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ABSTRACT Latent infection membrane protein 1
(LMP1), the Epstein-Barr virus transforming protein, asso-
ciates with tumor necrosis factor receptor (TNFR) associated
factor 1 (TRAF1) and TRAF3. Since TRAF2 has been impli-
cated in TNFR-mediated NF-KcB activation, we have evaluated
the role of TRAF2 in LMPl-mediated NF-ucB activation.
TRAF2 binds in vitro to the LMP1 carboxyl-terminal cyto-
plasmic domain (CT), coprecipitates with LMP1 in B lym-
phoblasts, and relocalizes to LMP1 plasma membrane
patches. A dominant negative TRAF2 deletion mutant that
lacks amino acids 6-86 (TRAF2A6-86) inhibits NF-KB acti-
vation from the LMP1 CT and competes with TRAF2 for
LMP1 binding. TRAF2A6-86 inhibits NF-,cB activation me-
diated by the first 45 amino acids of the LMP1 CT by more
than 75% but inhibits NF-ucB activation through the last 55
amino acids of the CT by less than 40%o. A TRAF interacting
protein, TANK, inhibits NF-.cB activation by more than 70%16
from both LMP1 CT domains. These data implicate TRAF2
aggregation in NF-cB activation by the first 45 amino acids of
the LMP1 CT and suggest that a different TRAF-related
pathway may be involved in NF-KB activation by the last 55
amino acids of the LMP1 CT.

The Epstein-Barr virus (EBV)-encoded latent infection mem-
brane protein 1 (LMP1) has a significant role in EBV-
associated lymphoproliferative disease, Hodgkin disease, and
anaplastic nasopharyngeal carcinoma (for review, see ref.1). In
experimental models, LMP1 transforms immortalized rodent
fibroblast cell lines (2-4), alters epithelial cell differentiation
(5-7), induces the expression of lymphocyte activation markers
and adhesion molecules (8-12), and is essential for EBV-
mediated primary B-lymphocyte transformation (13).
LMP1 (depicted in Fig. 1) aggregates in the plasma mem-

brane of latently infected cells and appears to mimic an
activated tumor necrosis factor receptor (TNFR). The cyto-
plasmic TNFR-associated factor 1 (TRAF1) (16) and TRAF3
(also known as LAP1, CRAM1, CD40bp, or CAP1) (17-20)
associate with LMP1 (17). TRAF3 binds directly to the first 45
amino acids of the 200-amino acid LMP1 carboxyl-terminal
cytoplasmic domain (CT) (17). LMP1 amino acids 1-231
include only these first 45 amino acids of the CT and are
sufficient for EBV-mediated primary B-lymphocyte growth
transformation (ref. 21 and Fig. 1). The 45 amino acids are a
necessary component of this LMP1 mutant for B-cell trans-
formation (21). An important role for TRAFs in LMP1
signaling is consistent with the similarity of LMP1's effects on
lymphocytes to those of CD40 activation (22); CD40 is aTNFR
that associates with TRAF2 and TRAF3 (17-20, 23). Genetic
and biochemical evidence link TRAF2 to NF-KB activation

and TRAF3 to CD23 induction by CD40 (19, 23). The six
hydrophobic transmembrane domains of LMP1 enable it to
aggregate in the plasrma membrane similar to receptor aggre-
gates that would form in response to a multivalent ligand
(24-26). Aggregation is likely to be essential for transforma-
tion since an LMP1 mutant that has the last five transmem-
brane domains and the full CT diffusely distributes in the
plasma membrane and EBV recombinants that express this
LMP1 mutant cannot transform primary B lymphocytes (13,
27). Further, LMP1 expression in cells causes TRAF1 or
TRAF3 to colocalize with LMP1 aggregates in the cell plasma
membrane, consistent with a role for aggregation and TRAF
binding in LMP1 effects (17). In contrast to the LMP1 CT, no
component of the amino-terminal cytoplasmic domain is es-
sential for primary B-lymphocyte growth transformation (28).
Among the important similarities between LMP1 and CD40

in their effects on cells is NF-KB activation (10, 11, 22). The
LMP1 CT has two domains that activate NF-KB. The first 45
amino acids of the LMP1 CT, which are critical for primary B
lymphocyte growth transformation (21), mediate only 25% of
the NF-KB activation, whereas the last 35 or 55 amino acids
mediate 75% of the NF-KB activation (14, 29). TRAF2 has
recently been implicated in NF-KB activation by CD40, TN-
FRI, and TNFR2 (23,30). Overexpression ofTRAF2 activates
NF-KB, whereas overexpression ofTRAF1 or TRAF3 does not
activate NF-KB. Also, an amino-terminal RING finger dele-
tion mutant of TRAF2 blocks CD40- and TNFRII-induced
NF-KB activation (23). We have therefore investigated
whether TRAF2 associates with LMP1 and whether TRAF2
has a role in LMP1-mediated NF-KB activation. During the
course of these investigations, a TRAF-associated protein,
TANK, was implicated in NF-KB activation (31), and we have
also evaluated its role in LMP1 mediated NF-KB activation.

