
(or nonimmune IgG as a control) together with 30 uL of Protein-
G-coated beads (Santa Cruz Biotechnology). The beads were
washed three times with lysis buffer containing 500 mM NaCl,
and then PNS and bead-associated proteins were separated by
SDS—PAGE with a 10% gel under reducing conditions and visual-
ized by Western blotting as described above. For all pull-down
and TNF-R1 and TRAF2 co-immunoprecipitation experiments,
Western blot band intensities were quantified by densitometry using
ImageJ64. The densities of pulled down or immunoprecipitated
bands were then normalized to the densities of the WCLs. For pull-
down experiments, the density ratio (DR) = (GST-TNF-R15q7_45
band — GST band)/(PNS band), and the percentage of 1—797 =
DR utant/DR =797 X 100. When co-expression of another protein
was involved (i.e., TNF-R1 or TRAF2), the ratios were normal-
ized to the density of the immunoprecipitating protein band to
account for differences in co-expression between each mutant.
For co-immunoprecipitation experiments, density ratio (DR) =
(co-IP band — n.i IgG band)/(PNS band), density ratio normali-
zation (DRNorm) = DR/IP band, and the percentage =
DRNormy,yan/ DRNormy_797 x 100. TRUSS mutant inter-
action ratios were expressed as a percentage of the full-length
TRUSS, _797 interaction ratio from each experiment. Data were
compiled for three to seven independent experiments, and the
means and standard errors of the means were calculated. To
distinguish signal from noise, we arbitrarily defined the binding
threshold as 15% of the binding seen with full-length TRUSS.
FPLC Gel Filtration. A Superdex 200 16/60 prep-grade
FPLC column (Amersham) and a Bio-Rad control and collection
system were used for gel filtration experiments. The column was
equilibrated and calibrated with NP-40 lysis buffer or PBS (for
recombinant His-TRUSS). Equal amounts of protein were loaded
ina 2mL sample loop; the column was eluted at an isocratic flow
rate of 1 mL/min, and 2 mL fractions were collected. Two hundred
microliters of each fraction was mixed with Laemelli/DTT sample
buffer and boiled for 5 min before separation by SDS—PAGE via
a 10% gel under reducing conditions. Individual proteins were
visualized by Western blot analysis. For TRUSS self-association
experiments, the HEK293 cell lysate from cells transfected with
HA-TRUSS or pcDNA3.1 or recombinant His-TRUSS eluted
from nickel beads was fractionated by FPLC as described above.

RESULTS

TRUSS Interacts with TNF-RI through an N-Terminal
Region Containing Residues 249—440. To investigate the
region of TRUSS that interacts with TNF-R 1, we created a panel
of HA-epitope-tagged C-terminal and N-terminal TRUSS dele-
tion mutants (Figure 1). Each mutant was tested for its ability to
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FiGuRre 1: Cartoon depicting HA-tagged TRUSS deletion mutants:
orange, N-terminus; yellow, central region; blue, C-terminus; red, puta-
tive TRAF2 binding site motifs; dark blue, putative leucine zipper
motif.

interact with full-length TNF-R1 following co-expression in
HEK293 cells, immunoprecipitation with the anti-TNF-R1 anti-
body, detection of co-immunoprecipitating TRUSS and TNF-R1
by immunoblotting with anti-HA and anti-Flag antibodies, respec-
tively, and densitometric analysis as described in Experimental
Procedures. Figure 2A shows that TRUSS C-terminal deletion
mutants, 1—192 and 1-350, failed to interact with TNF-R1,
while TRUSS mutants 1—440, 1—593, 1—693, and 1—723 all inter-
acted with TNF-R1. Sequential deletion of the N-terminal region
revealed that mutants 101—797, 193—797, and 248—797 inter-
acted with TNF-R1 while mutants 351—797 and 441—797 did not
(Figure 2A). None of the TRUSS deletion mutants were detected
in co-immunoprecipitates conducted with isotype-matched non-
immune IgG (Figure 2A). These findings suggest that the entire
N-terminal region of TRUSS (residues 1—440) is involved in its
interaction with TNF-R1 and that within this region, residues
249—440 play an important role.

