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Latent membrane protein 1 (LMP1) is an
Epstein—Barr virus (EBV)-encoded, ligand-independ-
ent receptor that mimics CD40. We report here that
LMP1 signals principally from intracellular compart-
ments. LMP1 associates simultaneously with lipid
rafts and with its signaling molecules, tumor necrosis
factor-receptor (TNF-R)-associated factors (TRAFs)
and TNF-R1l-associated death domain protein
(TRADD) intracellularly, although it can be detected
at low levels at the plasma membrane, indicating that
most of LMP1’s signaling complex resides in intra-
cellular compartments. LMP1’s signaling is independ-
ent of its accumulation at the plasma membrane in
different cells, and as demonstrated by a mutant of
LMP1 which has significantly reduced localization at
the plasma membrane yet signals as efficiently as does
wild-type LMP1. The fusion of the transmembrane
domain of LMP1 to signaling domains of CD40,
TNF-R1 and Fas activates their signaling; we demon-
strate that a fusion of LMP1 with CD40 recruits
TRAF2 intracellularly. Our results imply that mem-
bers of the TNF-R family can signal from intracellular
compartments containing lipid rafts and may do so
when they act in autocrine loops.
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Introduction

Members of the tumor necrosis factor receptor (TNF-R)
family initiate signaling by binding their extracellular
ligands at the plasma membrane. The receptor—ligand
interaction for CD40, a member of the TNF-R family
important in both development of B-cells and humoral
immune responses (van Kooten and Banchereau, 1997;
Grewal and Flavell, 1998; van Kooten, 2000), induces
several events leading to the initiation of signaling: it
increases CD40’s affinity for its signaling molecules,
TNF-receptor-associated factors (TRAFs); it redistributes
CD40 into membrane microdomains termed lipid rafts at
the plasma membrane thought to be the site where CD40
signals; and it leads to the recruitment of TRAFs into lipid
rafts (Pullen et al., 1999; Hostager et al., 2000; Vidalain
et al., 2000).

Latent membrane protein 1 (LMPI1) encoded by
Epstein—Barr virus (EBV) mimics CD40 in many aspects,
although, strikingly, LMP1 signals in the apparent absence
of a ligand (Martin and Sugden, 1991; Gires et al., 1997).
Both LMP1 and CDA40 activate overlapping signaling
pathways including NF-kB-, AP-1- and STAT-mediated
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transcription (Berberich et al., 1994; Mitchell and Sugden,
1995; Sakata et al., 1995; Hanissian and Geha, 1997,
Eliopoulos and Young, 1998; Gires et al., 1999). They
both bind some of the same signaling molecules such as
TRAFs through their cytoplasmic tails, although their
binding affinities differ (Sandberg et al., 1997; Pullen
et al., 1998, 1999). LMP1 but not CD40 also binds to
TNF-R1-associated death domain protein (TRADD)
(Izumi and Kieff, 1997). LMP1, when expressed in
B cells of CD40-null mice, can partially restore their
defects (Uchida et al., 1999). On the other hand, CD40 can
substitute for LMP1 in maintaining proliferation of
EBV-infected B cells (Kilger ef al., 1998). As a ligand-
independent receptor-like molecule, a portion of LMP1
associates with lipid rafts at steady state, and LMP1 both
interacts readily with TRAFs and recruits them to lipid
rafts (Devergne et al., 1996; Ardila-Osorio et al., 1999;
Higuchi et al., 2001; Kaykas et al., 2001). Targeting
LMP1’s signaling domain to lipid rafts has been shown to
be required for its efficient signaling (Kaykas et al., 2001).

The mechanism by which LMP1 signals in a ligand-
independent manner has been studied intensively. It is
known that LMP1 can be cleaved in some live cells by
externally added chymotrypsin (Liebowitz et al., 1986;
Martin and Sugden, 1991), indicating that a portion of
LMP1 can localize to the plasma membrane. It is also clear
that the six membrane-spanning domain of LMP1 medi-
ates the aggregation of LMP1 molecules and the assembly
of a signaling complex (Gires et al., 1997; Kaykas et al.,
2001). The role of the membrane-spanning domains of
LMP1 in assembling a ligand-independent signaling
complex has been demonstrated by studies of an
LMP1-CD40 chimera that has the N-terminus and the
membrane-spanning domains of LMP1 fused to the
cytoplasmic tail of CD40 and activates CD40’s signals
in the absence of CD40L (Gires et al., 1997). Finally, the
membrane-spanning domains of LMP1 have been shown
to mediate association of LMP1 with lipid rafts (Higuchi
et al., 2001; Coffin et al., 2003). Because LMP1 mimics
CD40 in many aspects, it has been hypothesized that
LMP1 signals at the plasma membrane by forming
aggregates through its transmembrane domains.

In this study, we demonstrate that LMP1 is able to signal
from intracellular sites containing lipid rafts. We have
found that LMP1 co-localizes both with the lipid raft
marker cholera toxin and with its signaling molecule
TRADD in perinuclear structures, and actively recruits
TRAFs there. Using treatment of live cells with chymo-
trypsin and electron microscopy, we demonstrate that little
LMP1 localizes to the plasma membrane. We find also that
LMP1’s signaling in different host cells is unrelated to its
localization at the plasma membrane. Furthermore, the
fraction of LMP1 that co-precipitates with TRAFs is
significantly greater than that found at the plasma mem-
brane at steady state. Lastly, a mutant of LMP1, in which
three adjacent leucines in its C-terminal cytoplasmic
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Fig. 1. LMP1 co-localizes with internalized cholera toxin. 721 cells, 293 or CNE cells transiently expressing LMP1 were incubated with 2.5 png/ml
FITC-conjugated cholera toxin (green) at 4°C for 30 min. Cells were washed twice with cold medium and either fixed, or shifted to 37°C for 30 min
then fixed. The fixed cells were then stained for LMP1 (red). Yellow indicates co-localization of LMP1 and CTxB. At 4°C, most of LMP1 did not co-
localize with CTxB in 721 cells (A, the first and second rows). In ~16% of 721 cells, LMP localized to the cap-like structures which co-localized with
surface-bound CTxB (A, third and fourth rows, see text). LMP1 also co-localized with internalized CTxB in 721 cells (B). White arrowheads in (B)
indicate co-localization of LMP1 and CTxB at the perinuclear structures after CTxB had moved intracellularly on incubating live cells at 37°C for
30 min. In 293 and CNE cells, co-localization of LMP1 and surface-bound CTxB was rarely detected (C and E). LMP1 at the perinuclear and vesicu-

lar-like structures did co-localize with internalized CTxB (D and F).

domain are substituted with alanines, is not accessible to
digestion by chymotrypsin but signals as efficiently as
does wild-type LMP1. Collectively, these results demon-
strate that in different cells, much or all of LMP1’s
signaling complex resides in intracellular compartments.