MATERIALS AND METHODS
Plasmids. Human TRAF2 was cloned using a mouse

TRAF2 probe. Mouse cDNA was reverse-transcribed from
kidney RNA (a gift of Arlene Sharpe, Brigham and Women's
Hospital). DNA corresponding to nt 304-1042 of the murine
TRAF2 cDNA (16) was PCR-amplified and used to retrieve a
human TRAF2 cDNA from a B-cell cDNA library (32). The
cDNA lacked the 64 nt of the human TRAF2 ORF that are 3'
to an EcoRI site and this was reconstructed with an oligonu-
cleotide linker based on the human TRAF2 sequence (33).
TRAF2 deleted for codons 6-86 (TRAF2A6-86) was con-
structed by digesting TRAF2 with NheI and EagI and replacing

Abbreviations: LMP1, latent infection membrane protein 1; EBV,
Epstein-Barr virus; TNFR, tumor necrosis factor receptor; TRAF,
TNFR-associated factor; CT, carboxyl-terminal cytoplasmic domain;
TANK, TRAF associated NF-KB; GST, glutathione S-transferase.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank data base [accession no. U63830 (TANK)].
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FIG. 1. NF-KB-activating domains of LMP1. The first 45 amino
acids of the LMP1 CT (amino acids 187-231; shown by a thickened
line) mediate -25% of the LMP1 NF-KB activation. The last 55 amino
acids of the CT' (amino acids 332-386; also shown by a thickened line)
mediate -75% of the LMP1 NF-KB activation (14, 15) .

the DNA between these sites with the annealed oligonucleo-
tides CTAGCAGCAGTTCGGCCTTCCCAGATAATGCT-
GCCCGCAGGGAGGTGGAGAGCCTGCC and GGCCG-
GCAGGCTCTCCACCTCCCTGCGGGCAGCATTATCT-
GGGAAGGCCGAACTGCTG. The DNA sequences at this
site and at the 3' oligonucleotide reconstitution site were
confirmed by sequencing. Both TRAF2 and TRAF2A6-86
were cloned into pSG5 (Stratagene) under control of a simian
virus 40 promoter for expression in BJAB cells or into
pcDNA3 (Invitrogen) under the control of a cytomegalovirus
promoter for expression in 293 cells. FLAG-epitope-tagged
TRAF2 (F-TRAF2) was cloned by digesting the pSG5TRAF2
DNA with BssHII (upstream of the TRAF2 ORF), blunting
the ends with T4 DNA polymerase, releasing TRAF2 by
digestion with BamHI, and ligating the resulting fragment into
EcoRV/BamHI-digested pSG5FLAG (17). pASTRAF2 con-
tains F-TRAF2 fused to the DNA binding domain of GAL4.
pSG5 LMP(1-231) expresses only the first 231 amino acids of
LMP1 (termed LMP231) (15). FLAG-epitope-tagged
LMPi188-331 (pSG5-FLAG LMPA188-331) was constructed
by replacing the BglII-NheI fragment of pSG5-FLAG LMP1
(15) with that of SV2LMPA188-331 (14). FLAG-epitope-
tagged LMP231 (pSG5-FLAG LMPl-231) has a stop codon
after LMP1 codon 231 in pSG5-FLAG LMP1 (15). DNA
sequencing analysis was done by automated sequencing.
Yeast Two-Hybrid Screening. TRAF3 codons 12-568 fused

to the DNA binding domain of GAL4 [G4DBDLAP1(12-
568)] (17) were transformed into yeast strain Y190 and used as
bait to identify TRAF3-interacting proteins encoded by a
cDNA library constructed from an EBV-transformed lympho-
blastoid cell line (a gift of S. Elledge, Baylor College of
Medicine). Of 5 x 106 yeast transformants, 148 clones grew in
Trp-/Leu-/His- medium, 51 clones were positive for ,3-ga-
lactosidase expression, and about 30% of these were cDNA
that encode significant parts of the TANK (31) ORF. The
full-length human TANK sequence was obtained from a
human cDNA library (32). FLAG-epitope-tagged TANK (F-
TANK) was constructed with codons for MDYKDDDDKLI-
WNSDPRGHEGQ replacing the first three codons of TANK.
F-TANK was cloned into pSG5 for expression in BJAB cells
or into pcDNA3 for expression in 293 cells.