To confirm these data, we transfected HEK293 cells with full-
length TRUSS and each of the TRUSS deletion mutants shown
in Figure 1. Cell lysates were then tested for their interaction with
GST-TNF-R1 cytoplasmic domain fusion protein (GST-TNF-
R1597-425) coupled to glutathione-conjugated Sepharose beads.
Coprecipitating TRUSS was detected by immunoblotting with
anti-HA antibody followed by densitometric analysis. Figure 2B
shows that a qualitatively similar pattern of interactions between
the TRUSS deletion mutants and TNF-R1 was detected using
this approach. Neither full-length TRUSS nor any of the TRUSS
deletion mutants interacted with GST-coupled beads, and equi-
valent levels of GST-TNF-R159;_4,5 were loaded onto each gel
(Figure 2B). Thus, these data confirm the co-immunoprecipita-
tion data and suggest that the TNF-R1 binding interface resides
between residues 1 and 440 and that residues 249—440 play a
prominent role in binding.

To determine if the sequence encompassed by residues 249—440
was sufficient for the interaction between TRUSS and the cyto-
plasmic domain of TNF-R1, an HA-tagged deletion mutant lacking
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the N- and C-terminal region (TRUSS49—449) Was created and
tested for its ability to interact with TNF-R1 by co-expression in
HEK?293 cells and co-immunoprecipitation. Figure 2C shows that
TRUSS,49—440 did not immunoprecipitate with TNF-R1 at any
concentration of TNF-R1 transfected. Similarly, TRUSS»49—449
did not interact with GST-TNF-R1597_4>5-coupled beads in pull-
down experiments using lysates from TRUSS,49_449-transfected
HEK?293 cells (Figure 2D). Taken together with the results
obtained with the N-terminal deletion mutants, these findings
suggest that while residues located in TRUSS,49—449 are impor-
tant for the interaction with TNF-R1 in the context of the full-
length molecule, additional residues located in the N-terminal
region (1—248) also contribute to this interaction. Similar to the
region encompassed by residues 249—440, these additional
N-terminal residues are not sufficient to promote this interaction.

TRUSS Interacts with TRAF2 through an N-Terminal
Region Including Residues 249—440. Previous studies have
shown that TRUSS also interacts with TRAF2 (9, 11). To investi-
gate the region of TRUSS involved in its interaction with TRAF2,
HEK293 cells were cotransfected with full-length Flag-tagged
TRAF2 and each N- and C-terminal TRUSS deletion mutant
shown in Figure 1. After lysis, TRAF2 was immunoprecipitated,
and co-immunoprecipitating TRUSS was detected by Western
blotting with the anti-HA antibody followed by the anti-TRAF2
antibody and densitometric analysis. Figure 3A shows that the
C-terminal TRUSS deletion mutants (1—192 and 1—350) failed
to interact with TRAF2. Interactions were detected with the
1—440, 1-593, and 1—692 mutants, though at reduced levels com-
pared to that of full-length TRUSS. The 1—723 mutant exhibited
a degree of binding to TRAF?2 similar to that of full-length TRUSS.
The N-terminal deletion mutants exhibited progressively weak-
ened interactions with TRAF2 as the N-terminal region was
incrementally removed, as seen in mutants 101-797, 193—797,
and 248—797. Mutant 351—797 did not interact with TRAF2,
while mutant 441—797 exhibited weak binding to TRAF2. None
of the TRUSS deletion mutants co-immunoprecipitated with
isotype-matched nonimmune IgG (Figure 3A). Collectively, these
data suggest that the region between amino acids 249 and 440 is
also important for the interaction between TRUSS and TRAF?2.