The fusion of the N-terminus and the six membrane-
spanning domain of LMP1 to signaling domains of
TNF-R2, CD40 and Fas activates their signaling in the
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absence of ligands (Gires et al., 1997; Hatzivassiliou et al.,
1998; Kaykas et al., 2001; A.Kaykas and B.Sugden,
unpublished results). In extending our study on LMP1 to
other members of the TNF-R family, we have found that
the LMP1-CD40 chimera localizes similarly to LMP1 in
cells and recruits TRAF2 to intracellular sites. Several
members of the TNF-R family including CD40, Fas and
TNF-R can be co-expressed with their ligands in individual
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Fig. 2. The fraction of LMP1 accessible to cleavage in live cells by chymotrypsin differs among cell types. (A) The first extracellular loop of LMP1
can be cleaved by chymotrypsin when LMP1 is at the cell surface. The cleaved product can be separated from intact LMP1 by SDS-PAGE and identi-
fied by western blotting using an antibody against the C-terminal cytoplasmic domain of LMP1 (Liebowitz et al., 1986). (B) Live 721 cells were trea-
ted with different concentrations of chymotrypsin for different periods of time as indicated and as described in Materials and methods. The
chymotrypsin-treated cells were lysed in 1X RIPA. Cell lysates from 5 X 10* cells for each sample were separated by SDS-PAGE and transferred to
a nitrocellulose membrane. The LMP1 was detected with a polyclonal rabbit anti-LMP1 antibody followed by 3°S-labeled goat anti-rabbit antibodies.
The cleaved LMPI and the uncleaved LMP1 were quantified. The percentage of cleavage was calculated as [cleaved LMP1/(cleaved
LMPI1 + uncleaved LMP1)] and plotted. Shown is a representative of three independent experiments. (C) Live 721 cells, and 293, CNE and
BJAB cells transiently expressing LMP1 were treated with 1000 U/ml chymotrypsin for 10 min at room temperature. The fractions of LMP1 being

cleaved were calculated as described in (B).

cells and act in autocrine loops in those cells (Dhein et al.,
1995; Barker et al., 2001; Pham et al., 2002). Our results
imply that members of the TNF-R family have the ability
to signal from intracellular compartments containing lipid
rafts and may do so when they act in autocrine loops.

Results

LMP1 co-localizes with internalized cholera toxin

Targeting LMP1 to lipid rafts is required for efficient
signaling of LMP1 (Kaykas et al., 2001). In EBV-
transformed lymphoblastic cells and EBV-negative 293
or BJAB cells expressing LMP1, a relatively constant

fraction of LMP1 has been detected in detergent-resistant
membranes, the biochemically isolated fraction known to
contain lipid rafts (Higuchi er al., 2001; Kaykas et al.,
2001; Rothenberger et al., 2002). To characterize where
LMP1 associates with lipid rafts, we performed confocal
microscopy to examine co-localization of LMP1 with
either surface-bound or internalized cholera toxin B
subunit (CTxB). CTxB binds to the glycosphingolipid
GM1 and has been widely used as a marker for lipid rafts.
The CTxB-GM1 complex originating at the cell surface is
internalized to endosomes and further to Golgi in a lipid
raft-dependent pathway at 37°C (Shogomori and
Futerman, 2001; Wolf ez al., 2002).
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No. of Total No. of  Total No, of particles at Average % of particles at
cells counted particles counted the plasma membrane the plasma membrane
721 30 7811 760 1
721/2nd Ab only 30 1918 N.D. N.D.
293/LMP1 17 18879 1039 6.5 (p<0.05)
293 10 1677 N.D. N.D.

Fig. 3. Electron microscopy confirms that the majority of LMP1 does not localize at the plasma membrane. LMP1’s subcellular localization was exam-
ined in 721 (A) and 293 (B) cells by immunogold electron microscopy as described in Materials and methods. Arrowheads in (A) indicate examples
of staining of LMP1 at the plasma membrane and at intracellular compartments. N, nuclear; PM, plasma membrane; scale bar = 1 pm. The fraction of
LMP1 at the cell surface was quantified by counting the number of particles from randomly chosen cells (C). The difference between 721 and 293
cells was significant (Wilcoxon one-sided test, P < 0.05). ND, not determined. The silver enhancement of the fine gold particles leads to their dimen-

sions varying. Each deposition was counted once independently of its size.

In the 721 cell line, which is an EBV-immortalized
lymphoblastic cell clone, and two other EBV-infected
primary B-cell clones (data not shown), LMP1’s sub-
cellular localization and levels of expression were unex-
pectedly heterogeneous among cells. In the majority of
cells, LMP1 was detected in punctate vesicular-like and
perinuclear structures (Figure 1A). In ~16% of examined
721 cells (24/135 and 30/202 in two assays), LMPI
localized in cap-like structures at the cell surface
(Figure 1A, the third and fourth rows). Only 20% of 721
cells could be stained with CTxB to permit their
visualization by confocal microscopy. At 4°C, CTxB
bound to the cell surface showed either patches or a nearly
homogeneous annulus of staining. LMP1 in cap structures
consistently co-localized with surface-bound CTxB
(Figure 1A). After the cells were shifted to 37°C to
allow surface-bound CTxB to be internalized, LMP1 was
also found to co-localize with internalized CTxB in
perinuclear regions (Figure 1B).