Transfections and NF-cB Assays. Approximately, 10 x 106
BJAB, EBV-negative Burkitt lymphoma, cells were electro-
porated at 960 ,tF and 200 V and were harvested after 18-24
h (17). Human embryonic kidney 293 cells, 4 x 105 cells per
well in six-well plates, were transfected by the calcium phos-
phate DNA coprecipitation method (35). All transfections
included 0.5 Ag of pGKf3gal, which expresses 03-galactosidase
from a phosphoglucokinase promoter (E. Hatzivassiliou, P.
Cardot, V. Zannis, and A. Mitsialis, unpublished results), and
0.5 ,ug of 3X-KB-L, which has three copies of the NF-KB

binding site from the murine major histocompatibility complex
class I promoter upstream of a minimal fos promoter and a
luciferase gene (14). At 40-48 h after transfection, cells were
washed once in PBS and lysed in 200 ,l of reporter lysis buffer
(Promega). Assays for luciferase or 13-galactosidase activity
were done with an Optocomp I Luminometer (MGM Instru-
ments, Hamden, CT) using luciferase assay reagent (Promega)
or Galacto-Light Plus (Tropix, Bedford, MA), respectively.
Values were normalized by f3-galactosidase activity.

Glutathione S-Transferase (GST) Binding Assays. F-
TRAF2 was translated in vitro using wheat germ extract
(Promega). In vitro translated protein ("10 ,ul of reaction
mixture) was diluted in 0.3 ml of binding buffer (50 mM
Tris*HCl, pH 7.4/150 mM NaCl/10% glycerol/0.1% Nonidet
P-40/0.5 mM DTT/1 mM phenylmethylsulfonyl fluoride) and
precleared with glutathione-Sepharose beads (Pharmacia) for
1 h at 4°C. GST or GST fusion proteins (37) ("10 ,ug) bound
to glutathione-Sepharose beads (Pharmacia) were incubated
with the in vitro-translated protein for 1-2 h at 4°C and then
washed five times with 1 ml of binding buffer. Bound proteins
were recovered by boiling in SDS sample buffer and analyzed
by SDS/PAGE. Gels were stained with Coomassie blue to
ensure that comparable amounts of fusion proteins were used
and then analyzed by autoradiography with a Molecular Dy-
namics PhosphorImager. For GST binding assays with cell
extracts, BJAB cells were lysed 18-24 h after transfection in
lysis buffer containing 50 mM Hepes (pH 7.2), 0.5% Nonidet
P-40, 250 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and aprotinin (1 ,ug/ml). For
binding competition, cells were lysed in 50 mM Tris-HCl, pH
7.4/0.5% Nonidet P-40/150 mM NaCl/3% glycerol/2 mM
EDTA/1 mM phenylmethylsulfonyl fluoride/1 ,ug/ml leupep-
tin/i ,g/ml pepstatin), lysates were precleared by centrifu-
gation at 14,000 x g for 15 min and by incubation with
glutathione beads for 1 h at 4°C. Lysates were then incubated
for 2 h at 4°C with --10 ,tg of GST or GST fusion protein bound
to beads. After washing the beads, bound proteins were
assayed by immunoblot. In the competition experiment, 1-2 ,ug
of GST and GST fusion protein was used.

Immunoprecipitation and Immunoblot Analysis. Cells were
washed in ice-cold PBS and lysed in buffer containing 50 mM
Hepes-NaOH (pH 7.2), 0.5% Nonidet P-40, 250 mM NaCl,
10% glycerol, 2 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, and aprotinin (1 ,tg/ml). Lysates were precleared by
centrifugation and by incubation with protein G-coated beads
(Pharmacia) for 1 h at 4°C. Lysates were then incubated with
10 ,ug of anti-FLAG M2 antibody (IBI) at 4°C for "12 h and
with protein G beads for 1 h at 4°C. After the beads were
washed five times immunoprecipitated proteins were analyzed
by SDS/PAGE in 8% gels and immunoblot analysis. Alterna-
tively, cleared lysates were incubated with M2 antibody affinity
gel (IBI) for 2 h at 4°C and- the beads were washed. Bound
proteins were eluted with FLAG peptide (IBI) or by boiling in
SDS sample buffer. S12 monoclonal antibody (26) was used to
detect LMP1. TRAF2 was detected with rabbit anti-TRAF2
polyclonal antibody at 1 jig/ml (TRAF2 C20, Santa Cruz
Biotechnology). F-TANK was detected with M5 (IBI) anti-
FLAG antibody. Secondary antibody conjugated to horserad-
ish peroxidase was used in conjunction with reagents for
chemiluminescence (Amersham) to detect signal.