Next, we used a co-immunoprecipitation approach to deter-
mine if the sequence between residues 249 and 440 was suffi-
cient to support the interaction between TRUSS and TRAF2.
HEK293 cells were cotransfected with Flag-tagged TRAF2 and
TRUSS»49—440, and formation of the complex was analyzed by
immunoprecipitation with the anti-TRAF?2 antibody. Figure 3B
shows that HA-tagged TRUSS»49-449 co-immunoprecipitated
with TRAF?2 indicating the sufficiency of this sequence for bind-
ing to TRAF2.

The region of TRUSS that nominally interacts with TRAF2
(residues 249—440) contains three consensus TRAF2 binding motifs
conforming to the consensus sequences (P/S/A/T)X(Q/E)E (14)
and SXXE (15, 16). To determine if these motifs were required
for the interaction between TRUSS and TRAF2, we performed
alanine-scanning mutagenesis to systematically negate these puta-
tive TRAF2 binding motifs. All three TRAF2 binding motifs in
the region between amino acids 249 and 440 were mutated to Ala
residues, either alone or in combination. Because TRUSS 441797
demonstrated limited but detectable TRAF2 binding, we also
mutated the extreme C-terminal consensus TRAF2 binding motif
alone. As shown in Figure 3A, several of the TRUSS deletion
mutants lacking the fourth putative TRAF2 binding motif
were found to interact with TRAF2 (e.g., 1—440 and 1—723).
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Ficure 2: TRUSS interacts with TNF-R1 via the N-terminal region (residues 249—440). (A) TNF-R1 co-immunoprecipitation of TRUSS
deletion mutants. HEK 293 cells, transfected with 1 ug of each HA-tagged TRUSS construct and 0.5 ug of Flag-tagged TNF-R1 construct, were
lysed and immunoprecipitated with anti-TNF-R1 antibody or nonimmune IgG as a control. Western blots were probed with anti-HA then with
anti-Flag to detect TNF-R1. An asterisk denotes a background band seen in TNF-R1 co-immunoprecipitations. (B) GST-TNF-R 1547455 pull-
down of TRUSS deletion mutants. HEK293 cells, transfected with 1 ug of each HA-tagged TRUSS deletion mutant construct, were lysed and
incubated with GST-coated beads or GST-TNF-R1,47_455-coated beads. Western blots were probed with the anti-HA antibody, and the blots
were stained with Ponceau S to detect recombinant GST-TNF-R 1,597—4,5 protein. Error bars in panels A and B are the means = the standard error
of the mean (SEM) calculated from three to seven independent experiments. The number of experiments for each construct is shown in
parentheses. (C) TRUSS,49—440 does not co-immunoprecipitate with TNF-R1. HEK 293 cells were transfected with 1 ug of TRUSS,49—440 and
increasing amounts of Flag-TNF-R1 and lysed, and lysates were immunoprecipitated with anti-TNF-R1. Western blots were probed with anti-
HA then anti-Flag to detect TNF-R1. Representative blot of 10 independent experiments. (D) TRUSS,49—440 is not pulled down by GST-TNF-
R1507-425. HEK293 cells were transfected with TRUSS,49-449 and lysed, and lysates were incubated with GST-coated beads or GST-TNF-
R1,97—425-coated beads. Western blots were probed with the anti-HA antibody. Representative blot of 10 independent experiments.

Each TRUSS Ala point mutant was cotransfected with TRAF2 immunoprecipitation. All the TRUSS—TRAF2 binding motif
into HEK293 cells, and cell lysates were subjected to TRAF2 mutants co-immunoprecipitated with TRAF2 to the same extent
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FiGure 3: TRUSS interacts with TRAF2 via amino acids 249—440.
(A) TRAF2 co-immunoprecipitation of TRUSS deletion mutants.
HEK?293 cells, transfected with 1 ug of each HA-tagged TRUSS
deletion mutant construct and 0.5 ug of Flag-tagged TRAF2 con-
struct, were lysed and immunoprecipitated with the anti-TRAF2
antibody or nonimmune IgG as a control. Western blots were probed
with the anti-HA antibody and then with anti-TRAF2. Error bars in
panel A are the means = SEM calculated from three to six independent
experiments. The number of experiments for each construct is shown in
parentheses. (B) TRAF2 co-immunoprecipitates with TRUSS,49—440.
HEK?293 cells were transfected with 1 ug of TRUSS,49—440 and
0.5 ug of Flag-tagged TRAF2 construct and lysed, and lysates were
immunoprecipitated with the anti-TRAF2 antibody or nonimmume
IgG. Western blots were probed with the anti-HA antibody and
then with anti-TRAF2. Representative blot of four independent
experiments.