In contrast to 721 cells, the staining pattern of LMP1
was homogeneous among EBV-negative 293 cells. The
cap-like staining of LMP1 was not detected in these cells.
All of the LMP1 was seen in punctate vesicular-like and
perinuclear structures (Figure 1C). A fraction of the
perinuclear structures co-localized with AP-1 and GGA3,
which are proteins known to localize at the trans-Golgi
network, indicating that they may be Golgi (data not
shown). The identities of the vesicular-like structures are
unknown. LMP1 did not co-localize detectably with either

3030

an early endosomal marker EEA1 or a lysosomal marker
LAMP-1 in the vesicular-like structures (data not shown).
At 4°C, CTxB homogeneously bound to the surface of 293
cells (Figure 1C). LMP1 generally failed to co-localize
with the surface-bound CTxB. However, after shifting the
cells to 37°C, CTxB and LMP1 co-localized in a fraction
of the perinuclear and vesicular structures (Figure 1D).
These studies, when combined with those using the
biochemical fractionation of detergent-resistant mem-
branes rafts (Higuchi et al., 2001; Kaykas et al., 2001;
Rothenberger et al., 2002), indicate that LMP1 partitions
into lipid rafts in various cellular compartments. In 293
cells, in which 30% of LMP1 is found in lipid raft
fractions, almost all of this partitioning occurs intracellu-
larly. We extended our studies to cells that can be hosts for
EBV. CNE cells are presumably descendants of EBV-
positive nasopharyngeal carcincoma cells because these
tumors are generally EBV positive in vivo but often lose
the virus in culture. BJAB cells are derived from an EBV-
negative Burkitt’s lymphoma and have been used often to
study LMPI1. The staining patterns of LMP1 in EBV-
negative CNE (Figure 1E) and BJAB (data not shown)
cells were similar to those in 293 cells. No heterogeneity
and cap-like structures were detected. In CNE cells, LMP1
co-localized with internalized but not with surface-bound
CTxB (Figure 1E and F). We were unable to monitor the
possible partitioning of LMP1 into intracellular lipid rafts
with CTxB in BJAB cells because this cell line only
marginally stained with CTxB (data not shown). Detection



LMP1 signals from intracellular compartments

B LWMP1  TRADD Merge

DIz TRAF2.GFP

=} caTLMPY

TRAF2-GFP

(Bl sub2CAS5LMP1 | TRAF2-GFP

G 121 293/LMP1

lysate IP lysate P

T L3k R R

eb g3z e PERER
- F F E -

- o e LMP1 - - - e — LMP1
2R E 2 % £ Fractonorwpt
b Ly coimmunoprecipitated

Fig. 4. LMP1 associates with its signaling molecules intracellularly. 721 cells were stained for LMP1 (red) and TRAF2 (green) (A) and for LMP1
(red) and TRADD (green) (B). Yellow indicates co-localization of red and green. Arrowheads in (A) and (B) indicate co-localization of LMP1 with
TRAF2 and TRADD at the perinuclear structures. 293 cells transiently expressing TRAF2-GFP (green) (C), TRAF2-GFP and LMP1 (D),
TRAF2-GFP and CATLMP1 (E), and TRAF2-GFP and Sub2CA55LMP1 (F) were stained for LMP1 (red) and TRADD (blue). White indicates co-
localization of the three colors. Arrowheads in (D) indicate the perinuclear structures where LMPI1 recruited TRAF2-GFP and co-localized with
TRADD. In cells expressing lower levels of TRAF2-GFP, LMP1 recruited all TRAF2-GFP to its own sites (compare the upper cell in D with those in
C). Co-localization of the three proteins was only observed at these perinuclear structures. CATLMP1, which can bind TRAF2-GFP and TRADD but
lacks its membrane-spanning domains (E), localizes homogeneously in the cytoplasm but did not affect the distribution of TRAF2-GFP.
Sub2CAS5LMP1 (F), which has a mutated TRAF-binding site and lacks a TRADD-binding site, localized similarly to wild-type LMP1 but did not
recruit TRAF2-GFP to the perinuclear structures (arrowhead) and vesicular-like structures. Both CATLMP1 and Sub2CASS5LMP1 are defective in sig-
naling. (G) The fraction of LMP1 co-precipitated with TRAFs was measured in 721 and 293 cells. Cell lysates were immunoprecipitated with anti-
bodies against TRAF1, 2 or 3 as described in Materials and methods. The immunoprecipitates were separated by SDS-PAGE, transferred to
nitrocellulose and detected with antibodies to LMP1. Different amounts of the cell lysate used for each immunoprecipitation were loaded as standard
for calculation of the fraction of LMP1 being co-precipitated with TRAFs.

of LMP1’s association with lipid rafts in intracellular
compartments is consistent with a surprising hypothesis

in both EBV-positive and -negative 293, CNE and
BJAB cells to determine if the distribution of this CD40-

that LMP1 can signal from inside cells. Different studies
have found LMPI1 to be at the plasma membrane
(Liebowitz et al., 1986; Martin and Sugden, 1991; Coffin
et al., 2001). However, our results indicate that little
LMP1 localizes at the plasma membrane in 293, CNE and
BJAB cells. We therefore reassessed LMP1’s distribution

mimic is consistent with this hypothesis.

The portion of LMP1 susceptible to cleavage by
chymotrypsin differs among cell types

Liebowitz et al. (1986) have found that chymotrypsin
cleaves LMPI1 at its first extracellular loop in live cells
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(Figure 2A). We found that the portion of LMPI cleaved
by chymotrypsin at the plasma membrane differed
dramatically among cell types. In EBV-positive 721
cells, 20-25% of LMP1 was maximally accessible to
digestion by chymotrypsin (Figure 2B). The fraction of
LMP1 cleaved was dose dependent and plateaued when
treated with 800 U/ml chymotrypsin for a 10 min digestion
at room temperature. Increasing either the concentration of
chymotrypsin or the time of digestion did not increase
significantly the amount of LMP1 digested. Only 3-5% of
LMP1 could be cleaved in 293 cells and <1% could be
cleaved in CNE and BJAB cells when transfected such that
these cells expressed levels of LMP1 comparable with that
expressed in 721 cells (Figure 2C). The kinetics of
digestion of LMP1 by chymotrypsin in 293, CNE and
BJAB cells were similar to those in 721 cells, with 800 U/
ml chymotrypsin for 10 min giving maximal digestion
(data not shown). In one experiment, 721 cells were
labeled with [3*S]methionine for 10 min, chased for 0, 10,
20, 40, 60 and 120 min, digested with chymotrypsin and
the level of digestion of LMP1 measured. At no time did
more than 20% of the labeled LMP1 become digested
(data not shown), consistent with our steady-state meas-
urement in 721 cells. The results of cleavage with
chymotrypsin are in agreement with the confocal micro-
scopic observation and indicate that only low levels of
LMP1 localize to the plasma membrane at the steady state
in 293, CNE and BJAB cells. Although little LMP1
localized to the plasma membrane in these cells, LMP1
signals efficiently in all three cell lines (Mitchell and
Sugden, 1995; Kieser et al., 1997; Sandberg, 1999; Kwok
Fung Lo et al., 2001). These observations support the
unexpected hypothesis that LMP1 is able to signal from
intracellular compartments.