RESULTS
TRAF2 Binds to the LMP1 CT. To investigate whether

TRAF2 can associate with the LMP1 CT, the binding of in
vitro-translated FLAG-epitope-tagged TRAF2 (F-TRAF2) to
a GST-LMP1 CT fusion protein (15) was determined. The
GST-LMP1 CT fusion protein specifically bound 0.6% of the
F-TRAF2 and the GST control bound less than 0.01% (Fig.
2A). TRAF2 probably binds directly to the LMP1 CT since
F-TRAF2 was translated in a wheat germ extract and wheat
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FIG. 2. TRAF2 associates with the LMP1 CT. (A) GST-LMP1
specifically precipitates in vitro-translated F-TRAF2 in a binding assay.
F-TRAF2 was translated in vitro in a wheat germ extract in the
presence of [35S]methionine and was precipitated with GST-CD40
CT, GST-TNFRII CT (17), or GST-LMP1 CT (15). Precipitated
proteins were analyzed by autoradiography. The F-TRAF2 band in the
LMP1 lane is distorted due to comigrating GST-LMP1 CT fusion. (B)
GST-LMP1 specifically precipitates TRAF2A6-86. After expression
in BJAB cells, TRAF2A6-86 was precipitated from cell extracts by
GST-LMP1 CT and detected by TRAF2 immunoblot analysis.

germ extract is unlikely to have a homologue of a putative
mammalian protein that could mediate the binding ofTRAF2
to LMP1. Although presumably direct, the binding of TRAF2
to the LMP1 CT was much lower than to the CD40 or TNFRII
CTs (Fig. 2A). Consistent with previous results (16, 23, 33),
5.6% of F-TRAF2 bound to a GST-CD40 CT fusion protein
and 12% of F-TRAF2 bound to a GST-TNFRII CT fusion
protein. TRAFs have highly homologous carboxyl-terminal
TRAF-C domains that have so far been found to mediate their
interaction with TNFRs and with LMP1 (16-20, 30, 31, 38).
Consistent with this previous experience, a mutated form of
TRAF2, lacking the TRAF-C domain after codon 380, did not
bind to GST-LMP1 CT (data not shown) but an amino-
terminal RING-finger-deleted TRAF2, TRAF2A6-86, did
bind to GST-LMP1 CT (Fig. 2B). Therefore, TRAF2 binding
to the LMP1 CT requires the TRAF-C domain but not the
amino-terminal RING finger. Subsequent experiments re-

vealed that TRAF2 binds only to the first 45 amino acids of the
LMP1 CT and not to the rest of the LMP1 CT (see Fig. 8 and
ref. 15).
TRAF2 Associates with LMP1 in B Lymphoblasts. Approx-

imately 5% of LMP1 specifically coimmunoprecipitated with
F-TRAF2 but not with FLAG-epitope-tagged EBV-induced
gene 3 (EBI3-F) (36) when LMP1 was expressed with F-
TRAF2 or EBI3-F in EBV-negative B-lymphoma cells (Fig.
3A). As expected from the GST-LMP1 CT binding data,
LMP1 did not coimmunoprecipitate with a FLAG-epitope-
tagged TRAF2 that lacks the TRAF-C domain (data not
shown). In the reciprocal experiment, at least 10% of endog-
enous TRAF2 specifically coimmunoprecipitated with FLAG-
epitope-tagged LMP1 (F-LMP1) when F-LMP1 was expressed
in BJAB cells. (Fig. 3B and data not shown; see also Fig. 6,
lanes 2 and 5). Endogenous TRAF2 did not coimmunopre-
cipitate with a control FLAG protein, EBI3-F (Figs. 3B and 6).
These results demonstrate that TRAF2 and LMP1 can spe-
cifically associate in B-lymphoma cells.
LMP1 and TRAF2 Colocalize in B Lymphoblasts. When

expressed in BJAB cells without LMP1, F-TRAF2 localizes to
small vesicle-like structures in the cytoplasm, similar to the
localization of overexpressed TRAF1 or TRAF3 (17) (Fig. 4).
As with TRAFM or TRAF3, LMP1 coexpression with F-