as wild-type TRAF2 (data not shown), signifying that TRUSS
binds to TRAF2 in a manner independent of these putative
TRAF?2 binding motifs.
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FIGURE 4: Intramolecular interactions of TRUSS. (A) Interactions
of TRUSS49—440. HEK 293 cells were cotransfected with 1 ug of myc-
TRUS52497440 and 1 ug of either HA-TRUS817248, HA-TRUSSM17797,
or HA-TRUSS,_797. The cells were lysed and immunoprecipitated
with the anti-HA antibody. Interacting proteins were detected by
Western blotting with anti-myc and then anti-HA antibodies. Repre-
sentative of at least three experiments. (B) TRUSS N- and C-terminal
interaction. HEK293 cells were cotransfected with 1 ug of myc-
TRUSS441-797 and 1 ug of HA-TRUSS|_,45 and lysed, and lysates
were immunoprecipitated with anti-HA. Subsequent Westerns were
blotted with anti-myc and then anti-HA antibodies. Representative
of at least three experiments.

n

Self-Interactions among the N-Terminal, Central, and
C-Terminal Regions of TRUSS. To gain insight into how
TRUSS might fold to expose the TNF-R1 and TRAF2 binding
interface, we investigated the ability of TRUSS deletion mutants
to interact with one another. Because the region encompassed by
residues 249—440 was found to be important in the interaction
between TRUSS and both TNF-R1 and TRAF2, we first deter-
mined if TRUSS,49_449 interacted with the flanking N- and
C-terminal regions. HEK293 cells were cotransfected with myc-
tagged TRUSS,49-449 and either HA-TRUSS;_,45, HA-
TRUSS41—797, or full-length HA-TRUSS; _79; as a positive control.
Cell lysates were immunoprecipitated with the anti-HA antibody,
and co-immunoprecipitating myc-tagged TRUSS,49-— 449 Was detec-
ted by Western blotting with the anti-myc antibody. Figure 4A
shows that TRUSS249_440 interacted with both TRUSSl_243 and
TRUSS441-797 as well as with full-length TRUSS; _797, indicating
that the central region (residues 249—440) was capable of inter-
acting with sequences located in both the N- and C-terminal regions.