Electron microscopy confirms that little LMP1
localizes to the plasma membrane

In order to validate the results obtained from treating live
cells with chymotrypsin, we used immuno-gold electron
microscopy to visualize the subcellular localization of
LMP1 in both 721 and 293 cells. The specificity of LMP1
staining was controlled by staining 721 cells with
secondary antibodies only and by staining 293 cells not
expressing LMP1 with anti-LMP1 antibodies. As shown in
Figure 3A and B, in both 721 cells and 293 cells transiently
expressing LMP1, the majority of immuno-gold staining
for LMP1 resided inside cells associated with the Golgi
and other membrane structures. We quantified the gold-
tagged LMP1 at the plasma membrane by counting the
gold particles in cells randomly chosen throughout ultra-
thin sections (Figure 3C). The electron microscopic
measurements confirmed those derived from treating
cells with chymotrypsin; the majority of LMP1 did not
localize to the plasma membrane, but more LMPI
localized at the plasma membrane in 721 cells than in
293 cells. The subcellular localization of LMP1 in EBV-
positive and EBV-negative cells is consistent with the
hypothesis that it can signal from intracellular lipid rafts.

LMP1 associates with its signaling molecules
inside cells

We next examined whether LMP1 interacts with its
signaling molecules intracellularly. Because TRAFs and
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TRADD bind directly to LMP1 and these interactions have
been found to be necessary for LMPI1’s signaling
(Mosialos et al., 1995; Kaye et al., 1996; Izumi and
Kieff, 1997; Sandberg et al., 1997; Devergne et al., 1998;
Kieser et al., 1999), we were particularly interested in
finding where LMP1 associates with these mediators of its
signaling.

In 721 cells, LMP1 co-localized with endogenous
TRAF2 in both cap-like structures at the plasma mem-
brane and perinuclear structures (Figure 4A). LMPI
appeared to recruit TRAF2 to the sites where LMP1
localized. In cells expressing higher levels of LMPI,
TRAF2 was more concentrated in regions where LMP1
localized, whereas in cells expressing lower levels of
LMP1, TRAF2 was distributed more homogeneously
throughout the cells. Endogenous TRADD in 721 cells
was detected in perinuclear structures and throughout the
cells in speckles. LMP1 co-localized with TRADD most
apparently in the perinuclear region (Figure 4B). In 293
cells, endogenous TRADD mainly localized in perinuclear
structures similar to what has been described previously
(Morgan et al., 2002) (Figure 4C). A portion of LMP1 at
the perinuclear structures co-localized with TRADD
(Figure 4D). Expression of LMP1 did not affect
TRADD’s subcellular localization. We used TRAF2-
green fluorescent protein (GFP) to facilitate visualization
of TRAF2 and to monitor co-localization of the three
proteins. In the absence of LMP1, TRAF2-GFP homo-
geneously distributed in the the cytoplasm. TRAF2-GFP
also localized to speckles in addition to its otherwise
homogeneous distribution in the cytoplasm when it was
expressed at high levels (Figure 4C). When LMP1 and
TRAF2-GFP were co-expressed in cells, LMP1 actively
recruited TRAF2-GFP to perinuclear structures and to
some but not all of the vesicular-like structures
(Figure 4D). This recruitment was so robust that in cells
expressing low levels of TRAF2—-GFP, all of TRAF2-GFP
relocalized to the sites in which LMP1 resided (Figure 4D).
Co-localization of LMP1 simultaneously with both
TRAF2 and TRADD was only detected inside cells at
the perinuclear structures. TRAF3, which is the TRAF
molecule that binds LMP1 most strongly, was recruited to
LMP1 at the intracellular sites, as was TRAF2 in 293 cells
(data not shown).

The recruitment of TRAF2 to perinuclear and vesicular-
like structures required both the localization of LMPI to
those structures and binding of TRAF2 to LMPI1, as
demonstrated by two derivatives of LMP1. One derivative
of LMP1 (CATLMP1) in which the cytoplasmic tail of
LMP1 is fused to chloramphenicol acetyltransferase
(CAT) such that the LMP1 moiety is trimerized does not
localize to the cellular membranes and fails to signal
(Kaykas et al., 2001). CATLMP1 did not recruit TRAF2
into distinct membrane structures. Both CATLMP1 and
TRAF2-GFP distributed throughout the cytoplasm
(Figure 4E). Another derivative of LMP1 in which its
TRAF-binding domain is mutated and its TRADD-binding
site is deleted (Sub2CAS5LMP1) (Sandberg et al., 1997)
localized in vesicular-like and perinuclear structures
similarly to wild-type LMP1, but also did not affect the
subcellular localization of TRAF2-GFP (Figure 4F). We
did notice that some small speckles of TRAF2-GFP co-
localized with Sub2CAS5LMPI in perinuclear structures.
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the leucine to alanine substitutions in 3LLMP1. (B) 293 cells transiently expressing LMP1 or 3LLMP1 were treated with 1000 U/ml chymotrypsin for
10 min at room temperature as described in Materials and methods. LMP1 was analyzed by SDS-PAGE and western blotting. The blot was overdeve-
loped in order to detect as little as 0.1% of LMP1 being cleaved. The signals therefore are not linear. Activation of NF-kB-mediated transcription (C)
and JNK (D) by both wild-ype LMP1 and 3LLMP1 was assayed in 293 cells. For both assays, the basal activities in the absence of LMP1 were set as
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TRADD (blue) at the perinuclear structures (white arrowhead) in 293 cells. (F) The fraction of 3LLMP1 co-precipitated with TRAFs was measured as
described in Figure 4G and was found to be similar to that of wild-type LMP1.