. nIUP:-TRAF2

45-

FIG. 3. LMP1 and TRAF2 coimmunoprecipitate from cells. (A)
LMP1 coimmunoprecipitates F-TRAF2 from BJAB cells. After co-
transfection of BJAB cells with F-TRAF2, EBI3-F, or LMP1 expres-
sion vectors as indicated above, extracts were immunoprecipitated
with M2 anti-FLAG antibody and protein G beads. LMP1 was

detected by S12 anti-LMP1. The left lane of each pair is 5% of the total
cell lysate. The asterisk indicates immunoglobulin heavy chain. (B)
TRAF2 coimmunoprecipitates with F-LMP1 from BJAB cells. F-
LMP1 or EBI3-F were expressed in BJAB cells, and extracts were

immunoprecipitated with M2 anti-FLAG affinity gel. Immunoprecipi-
tates only are shown in each of the three lanes. TRAF2 was detected
by immunoblot analysis. Size markers (kDa) are shown at the left.

TRAF2 results in localization of F-TRAF2 to LMP1 patches
in the plasma membrane (Fig. 4).
A TRAF2 Dominant Negative Mutant Inhibits LMP1

NF-KB Activation. The role of TRAF2 in LMPl-mediated
NF-KB activation was evaluated using a TRAF2 dominant
negative mutant in NF-KB activation [TRAF2A6-86 (23, 30)].
As reported (14, 29), an LMP1 mutant consisting of amino
acids 1-231 (LMP231) activated NF-KB 3- to 4-fold less
efficiently than a mutant LMP1 deleted for most of the LMP1
CT except for the last 55 amino acids (LMPA188-331) (Fig. 5).
As little as 200 ng of TRAF2A6-86 expression vector inhibited
more than 75% of the LMP231-mediated NF-KB activation
(Fig. SA); 1 ,tg inhibited more than 80% of the NF-KB
activation. In contrast, 200 ng of TRAF2A6-86 inhibited less
than 20% of the LMPA188-331-mediated NF-KB activation
and 1 gg inhibited less than 40% (Fig. SB).

FIG. 4. LMP1 causes F-TRAF2 to relocalize in cells. BJAB cells

were transfected with expression vectors for F-TRAF2 (A-C) or with

F-TRAF2 and LMP1 (D-F). Cells were fixed and incubated with

rabbit anti-FLAG polyclonal antibody (Santa Cruz Biotechnology)
and S12 anti-LMP1 monoclonal antibody. Secondary anti-rabbit an-

tibody tagged with fluorescein isothiocyanate (FITC) and anti-mouse

antibody tagged with Texas Red were used to detect the anti-FLAG

antibody and S12 antibody, respectively, Fluorescent microscopy was

performned with a FITC filter (A and D) or a Texas Red filter (B and

E). Phase-contrast images are also shown (C and F). (x 1000.)
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FIG. 5. TRAF2A6-86 inhibits LMP1 induction of NF-KB. The
cells were transfected with the indicated amounts of expression vec
for TRAF2A6-86 and LMP231 (A) or TRAF2A6-86 and LMPAI
331 (B). Fold activation was determined relative to reporter const
alone. Standard deviations are shown. The experiment shown
done in triplicate and the result is representative of more than six ol
experiments.

Similar results were obtained with FLAG-epitope-tag
LMP231 or LMPA188-331 (data not shown); these constri
could, therefore, be used in the important control experime
to determine whether the inhibition of NF-KB activation
TRAF2A6-86 was due to decreased LMP1 mutant expressi
The inhibition of LMP1-induced NF-KB activation was not
to decreased LMP1 expression since F-LMP231 E
F-LMPA188-331 levels as monitored by immunoblot anal
were not diminished by TRAF2A6-86 cotransfection (data
shown). The lower inhibitory effect of TRAF2A6-86
LMPA188-331 as compared with LMP231 was also not du(
a differential effect of the LMP1 mutants on TRAF2A6
levels as monitored by immunoblot analysis since expressiol
TRAF2A6-86 as monitored by immunoblot analysis was
affected by either LMP1 mutant (data not shown). TI
TRAF2A6-86 has a strong inhibitory effect on NF-KB ind
tion by LMP231 and only a partial inhibitory effect on NF
activation by LMPA188-331.
When cotransfected with full-length LMP1, TRAF2A6

inhibited NF-KB activation by '50% (data not shown). Thi
the expected result since LMP231 contributes -25% of f
length LMP1 NF-KB activity (14, 29) and is inhibited m
than 80%, while LMPA188-331 contributes -75% of f
length LMP1 NF-KB activity (14, 29) and is inhibited less t]
40% by TRAF2A6-86. As was previously found in studies M
TRAF2 and CD40 or TNFRII (23), high-level expressior
TRAF2 alone induced '20-fold NF-KB activation (data
shown).