Because the binding activity of the central region is dependent
on sequences located in the N-terminus and part of the flanking
C-terminus, we next determined if the N-terminal region could
interact with the C-terminal region. HEK 293 cells were cotransfec-
ted with HA-tagged TRUSS; _»45 and myc-tagged TRUSS 441797
and immunoprecipitated anti-HA antibody, and co-immunopreci-
pitating myc-tagged TRUSS,4;-797 was detected by immuno-
blotting. Figure 4B shows that the N-terminal region (residues
1—248) robustly interacted with the C-terminal region (residues
441-1797). Together, these data suggest that intramolecular inter-
actions among the N-terminal, central, and C-terminal regions
contribute to the tertiary structure of the full-length molecule.
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TRUSS Forms Homomeric Complexes. Given the fact
that many proteins involved in TNF-R1 signaling function by
forming homomeric and heteromeric signaling complexes, to-
gether with data showing that enforced expression of TRUSS is
sufficient to activate NF-«B and AP-1 (9, 10), we next questioned
whether TRUSS may also function by forming homomeric com-
plexes. To address this question, we fractionated cell lysates from
HEK?293 cells transfected with full length HA-tagged TRUSS; _79;
or empty vector as a control by gel filtration through a calibrated
Superdex 200 column. Each fraction was then analyzed via SDS—
PAGE and Western blotting with the anti-HA antibody. Figure SA
shows that HA-TRUSS;_97 eluted as a broad peak ranging in
molecular mass from 200 to ~700 kDa, indicating the presence of
homomeric and/or heteromeric complexes. To determine if TRUSS
could specifically interact with itself, HEK293 cells were cotrans-
fected with vectors encoding HA-tagged TRUSS;_9; together
with either GFP-tagged TRUSS;_797 or GFP alone as a control.
After lysis, the cells were immunoprecipitated with the anti-HA
antibody, and co-immunoprecipitating GFP was detected by
Western blotting. Figure 5B (top panels) shows that GFP-
TRUSS|_79; co-immunoprecipitated with HA-TRUSS;_797
whereas GFP did not. To verify that the GFP sequence did not
contribute to the observed interaction, myc-tagged TRUSS; _797
and HA-TRUSS; _797 were cotransfected into HEK 293 cells and
tested for co-immunoprecipitation as described above. Figure 5B
(bottom panel) shows that myc-TRUSS,_7; also specifically
co-immunoprecipitated with HA-TRUSS,_797. Together, these
findings suggest that TRUSS molecules are capable of self-
association to form homomeric complexes. To investigate the
size distribution of homomeric TRUSS complexes, we determined
the elution profile of bacterially expressed, affinity-purified,
recombinant His-tagged TRUSS 797 by gel filtration as described
above. Figure 5C shows that recombinant His-tagged TRUSS, _797
also eluted as a broad range of molecular mass species from
approximately 70 to 500 kDa. However, the majority of the
eluted TRUSS protein was detected in two peaks corresponding
to molecular masses of ~300 kDa (centered in fractions 14 and
15) and ~100 kDa (centered in fractions 24 and 25). Taken
together, these data suggest that TRUSS may exist both as a
monomeric species (~90 kDa) and as homomeric complexes,
including a trimer (~270 kDa).

Inspection of the primary sequence of TRUSS reveals an abun-
dance of Leu and other hydrophobic residues in the C-terminal
region (residues 441—797). Because the C-terminal region (residues
441-797) was not involved in the interaction with TNF-R1 and
TRAF2, we questioned if one of the functions of the C-terminal
region may be to promote TRUSS self-association. To investi-
gate this possibility, we cotransfected HEK293 cells with myc-
tagged TRUSS 41 —797 and HA-tagged TRUSS441—797. Cell lysates
were immunoprecipitated with the anti-HA antibody, and co-
immunoprecipitating myc-tagged TRUSS 41797 was detected by
immunoblotting with the anti-myc antibody. Figure 5D shows
that the C-terminal region (region 441—797) was able to robustly
self-associate and suggests that this region may contribute to
TRUSS self-association and homomeric complex assembly.