The mutated TRAF-binding site does not bind TRAF2
detectably but has ~10% of wild-type activity to bind
TRAF1 (Sandberg et al., 1997). Because TRAF1 and
TRAF2 form hetero-oligomers (Pullen et al., 1998), such
co-localization was probably mediated by the mutant’s
residual TRAF-binding activity.

We also quantified LMP1’s association with endogen-
ous TRAFs in order to measure the fraction of all LMP1
engaged in a signaling complex at steady state. When cell
lysates were precipitated with antibodies against TRAF1, 2
and 3, 40% of LMP1 was co-precipitated in 721 cells, and
~12% of LMP1 was co-precipitated in 293 cells transiently
expressing LMP1 (Figure 4G). The fractions of LMP1
found to be co-precipitated with TRAFs were underesti-
mates because the efficiencies of precipitation for TRAF1,

2 and 3 cannot have been complete and the antibodies to
TRAFI1, 2 and 3 did not allow an estimate of their
precipitation efficiency. However, this underestimated
fraction of LMP1 associating with TRAFs as measured
by their co-immunoprecipitation surpassed that at the
plasma membrane at steady state, indicating that LMP1
must associate with endogenous TRAFs intracellularly.
Both the binding to TRAFs and its localization to lipid
rafts are important for LMP1’s signaling. In 721 cells, the
two events were detected at both the plasma membrane
and intracellular compartments. In 293 cells, the two
events occurred predominantly in intracellular compart-
ments. LMP1’s signaling also requires its binding to
TRADD; LMPI1’s association with TRADD occurred
detectably only intracellularly in both 721 and 293 cells.
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LMP1-CD40

TRAF2-GFP

Fig. 6. An LMP1-CD40 chimera recruits TRAF2 to intracellular com-
partments. 293 cells expressing TRAF2—-GFP (green) and LMP1-CD40
(red), which has the N-terminus and the transmembrane domain of
LMP1 fused to the cytoplasmic tail of CD40, were fixed and stained
with anti-CD40 antibodies. Arrowheads indicate co-localization of
TRAF2-GFP and LMP1-CD40 at the perinuclear structures (yellow).
TRAF2-GFP was recruited to sites where LMP1-CD40 localized (com-
pare TRAF2-GFP’s localization in this figure with that in Figure 4C).

Moreover, simultaneous association of LMP1 with TRAF
and TRADD was detected only inside cells. Collectively,
these observations support LMP1 signaling intracellularly.

A mutant of LMP1 that cannot be cleaved by
chymotrypsin in live cells signals as efficiently as
does wild-type LMP1

We have found that derivatives of LMP1 with deletions of
the entire or the last 55 amino acid of its C-terminal
cytoplasmic tail could not be cleaved detectably by
chymotrypsin in live cells, indicating that the last 55
amino acids contribute to LMPI’s localization at the
plasma membrane (data not shown). Further genetic
analysis allowed us to identify a derivative of LMP1 that
was resistant to cleavage by extracellularly added
chymotrypsin but had wild-type activity in its signaling.
The derivative, termed 3LLMPI, had leucine to alanine
substitutions at amino acids 362, 363 and 364 (Figure 5A).
3LLMPI1 was not cleaved detectably by chymotrypsin in
live 293 (Figure 5B) and BJAB (data not shown) cells,
even though this assay detected as little as 0.1% of LMP1
being cleaved (data not shown). Electron microscopy
indicated that, on average, ~3.1% (total of 9260 enhanced
gold particles counted from 15 cells) of 3LLMP1 was at or
close to the plasma membrane, which was significantly
less than wild-type LMP1 (P < 0.005, Wilcoxon one-sided
test). The result of electron microscopy on 3LLMP1 was
an overestimation because the number of gold particles at
the plasma membrane in 293 cells not expressing LMP1
(seven particles/cell) was at least one-third of that stained
for 3LLMP1(20 particles/cell). 3LLMP1 activated both
NF-kB and JNKI1 signaling pathways in 293 cells as
efficiently as did wild-type LMP1 (Figure 5C and D). As
expected, 3LLMP1 also co-localized with internalized
CTxB, TRADD and recruited TRAF2 in intracellular
compartments (Figure SE; data not shown). Approxi-
mately 12% of 3LLMP1 can be co-precipitated with
TRAFI, 2 and 3 in 293 cells, as can wild-type LMP1
(Figure S5F, compare with Figure 4G). The efficient
signaling of this derivative of LMP1 indicates that the
fraction of LMP1 at the plasma membrane at steady state
does not correlate with its ability to signal, and further
illustrates LMP1’s capacity to signal from inside 293
cells.
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An LMP1-CD40 chimera associates with TRAF2
intracellularly

The N-terminus and transmembrane domains of LMP1
probably mediate its localization to intracellular compart-
ments because a derivative of LMP1 lacking its entire
C-terminal cytoplasmic tail localized to perinuclear
structures similarly to wild-type LMP1 (data not shown).
Because a chimera that has a fusion of the N-terminus and
the membrane-spanning domain of LMP1 to CD40’s
cytoplasmic domain activates CD40 signaling efficiently
(Gires et al., 1997; Hatzivassiliou et al., 1998; Kaykas
et al., 2001), we asked whether this derivative associates
with its signaling molecules inside cells. Most of the
LMP1-CD40 chimera localized at the perinuclear struc-
tures in 293 cells (Figure 6). A small fraction of
LMP1-CD40 was also detected in vesicular-like struc-
tures. When co-expressed with TRAF2-GFP, LMP1-
CDA40 recruited TRAF2—-GFP to the perinuclear structures
similarly to LMP1. This observation indicates that the
LMP1-CD40 chimera also associated with one of its
signaling partners inside 293 cells.