We next investigated whether TRAF2A6-86 binding to the
LMP1 CT inhibits NF-KB activation by blocking the associa-
tion of TRAF2 with LMP1. Cotransfection of TRAF2A6-86
expression vector with amino-terminal FLAG-epitope-tagged
LMP1 (F-LMP1) expression vector into BJAB cells resulted in
less endogenous TRAF2 in the F-LMP1 immunoprecipitate
than when F-LMP1 was transfected alone (Fig. 6).
TRAF2A6-86 competition with TRAF2 for LMP1 binding is
thereby expected to decrease LMPl-mediated NF-KB activa-
tion since the TRAF2 RING finger domain is required for
TRAF2-mediated NF-KB activation (23, 30).
TANK Inhibits NF-KcB Activation by LMP231 and by

LMPA188-332. We had identified human TANK (31) cDNA
as commonly encoding a TRAF3-interacting protein in a yeast
two-hybrid screen. TANK also interacted with TRAF2 fused
to the DNA binding portion of GAL4 (pASTRAF2). Human
TANK has 81% amino acid identity to murine TANK (31) and
contains a conserved Zn finger at the carboxyl terminus.
TANK is ubiquitously expressed as a 2.3-kb transcript in
human tissues (data not shown).

Since TANK can affect NF-KB activation (31), the effect of
TANK on LMP1-mediated NF-KB activation was investigated.
LMP231 or LMPA188-331 were expressed independently or
were coexpressed with FLAG-epitope-tagged TANK (F-
TANK) in 293 cells. LMP231 induction ofNF-KB was inhibited
'50% by transfection with 0.35 ,ug of F-TANK expression
vector and more than 80% by 1 gg of F-TANK (Fig. 7A). The
inhibitory effect was not due to lower LMP1 expression since
F-TANK did not diminish F-LMP231 expression as monitored
by immunoblot analysis (data not shown). F-LMP231 did not
affect F-TANK expression as monitored by immunoblot anal-
ysis (data not shown). LMPA188-331 induction of NF-KB was
inhibited -25% by 0.35 jig of F-TANK and more than 70% by

293 g1,g of F-TANK (Fig. 7B). However, F-LMPA188-331 in-
293 creased F-TANK expression by -2-fold and F-TANK in-
tors creased F-LMPA188-331 levels at least 3-fold as monitored by
ruct immunoblot analysis (data not shown). Therefore, the mag-
was nitude of the negative effect of F-TANK on LMPA188-331-
ther mediated NF-KB activation may be somewhat different than

the apparent result. As expected from these results, F-TANK
inhibited full-length LMP1 activation ofNF-KB by -70% (data

,lgretd not shown). Based on these overexpression experiments,
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FIG. 6. TRAF246-86 competes with TRAF2 for LMP1 binding.
After transfection of BJAB cells with F-LMP1, F-LMP1, and
TRAF246-86 or EBI3-F expression vectors, extracts were immuno-
precipitated with M2 anti-FLAG affinity gel. F-LMP1 was detected by
M5 anti-FLAG immunoblot and TRAF2 was detected with anti-
TRAF2 antibody. Numbers at the top indicate ,ug ofDNA transfected.
Lanes 1-3 are 10% of cell lysate and lanes 4-6 are immunoprecipi-
tates.
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FIG. 7. TANK inhibits LMP1 induction of NF-KB. The 293 cells
were transfected with the indicated amounts of expression vectors for
F-TANK and LMP231 (A) or F-TANK and LMPA188-331 (B).
Standard deviations are shown. The experiment shown was done in
triplicate and the result is representative of more than six other
experiments.