DISCUSSION

TNF-R1-dependent signaling is fundamentally based on the
assembly of multimeric protein signaling complexes. Seeking
to further understand the mechanisms of assembly of TNF-R1-
induced signaling complexes, we cloned TRUSS, a TNF-RI-
associated scaffolding and signaling molecule that also interacts
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FiGure 5: TRUSS is capable of self-interaction. (A) Size fractiona-
tion of the TRUSS-transfected lysate. HEK 293 cells were transfected
with either pcDNA3.1 empty vector or HA-tagged full-length
TRUSS and lysed. Lysates were loaded onto a Superdex 200 FPLC
column, and 1 mL fractions were collected; 20% of each fraction was
subjected to SDS—PAGE and Western blotted with anti-HA. Mole-
cular mass (MW) markers are located above the fraction where each
standard protein peak eluted. (B) TRUSS—TRUSS co-immunopre-
cipitations. In the top panel, HEK293 cells, transfected with 1 ug of
HA-TRUSS,_797 and 1 ug of either a GFP-TRUSS,_79; or GFP
empty vector construct, were lysed and lysates immunoprecipitated
with the anti-HA antibody or nonimmume IgG. Western blots were
probed with the anti-GFP antibody followed by the anti-HA anti-
body. In the bottom panel, HEK 293 cells were transfected with 1 ug
each of myc-TRUSS,_797 and HA-TRUSS,_797 and lysed and lysates
immunoprecipitated with the anti-HA antibody or nonimmume
IgG. Western blots were probed with the anti-myc antibody followed
by the anti-HA antibody. (C) Size fractionation of recombinant
His-TRUSS. Recombinant His-TRUSS was prepared in BL-21
bacteria and purified with Ni* beads. Purified His-TRUSS was
loaded onto a Superdex 200 FPLC column, and 1 mL fractions were
collected. Twenty percent of each fraction was subjected to SDS—
PAGE and blotted with the anti-TRUSS/C antibody. (D) TRUSS
C-terminal self-interactions. HEK 293 cells were cotransfected with
1 ugeach of myc-TRUSS,4—797 and HA-TRUSS441-797, lysed, and
immunoprecipitated with the anti-HA antibody. Western blots were
probed with the anti-myc antibody followed by the anti-HA anti-
body. Data shown are representative of at least three experiments.

with TRAF2 and the IKK complex. On the basis of the finding
that a series of N- and C-terminal TRUSS deletion mutants
inhibited TNF-a-induced NF-xB and AP-1 activation, we con-
cluded that TRUSS contributes to TNF-R1-induced NF-«B and
JNK activation (9—11). However, further characterization of the
role of TRUSS in TNF-R1-induced signaling was complicated
by the fact that all TRUSS mutants tested inhibited TNF-R1
signaling to varying degrees (9, /0), consistent with the notion
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that to function as a scaffolding protein, TRUSS may need to
expose multiple nonlinear docking sites in different regions of the
molecule. Primary sequence analysis has also provided little insight
into the question of how TRUSS associates with its interaction
partners or whether it conforms to the trimeric paradigm expres-
sed by some TNF-R1-associated signaling molecules. The goals
of this study, therefore, were to investigate (i) the region(s) of
TRUSS that facilitates its interaction with TNF-R1 and TRAF2
and (i) the ability of TRUSS to form homomeric complexes
through self-association. Using a systematic deletional mutagene-
sis approach, our findings suggest that the interaction of TRUSS
with both TNF-R1 and TRAF2 requires sequences located in the
N-terminal portion of TRUSS defined by residues 1—440 and
that within this region, residues 249—440 appear to substantially
contribute to these interactions. Our results also suggest that
TRUSS exists as both a monomer and a continuum of higher-
molecular mass homomeric complexes, including a trimer, and
that the C-terminal region may contribute to TRUSS oligomeri-
zation. On the basis of these and other findings, we propose a
structural model of TRUSS to explain how the TNF-R1 and
TRAF2 binding interface is exposed (Figure 6A).

Our finding that the interaction between TRUSS and TNF-R1
was only revealed in the setting of larger TRUSS deletion mutants
is consistent with the notion that the interaction occurs in a manner
independent of a short linear docking motif, as, for example, has
been suggested for the interaction between TRAF2 and CD40
(15, 17). Rather, our results suggest a model akin to the inter-
action between TRADD and the death domain of TNF-R1, in
which a docking interface is created by individual amino acid
residues that cluster together in the setting of the correctly folded
molecules (18, 19). In these situations, binding activity is depen-
dent on the functional integrity of long stretches of primary
sequence that are required for correct folding and exposure of the
binding interfaces (18, 19). In the case of TRUSS, we propose
that residues distributed between positions 249 and 440, possibly
just a few, cluster to form the TNF-RI docking interface.
Furthermore, on the basis of the finding that the TRUSS,49—440
mutant was unable to directly interact with TNF-R1, we propose
that the flanking N-terminal region contributes to the correct
folding and/or exposure of the TNF-R1 docking interface, as
shown schematically in Figure 6A. Indeed, it is conceivable that
the N-terminal region also contains residues that contribute to
the binding interface (Figure 6A).