Discussion

LMPI1 co-localized with both internalized CTxB and
TRADD in perinuclear structures, and actively recruited
TRAFs there in EBV-negative 293 cells which support
LMP1’s signaling efficiently (Figures 1, 3 and 4).
Localizing to lipid rafts and binding to TRAFs and
TRADD are necessary for LMP1’s signaling. All of these
events were detected in intracellular compartments in 293
cells, indicating that LMP1 resides in its signaling
complex at intracellular sites in these cells. The use of
chymotrypsin to assay the LMP1 accessible to cleavage in
live cells coupled with electron microscopy demonstrated
that little LMP1 is at the plasma membrane at steady state
in 293, CNE and BJAB cells, consistent with its signaling
intracellularly (Figures 2 and 3). The efficient signaling of
the 3LLMP1 derivative that accumulates much less at the
plasma membrane than does wild-type LMPI1 further
supports this conclusion. Although the association of
LMP1 with TRAF2 and lipid rafts was detected mostly
intracellularly in 721 cells and that of LMP1 with TRADD
only intracellularly in these cells, we did detect LMP1 co-
localized with CTxB and TRAF?2 at the plasma membrane
in a small fraction of cells, indicating that LMP1 may
signal from both intracellular sites and the plasma
membrane. Our results cannot rule out that in 293, CNE
and BJAB cells, a small fraction of LMP1 signals at the
plasma membrane; rather the data clearly demonstrate that
at steady state much of LMP1’s signaling is independent of
its localization at the plasma membrane.

We have measured where the LMP1 signaling complex
accumulates at steady state throughout the study. One
caveat of this measurement is that it cannot exclude the
possibility that all LMP1 may need to go to the plasma
membrane first in order to assemble a signaling complex.
Such a scenario is unlikely because there is no evidence
supporting that LMP1 at the plasma membrane behaves
differently from intracellular LMPI1. Furthermore, the
localization of LMP1 at perinuclear structures is probably
aresult of direct targeting of LMP1 to those structures. In a
pulse—chase experiment, we have found that most LMP1



synthesized during a 10 min pulse remained resistant to
cleavage by chymotrypsin sampled six times during a 2 h
chase period (data not shown), indicating that the majority
of LMP1 is localized intracellularly. The half-life of
LMP1 is 2-4 h. We have also found that in BJAB cells in
which LMP1 is inducibly expressed by tetracycline,
disruption of the actin cytoskeleton with latrunculin B
resulted in the accumulation of newly synthesized LMP1
only at perinuclear structures (unpublished data). Because
actin has been shown to be involved in endocytosis (Jeng
and Welch, 2001; McPherson, 2002; Schafer, 2002), the
experiment probably indicates that LMP1 is targeted to the
perinuclear structure without first trafficking to the plasma
membrane.

In 721 cells and other clones of EBV-infected
lymphoblastic cells (data not shown), we have found that
the subcellular localization of LMP1 is heterogeneous.
This heterogeneity was characterized by the presence of
LMP1 in cap-like structures at the plasma membrane in a
fraction of cells. The cap-like structure co-localized with
CTxB and TRAF2, indicating that it may be a site where
LMP1 signals. However, this membrane ‘capping’ was
present in a minority of the cells (16% of 721 cells) and
absent from epithelial and EBV-negative B cells. We
speculate that this heterogeneity is caused by EBV’s
transformation of infected cells, because LMP2, the only
other viral membrane protein known to be expressed in
EBV-positive lymphoblastic cells, neither interacts with
nor affects subcellular localization of LMP1 (Dawson
et al., 2001).

Some studies have found previously that chymotrypsin
can cleave almost all of LMP1 in mouse Balb/3T3 cells
and in transfected 293 cells (Martin and Sugden, 1991;
Coffin et al., 2001). We have found that the chymotrypsin
must be inactivated prior to cell lysis by adding the
protease inhibitor phenylmethylsulfonyl fluoride (PMSF)
and washing the cells twice with phosphate-buffered saline
(PBS) in the presence of PMSF in order to prevent
cleavage of intracellular LMP1. This treatment enabled us
to generate a dose-dependent curve for digestion with the
protease and to establish criteria for its plateau. Indeed,
using the new treatment, we have found that only a small
fraction of LMP1 is accessible to cleavage in Balb/3T3
cells (data not shown). Our results with 721 cells are
consistent with those of previously published studies in
which ~30% of LMP1 was cleaved in an EBV-positive
Burkitt lymphoma cell line Jijoye (Liebowitz et al., 1986).
Most importantly, analyses with both electron and
confocal microscopy have confirmed the results of the
assay with chymotrypsin under our present conditions.

Both activated CD40 and LMP1 recruit TRAF:s to lipid
rafts. Upon binding to its ligand, CD40 translocates to lipid
rafts at the plasma membrane and recruits TRAFs there. In
contrast, association of LMP1 with lipid rafts and TRAFs
occurs mainly within 293 and BJAB cells at sites distinct
from the plasma membrane. In addition to the plasma
membrane, lipid rafts have been shown to be present in
Golgi, late endosomes and recycling endosomes (Heino
et al., 2000; Chatterjee et al., 2001; Ikonen, 2001; Fivaz
et al., 2002). LMP1 probably associates with lipid rafts in
several of those intracellular compartments because it co-
localized with internalized CTxB in both vesicular-like
and perinuclear Golgi-like structures (Figures 1 and 4). It

LMP1 signals from intracellular compartments

is fascinating though puzzling that although the fraction of
LMP1 that associates with lipid rafts remains relatively
constant from cell type to cell type, only in EBV-infected
lymphoblastic cells does this association occur detectably
at the plasma membrane. Studying the intracellular
trafficking of LMP1 further should illuminate both the
trafficking of lipid rafts per se and the mechanism by
which LMP1 signals ligand independently.