TANK appears to be a negative modulator of NF-KB activation
by both LMP1 effector domains.
Double staining immunofluorescent analysis of 293 cells

transfected with expression vectors for LMP231, LMPA188-
331, or F-TANK alone or with one of these LMP1 constructs
and F-TANK revealed both LMP1 proteins localized in plasma
membrane patches and F-TANK did not affect their distribu-
tion. LMP1 was detected with an antibody to the amino-
terminal cytoplasmic domain (15). F-TANK, expressed alone
in 293 cells, localized diffusely throughout the cytoplasm in
vesicle-like structures and LMP1 expression did not alter the
distribution of F-TANK (data not shown).
F-TANK Competes with LMP1 for TRAF2. Since TANK

binds to TRAF2 and competes with CD40 for TRAF2 binding
(31), we investigated whether F-TANK inhibition of LMP1
NF-KB activation could be due to competition between TANK
and LMP1 for TRAF2 binding. When F-TANK was expressed
in BJAB cells, it did not bind to GST-LMP1 CT (data not
shown) or to GST-LMP187-231 (Fig. 8). At low-level F-TANK
expression, TRAF2 binding to GST-LMP187-231 decreased
slightly (Fig. 8). At high-level F-TANK expression, TRAF2
binding to GST-LMP187-231 was almost completely blocked
(Fig. 8). Similar results were obtained with GST-LMP1 CT
(data not shown). These data indicate that TANK binding to
TRAF2 prevents TRAF2 from associating with LMP1. TANK
probably inhibits LMP1-mediated NF-KB activation by pre-
venting TRAF2 association with aggregated LMP1.

DISCUSSION
These results indicate that TRAF2 is a mediator of NF-KB
activation by LMP1. TRAF2 has been shown to bind specifi-

F-TANK(pg) 20 40 80 20 40 80
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I 2 3 4 5 6 7 8 9 lO

FIG. 8. TANK competes with the LMP1 CT for TRAF2 binding.
BJAB cells were transfected with vector alone, with 10 jig of TRAF2
expression vector, or with 20, 40, or 80 ,ug of F-TANK expression
vector. After lysis, the extract from TRAF2-expressing cells was
divided equally and incubated with extract from vector- or F-TANK-
expression-vector-transfected cells and precleared with glutathione
beads for 14 h at 4°C. The cleared cell extracts were incubated with
GST control or GST LMP187-231 (15) for 1.5 h at 4°C. The complexes
were washed five times with 1 ml of 0.5% Nonidet P-40 lysis buffer.
Lanes 1-5 contain 5% of total cell extract and lanes 6-10 contain
precipitates. Lanes 1 and 2 contain lysate from TRAF2 expressing cells
and no lysate from F-TANK-expressing cells. (Upper) Blot was probed
with TRAF2 C-20 antibody. (Lower) Blot was reprobed with M5 anti-
FLAG monoclonal antibody (IBI). Numbers above the lanes indicate jig
of F-TANK transfected. Lane 6 was incubated with only GST and lanes
7-10 were incubated with the GST-LMP187-231 fusion protein. Size
marker (kDa) is shown on the left.

cally to the LMP1 CT in vitro and to associate with LMP1 in
cells as determined by coimmunoprecipitation. LMP1 also
caused TRAF2 to relocalize from a diffuse cytoplasmic dis-
tribution to LMP1 patches at the plasma membrane. Further-
more, a TRAF2 binding protein, TANK (31), blocked TRAF2
from binding to LMP1 and inhibited LMP1-mediated NF-KB
activation. Importantly, a dominant negative TRAF2 mutant
(23, 30), TRAF2A6-86, still bound to LMP1, competed with
TRAF2 for LMP1 binding, and inhibited LMP1-mediated
NF-KB activation. The failure of TRAF2zA6-86 to transmit an
NF-KB activation signal implicates the TRAF2 amino terminus
as being important in transducing NF-KB activation from
LMP1.
TRAF2 is now directly implicated in NF-KB activation by the

first 45 amino acids of the LMP1 CT. TRAF2 has a much less
significant role in NF-KB activation by the last 55 amino acids
of the LMP1 CT. Transfection of 0.2 ,ug of the TRAF2A6-86
expression vector blocked most of the NF-KB activation by
LMP231, whereas transfection with 1 jig of the TRAF2A6-86
blocked less than 40% of the NF-KB-inducing activity of the
last 55 amino acids of the LMP1 CT. Further, recent data
indicate that TRAF2 binds only to the first 45 amino acids of
the CT in vitro and associates with this domain in vivo (15).
These data further support -the model that LMP1 mimics a