A similar deletion mutagenesis approach revealed that the
region of TRUSS required for its interaction with TNF-R1 was
also involved in its interaction with TRAF2. In contrast to its
interaction with TNF-R1, the interaction between TRUSS and
TRAF2 was detectable in the absence of the flanking N-terminal
region. Systematic site-directed mutagenesis of the three con-
sensus TRAF2 binding motifs located between residues 249 and
440 indicated that the TRUSS—TRAF?2 interaction occurred in a
manner independent of these TRAF2 consensus motifs. Further-
more, the low level of binding exhibited by TRUSS,4,-797 Was
not affected when residues comprising the extreme SXXE
(residues 781—784) TRAF2 binding consensus motif were mu-
tated to Ala. Taken together, these findings suggest that none of
the consensus TRAF2 binding motifs participate in the inter-
action between TRUSS and TRAF2. It should be noted that
the TRAF2 interaction motifs have been largely modeled on the
interaction between the TRAF-C domain of TRAF2 and the non-
death domain TNFRSF members, TNF-R2 and CD40 (15, 17).
Because a wide array of non-TNFRSF molecules have also been
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A. Schematic of proposed TRUSS-TNF-R1/TRAF2 binding interface
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Chimpanzee* 606-651 LKQINSS LVDSNML VRCVTLS LDRFENQ VDMKVAE VLSECRL LAY
Horse 630-675 LKQINSS LVDSNML VRCVTLS LDRFENQ VDMKVAE VLSECRL LAY
Rat 614-659 LKQINSS LVDSNML VRCVTLS LDRFENQ VDMKVAE VLSECRL LAY
Mouse 614-659 LKQINSS LVDSNML VRCVTLS LDRFENQ VDMKVAE VLSECRL LAY
Chicken* 588-633 LNQINSS LVDSNML VRCITLS LDRFENQ SDAKVAE VLSECRL LTY
Zebra fish* 590-636 LKQINSS LVDSNML VRCVTLS LDRFENQ VDMKVAE VLSECCL LSY

FIGURE 6: (A) Proposed structural organization and assembly of
TRUSS. (a) Primary structure organization. The putative leucine
zipper is colored dark blue. (b) Proposed tertiary organization of the
N-terminal, central, and C-terminal regions. (c) Proposed position of
the TNF-R1and TRAF2 binding interface. (d) Proposed organization
of the TRUSS homotrimer. (B) Alignment and conservation of the
putative C-terminal leucine zipper sequences of vertebrate TRUSS.
The asterisks indicate that Entrez gene entries for these sequences
only show isoform “b” which lacks an eight-residue sequence that
arises by alternative splicing. Consequently, for comparison to the
position of the second leucine like zipper, the numeric positions of

TPt

the sequences are eight residues shorter than those for the longer “a
isoform.

shown to interact with TRAF2, e.g., filamin, cIAP1/2, ASK1,
p-arrestin, and TRADD (20—23), other binding motifs must exist
to faciliate their interaction with TRAF2. Indeed, although
TRADD interacts with TRAF2 via its TRAF-C domains
[though TRADD binds to a different region of TRAF2 than
that utilized in the interaction of TRAF2 with TNF-R1 and
CDA40 (24)], filamin interacts with the RING domain (20) and
cIAPI1/2 interacts with the TRAF-N domain (2/). Thus, we
might anticipate that a series of different TRAF2 interaction
motifs may exist to enable these proteins to interact with different
regions of TRAF2. While future studies will be required to
address the region(s) of TRAF2 that interacts with TRUSS, our
current findings suggest that the TRUSS N-terminal TRAF2
binding interface is closely linked to the TNF-R1 binding inter-
face. Indeed, it is conceivable that TNF-R1 and TRAF2 compete
for the same binding interface on TRUSS.