Our findings with the chimera LMP1-CD40 indicate
that CD40 signaling partners can associate in intracellular
compartments containing lipid rafts to signal efficiently.
The fusions of the amino/transmembrane domain of LMP1
to signaling domains of other members of the TNF-R
family including TNF-R2 and Fas also lead to the
activation of their signaling (Gires et al., 1997,
A.Kaykas and B.Sugden, unpublished results), indicating
that members of the TNF-R family are capable of
associating with their signaling partners and signaling in
intracellular sites as is LMP1. The ability of Fas to signal
from intracellular compartments has been demonstrated in
several prostate cancer cell lines that are resistant to Fas-
mediated killing when treated extracellularly with FasL
but become susceptible when these cells express FasL
themselves (Hyer et al., 2000). It has been shown that
several members of the TNF-R family including CD40,
Fas and TNF-R can be co-expressed with their ligands in
individual cells and act in autocrine loops in those cells
(Dhein et al., 1995; Barker et al., 2001; Pham et al., 2002).
We propose that these receptor-ligand pairs, when
expressed simultaneously, interact to initiate signaling
intracellularly. Targeting receptors to the plasma mem-
brane therefore would occur for the purpose of sensing
their extracellular ligands.

Materials and methods

Cell culture and plasmids

721 is an EBV-immortalized lymphoblastic cell line, BJAB is an EBV-
negative Burkitt lymphoma cell line, 293 is a human embryonic kidney
cell line and CNE is an EBV-negative nasopharyngeal carcinoma cell
line. 721, BJAB and CNE cells were grown in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS). 293 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS. All
cell culture media were supplemented with 200 U/ml penicillin and
200 pg/ml streptomycin, and all cells were grown at 37°C in a humidified
5% CO, atmosphere.

The expression plasmid for LMP1was generated by cloning the cDNA
of LMP1 from the B95-8 strain of EBV into the pSG5 vector. The plasmid
encoding 3LLMP1 was generated from a wild-type LMP1 expression
plasmid by using PCR-mediated mutagenesis. The plasmid encoding
TRAF2-GFP was generated by fusing the enhanced GFP (EGFP) from
pEGFPC-1 (Clontech) in-frame to a TRAF2 expression vector. The
expression plasmid for CATLMP1 was described before (Kaykas et al.,
2001). The plasmid encoding the Sub2CAS5S derivative of LMPlwas
generated from an expression plasmid for Sub2LMP1 (Sandberg et al.,
1997). Sub2CAS5S5LMP1 has substitutions of H203A, D209A and D210A,
and a deletion of the last 55 amino acid of LMP1. The plasmid encoding
LMPI1-CD40 was described before (Kaykas et al., 2001).

Treatment of live cells with chymotrypsin

BJAB and CNE cells (5 X 10 were transfected with 1 pg of an
expression plasmid for LMP1 by electroporation. 293 cells at ~20-30%
confluency in 6-well plates were transfected with 100 ng of an expression
plasmid for LMP1 in each well by calcium phosphate precipitation.
Transfected cells were analyzed 24 or 48 h after transfection. 721 or
BJAB cells growing exponentially were harvested and washed twice with
PBS. One million cells were then incubated with different concentrations
of chymotrypsin diluted in RPMI 1640 in a volume of 300 pl. For 293 and
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CNE cells, all reactions were performed in 6-well plates 24 or 48 h after
transfection. A 300 pl aliquot of chymotrypsin at different concentrations
was added to each well. The cell-chymotrypsin mixtures were incubated
at room temperature for 10 min or for different periods of time, as
indicated in the figures legends. All reactions were stopped by adding
300 pl of cold PBS + 2 mM PMSF and two more washings with cold
PBS + 2 mM PMSF. The cells were then lysed with 1X RIPA buffer
(20 mM Tris—-HCI pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5%
deoxycholate, 0.5% SDS). The cell lysates were analyzed by SDS-PAGE
and western blotting.

Immunogold electron microscopy
293 cells at 20-30% confluency in a 10 cm dish were transfected with 1 ug
of an expression vector for LMP1 and harvested 48 h after transfection.
All procedures were carried out at room temperature. 721 or 293 cells
were fixed with 4% paraformaldehyde (PFA). Ten million cells were
permeabilized with 5 ml of 0.0015% Triton X-100 (10% of Triton X-
100’s critical micell concentration) + 25 pg/ml digitonin in PBS for
15 min, blocked with 1 ml of 5% goat serum + 5% calf serum + 0.1%
acetylated bovine serum albumin (Aurion) + 0.1% cold water fish skin
gelatin in PBS for 30 min, stained with 1 ml of CS1-4 monoclonal anti-
LMP1 antibodies (DAKO) at 1:200 in PBS for 3 h, and then stained with
1 ml of ULTRA-SMALL gold-labeled goat anti-mouse antibodies
(Aurion) at 1:80 in PBS for at least 4 h. After staining with antibodies,
the cells were washed three times for 2 h each time, fixed with 200 pul of
4% PFA for 10 min, silver-enhanced with 300 ul of freshly prepared
silver-enhancement reagent R-GENT SE-EM (Aurion), fixed with 1%
glutaraldehyde for 30 min, fixed with 0.1% osmium tetroxide for 15 min,
and finally embedded into Spurr’s resin. The silver enhancement allowed
detection of the fine gold particles which were used to maximize
penetration of the permeablized cells.

Ultra-thin sections of 70-90 um of the embedded cells were examined
on a Philips CM 120 electron microscope.

Staining cells with cholera toxin

Exponentially growing 721 cells, transfected 293 or CNE cells growing
on a coverslip 24 h after transfection were chilled on ice for 5 min. Cells
were incubated on ice with 2.5 pg/ml fluorescein isothiocyanate (FITC)-
conjugated cholera toxin in cell culture medium + 2% FBS at a
concentration of 4 X 10° cells/ml. Unbound cholera toxin was removed
by washing cells three times with cold cell culture medium. The cells
were either fixed or shifted to 37°C. At 30 min after the temperature shift,
the cells were fixed with 4% PFA and processed for immunostaining.