constitutively activated TNFR. (i) TRAF2, a TNFR-associated
protein implicated in CD40-, TNFRI-, and TNFRII-mediated
NF-KB activation (23, 30), has been shown to associate with
LMP1 and is now implicated in LMP1-mediated NF-KB acti-
vation. (ii) LMP1 forms constitutive patches in the plasma
membrane that are similar to aggregates formed when recep-
tors encounter ligand. Aggregation of LMP1 mediated by its
six transmembrane domains is necessary for LMP1 function
since mutations in these domains disrupt the ability of LMP1
to form plasma membrane patches and to alter cell growth (3,
8, 13, 27, 34) or activate NF-KB (14, 29). In contrast to the more
transient signal from ligand-TNFR interaction, LMP1 has
continuous effects on cell growth and NF-KB activation (2, 4,
11, 13). TRAF2 has been shown to relocalize to LMP1
aggregates when LMP1 is expressed in the cell; the aggregation
of TRAF2 may be a key step in TRAF2-mediated NF-KB
activation. This would be consistent with the previous finding
that TRAF2 overexpression can induce NF-KB activation since
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TRAF2 can bind to itself (16, 23) and high-level TRAF2 expres-
sion would be expected to increase homoaggregation. (iii) The
TRAF-C domain of TRAF2, which mediates TRAF2 binding to
TNFRII and the TNFRI adapter proteinTRADD (30,38) is also
essential for TRAF2 binding to LMP1, consistent with LMP1
engaging TRAF2, imitating an activated TNFR.
These experiments indicate a role for TRAF2 in NF-KB

activation by the first 45 amino acids of the LMP1 CT but do
not evaluate the role of TRAF2 in mediating LMP1 effects
other than NF-KB activation. Some of these other effects are
likely to be mediated by TRAF2 or by TRAFM or TRAF3,
which associate with the LMP1 CT (15, 17). Furthermore, the
relationship of TRAFM and TRAF3 to TRAF2 in LMP1-
mediated NF-KB activation has not been evaluated here and is
the subject of another investigation (15).
TANK appears to be a negative regulator of LMP1-

mediated NF-KB activation. TANK bound to TRAF2 (ref. 31
and results herein), and we now have shown that TANK
directly competes with the LMP1 CT for TRAF2 binding.
Even low-level TANK expression inhibited TRAF2 binding to
the LMP1 CT and partially blocked LMP1-mediated NF-KB
activation. The negative effect of low-level TANK expression
contrasts with the stimulatory effect of low-level TANK over-
expression on the NF-KB activation that was induced by low
level TRAF2 overexpression (31). The failure to discern a
positive effect of low-level TANK expression on LMP1-
mediated NF-KB activation in our experiments may be due to
LMP1's reorganization of TRAF2 into aggregates in the
plasma membrane; the strong positive effect of this reorgani-
zation on NF-KB activation likely exceeds the positive effect of
low-level TANK expression on low-level TRAF2 overexpres-
sion. In the absence of LMP1, TRAF2 is distributed through-
out the cytoplasm, similar to the localization of TANK. The
similar localization of TRAF2 and TANK is compatible with
the possibility that TRAF2 and TANK may colocalize. If
LMP1 activates NF-KB by inducing TRAF2 aggregation,
TANK may have similar effects. Low-level TANK and TRAF2
overexpression may coactivate NF-KB by aggregating TRAF2
with TANK and TANK associated proteins. Alternatively, an
NF-KB activation domain at the TANK animo terminus may
be activated by TRAF2 (31).

While the negative effects of TANK overexpression on
TRAF2 binding to LMP1 probably account for the TANK
inhibition of NF-KB activation by the first 45 amino acids of the
LMP1 CT, they are unlikely to account for the negative effects
ofTANK on NF-KB activation by the last 55 amino acids of the
LMP1 CT. TRAF2 does not bind to or associate with the last
55 amino acids of the LMP1 CT (15). Also, while TRAF2A6-86
and TANK exert similar inhibitory effects on NF-KB activation
by the first 45 amino acids of the CT, the inhibitory effect of
TRAF2A6-86 is much weaker than that of TANK on the last
55 amino acids of the LMP1 CT. Both of these results are most
compatible with the working hypothesis that the last 55 amino
acids of the LMP1 CT induces NF-KB through a TRAF-
interactive pathway that does not directly involve TRAF2. The
negative effect of TANK on the last 55 amino acids of the
LMP1 CT could be mediated by the carboxyl terminus of
TANK that has a negative effect on NF-KB activation that is
independent of the TRAF2 interacting domain ofTANK (31).

Note Added in Proof. I-TRAF (TANK) inhibition of NF-KB activation
has been described (39).
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