Computational primary sequence analysis predicts TRUSS to
be a hydrophobic, globular protein with ~50% a-helical char-
acter (25, 26). Approximately 25% of the amino acids comprising
TRUSS are Leu, Iso, or Val residues, with ~15% being Leu
residues alone. These findings raised the possibility that intra-
molecular hydrophobic interactions among the N-terminal,
central, and C-terminal regions may contribute to the correct
exposure of the TNF-R1 and TRAF?2 binding interface. To gain
insights into this issue, we investigated potential interactions among
the N-terminal region (residues 1—248), the central region (residues
249—440), and the C-terminal region (residues 441—797). These
studies suggested complexity in tertiary structure but were consistent
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with the single model depicted in Figure 6A (panel b) in which the
N-terminal, central, and C-terminal regions are aligned in an
antiparallel fashion to expose the TNF-R1 and TRAF?2 interaction
interface(s). Indeed, on the basis of these findings, we speculate that
interactions between the N- and C-terminal regions may contribute
to the proper folding and exposure of the TNF-R1 and TRAF2
interface located in the central region [Figure 6A (panel c)].

As discussed earlier, TNF-R1 signaling is initiated by ligand-
induced receptor clustering, which then initiates the formation of
large, multimeric signaling complexes. Enforced overexpression of
TNF-R1 and its associated signaling molecules, including TRUSS,
can recapitulate many aspects of TNF-R1 signaling in a ligand-
independent fashion (9, 27—31). Seeking to further investigate
how enforced expression of TRUSS may affect TNF-R1 signaling,
we determined that TRUSS self-associates to form homomeric
complexes. Using a combination of co-immunoprecipitation
approaches with epitope-tagged TRUSS constructs and gel filtra-
tion analysis of lysates from TRUSS-expressing cells together with
bacterially expressed, purified recombinant TRUSS, our results
show that TRUSS exists both as a monomer and as a continuum
of higher-order complexes, including a trimer. In this respect,
TRUSS resembles TNF-R1 and TRAF2, which, on the basis of
X-ray crystallographic approaches, have also been shown to exist
as homotrimers (17, 32). Though future studies will be required to
fully comprehend the mechanism of homo-oligomer assembly, our
findings suggest that the C-terminal region may play an important
role. Furthermore, theoretical modeling based on the data pre-
sented herein suggests a model [Figure 6A (panel d)] in which the
C-terminal region of TRUSS contributes to homotrimer forma-
tion. In this model, the C-terminal region is predicted to be buried
within the central region of the trimer, and the TNF-R1 and
TRAF?2 binding interfaces are exposed at the periphery. Interest-
ingly, computational analysis identified a 46-amino acid sequence
in the C-terminal region of TRUSS (encompassed by residues
614—659 of human and mouse TRUSS) that conforms to the
heptad repeat structure of a leucine zipper (Figure 6B). Leucine
zippers generally contain Leu, Iso, or Val residues at the “a” and
“d” positions, with charged amino acids frequently being present
at the “e” and “g” positions (33). These residues are also important
in trimer formation by leucine zippers (34, 35). The putative
leucine zipper in the C-terminal region exhibits almost exact
conservation across vertebrate species from humans to zebra fish,
further suggesting that it plays an important role in the function(s)
of TRUSS (Figure 6B). Leucine zipper sequences have been shown
to be important in other protein—protein interactions, including
those of IKKy, c-Cbl, and c-Jun (36—38), and in membrane
localization of the signaling adaptor, SLP-65 (39). Thus, it is con-
ceivable that the C-terminal leucine zipper of TRUSS may contri-
bute to the ability of TRUSS to self-associate. Clearly, X-ray
crystallography or NMR studies are warranted to shed further
light on this issue.

In summary, our results suggest that the binding interface for
TNF-R1 and TRAF?2 is located in the N-terminal portion of
TRUSS (residues 1—440). In addition, our findings indicate that
TRUSS is capable of forming homomeric complexes. Additional
information about the functions of TRUSS should be forth-
coming with the development of TRUSS-deficient mice.
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