Immunofluorescent staining

293 cells transiently expressing LMP1 were transfected as described
above. For experiments using TRAF2-GFP, 100 ng of an expression
plasmid encoding TRAF2-GFP were transfected into each well of 6-well
plates. For the LMP1-CD40 experiment, 250 ng of an expressing plasmid
encoding LMP1-CD40 were transfected into each well of 6-well plates.
Transfected cells were harvested 24-36 h after transfection. 721 cells
harvested in a microcentrifuge tube, or 293 cells growing on a coverslip
were fixed with 4% PFA-PBS solution. The fixed cells were
permeabilized with 0.04% Triton X-100 in PBS and washed twice with
PBS. The cells were blocked with 5% FBS in PBS, stained with primary
antibodies for 1 h, and then stained with secondary antibodies for 1 h. The
cells were washed three times with PBS + 5% FBS after staining with
both primary and secondary antibodies. The following dilutions were
used for each primary antibody: affinity purified rabbit anti-LMP1, 1:500;
mouse monoclonal anti-LMP1 (Dako; CS1-4), 1:500; mouse monoclonal
anti-TRADD (BD Transduction Lab), 1:250; rabbit anti-TRAF2 (Santa
Cruz; H-249), 1:300; mouse monoclonal anti-AP1(Sigma), 1:250; mouse
monoclonal anti-EEA1 (BD Transduction Lab), 1:250; mouse mono-
clonal anti-LAMP-1 (BD Transduction Lab), 1:250; rabbit anti-CD40
(Santa Cruz; C-20), 1:300. All secondary antibodies were used at 1:500
dilution. For double staining, AlexaFluor-488- and AlexaFluor-594-
conjugated secondary antibodies (Molecular Probes) were used. For triple
staining with TRAF2-GFP, AlexaFluor-594- and Cy5-conjugated sec-
ondary antibodies were used. The cells were mounted on slides with 50%
glycerol and examined.

Confocal microscopy
Confocal microscopy was performed on a Bio-Rad MRC 1024 laser
scanning confocal microscope as described (Kaykas et al., 2001).
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Immunoprecipitation

293 cells transiently expressing LMP1 were harvested 24 h after
transfection. 721 cells and 293 cells were lysed with 1X NET (50 mM
Tris pH 7.5, 150 mM NaCl, 1 mM EDTA) + 0.5% Triton X-100 + 1 mM
PMSF at a concentration of 2 X 107 cells/ml at room temperature for
5 min. The cell lysate was homogenized further by passing it through a
23-gauge needle six times. The lysate was cleared by centrifugation. The
supernatant (150 pl, ~3 X 10° cell equivalents) was precipitated with 2 ug
of rabbit antibodies recognizing the N-terminus of TRAF1 (Santa Cruz H-
132), TRAF2 (Santa Cruz N-19 and H-249) or TRAF3 (Santa Cruz, H-
248). The precipitate was washed four times with 1 X NET + 0.5% Triton
X-100, resuspended in sample buffer, separated by SDS-PAGE and
finally probed with mouse monoclonal anti-LMP1(DAKO, CS1-4) by
western blotting. In a typical experiment, one-tenth of each precipitate
(3 X 10° cell equivalents) was loaded on a gel. To calculate the amount of
LMPI1 being precipitated, 1.5 X 10* (5%), 3 X 10* (10%) and 6 X 10*
(15%) cell equivalents of total cell lysate were also loaded as standards.
LMPI was quantified using ImageQuant software.

Assay for NF-xB and JNK activities

To assay the activation of NF-kB by LMP1, 293 cells were grown to
20-50% confluency in 6-well plates. Each well was transfected with a
total of 6 g of DNA with 10 ng of NF-kB-luciferase reporter plasmid,
5 ng of expression plasmid for Renilla luciferase, 0-300 ng of expression
plasmid for LMP1 or 3LLMPI, and pSGS5 vector via calcium phosphate
precipitation. At 48 h after transfection, cells were harvested. Half of the
cells were used for SDS-PAGE/western blot analysis. About 1 X 10°
cells were assayed for luciferase activities using a Dual Luciferase Assay
Kit (Promega) according to the manufacturer’s instructions. Transfection
efficiencies were normalized by Renilla luciferase activities.

To assay JNK activities, 293 cells at 60-80% confluency in 6-well
plates were transfected with LIPOFECTAMINE 2000 reagent
(Invitrogen) in DMEM + 1% FBS according to the manufacturer’s
instructions. Each well was transfected with a total of 6 g of DNA with
1 ug of expression vector for hemagglutinin (HA)-tagged JNKI1, 0 or
0.5 ug of expression plasmid for LMP1 or 3ALLMP1, 30 ng of pEGFP, and
pSGS vector. Cells were kept in DMEM + 1% FBS throughout the
transfection. At 24 h after the transfection, the cells were harvested and a
quarter of them were used for SDS-PAGE/western blot analysis. The rest
of the cells were lysed in kinase lysis buffer [20 mM Tris pH 7.5, 1%
Triton X-100, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 2 mM sodium
vanadate, 1 mM dithiothreitol (DTT), 0.5 mM NaF, 0.5 mM pB-
glycerophosphate]. The cell lysates were immunoprecipitated with anti-
HA covalently linked to Sepharose (Corvex). The precipitates were
washed three times with kinase assay buffer (20 mM Tris pH 7.5, 2 mM
B-glycerophosphate, 10 mM MgCl,, 1 mM DTT, 50 uM sodium
vanadate, 20 mM NaCl). Half of the precipitates was then incubated
with 1 pg of GST-JUN (Calbiochem) and 10 uCi of [y-32P]JATP, 20 uM
ATP in kinase assay buffer in a total of 20 ul at 30°C for 30 min. The
kinase reactions were stopped by adding 20 pl of SDS-PAGE loading
buffer and boiled at 95°C for 5 min. A 20 pl aliquot of each reaction was
loaded on a 12% polyacrylamide gel. Phosphorylated GST-Jun was
quantified by using ImageQuant software. Transfection efficiencies were
monitored by GFP-positive cells and western blottings to quantify HA-
JNKI1 from total cell lysates.

SDS-PAGE and western blotting

Cell lysates were separated on 10% denaturing polyacrylamide gels and
transferred to nitrocellulose membranes. The blots were blocked with 5%
non-fat milk, and probed with affinity-purified rabbit anti-LMP1
antibodies at 1:500 dilution, and followed either by alkaline
phosphatase-conjugated goat anti-rabbit antibodies or, for quantitative
western blotting, by 33S-labeled goat anti-rabbit antibodies. For quanti-
tative western blotting, different amounts of lysate were loaded on each
gel to establish a standard curve. The signals were quantified by using
ImageQuant software.
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