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CD40, a member of the TNFR-1 receptor family,
shares several features with LMP-1, an oncoprotein
encoded by Epstein±Barr virus. CD40 and LMP-1
activate transcription by binding to TRAFs, JAK3
and/or TRADD. CD40's association with CD40L
activates signaling. However, LMP-1 signals inde-
pendently of a ligand but dependently on self-associ-
ation. We demonstrate that activated CD40 and
LMP-1 co-localize in lipid rafts and recruit TRAF3
there, ®ndings consistent with signals of CD40 and
LMP-1 being initiated from lipid rafts. To elucidate
their signaling, we compared requirements for their
aggregation and subcellular localization. Targeting
CD40's monomeric C-terminal signaling domain to
lipid rafts activates signaling, as does rendering it
trimeric. Addition of both modi®cations supports
signaling more ef®ciently. Parallel experiments with
LMP-1 indicate that targeting the monomeric
C-terminal signaling domain of LMP-1 to lipid rafts
activates signaling, but trimerizing it does not. Fusing
LMP-1's N-terminus and membrane-spanning
domains to CD40's C-terminus supports signaling
more ef®ciently than CD40 plus ligand or CD40's
trimerized and/or localized derivatives. An activity
of LMP-1's N-terminus and membrane-spanning
domains other than trimerization must contribute to
its ef®cient signaling.
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Introduction

Subcellular compartmentalization and aggregation are two
common modes of regulating signal transduction in
eukaryotes. Signal transduction by many receptors that
span the plasma membrane is initiated by aggregation of
their cytosolic domains, mediated by their extracellular
moieties binding multivalent ligands (Cosman, 1994;
Onishi et al., 1998). Aggregation of the cytosolic domain
unmasks enzymatic activities and/or recruits cytosolic
adapter molecules, which induce downstream signaling
events (Seed, 1995; Hibi and Hirano, 1998). Signaling is
also regulated by localization to lipid rafts. Lipid rafts are
specialized domains within the plasma membrane in the
order of 50 nm in diameter, which contain high concen-
trations of glycosphingolipids and cholesterol (Harder and
Simons, 1997; Simons and Toomre, 2000). Lipid rafts

affect signaling by compartmentalizing a subset of cellular
proteins (Brown and London, 1998). Access to this
compartment fosters signaling (Simons and Toomre,
2000).

CD40 is a member of the tumor necrosis factor receptor
(TNFR) family of receptors, which is involved in
B-lymphocyte development (Banchereau et al., 1994;
van Kooten and Banchereau, 1997). Activated CD40 and
interleukin-4 (IL-4) receptors cooperate to induce prolif-
eration of primary B lymphocytes (Banchereau et al.,
1991). B lymphocytes of mice de®cient in CD40 fail to
switch immunoglobulin classes and produce only IgM
antibodies (Kawabe et al., 1994). Consequently, the
humoral immune response of these mice is severely
compromised. CD40 contributes to B-cell development
when it is activated by contact with its trimeric ligand,
CD40L, found on the surface of activated T cells
(van Kooten and Banchereau, 2000). Activation of CD40
by activated T cells or soluble CD40L trimer results in
activation of NF-kB-, AP-1- and STAT-mediated tran-
scription (Berberich et al., 1994; Francis et al., 1995; Huo
and Rothstein, 1995; Karras et al., 1997). This signaling is
mediated by CD40's intracellular adapter molecules,
tumor necrosis factor receptor associated factors
(TRAF1, 2, 3, 5 and 6) and janus activated kinase-3
(JAK3) (Rothe et al., 1995; Ishida et al., 1996; Hanissian
and Geha, 1997; Pullen et al., 1999). Structural studies
indicate that both CD40L and a peptide derived from the
C-terminus of CD40 bound to TRAF2 are trimers
(Karpusas et al., 1995; McWhirter et al., 1999). These
®ndings have led to the proposal that CD40L induces
CD40 to trimerize, and thereby recruits TRAFs and JAK3
to activate NF-kB-, AP-1- and STAT-mediated transcrip-
tion. However, like TNFR-1, CD40 may already be
trimerized by its preligand association domain, PLAD,
and subsequently undergo an allosteric shift upon binding
its ligand that triggers signaling (Chan et al., 2000).
CD40L has recently been shown to cause CD40 to co-
localize with the b subunit of cholera toxin (CTxb), and to
induce TRAF2 and TRAF3 to fractionate in detergent-
resistant membranes (DRMs), both of which are charac-
teristics of proteins found in lipid rafts (Hostager et al.,
2000; Vidalain et al., 2000). These observations indicate
that TRAFs are recruited to lipid rafts after CD40 is
activated by CD40L.

LMP-1 behaves as a ligand-independent signaling
molecule, which shares multiple features with CD40
(Gires et al., 1997; Hatzivassiliou et al., 1998). LMP-1 is
required for the maintenance of proliferation of
B lymphocytes infected by Epstein±Barr virus (EBV)
(Kilger et al., 1998). It activates NF-kB-, AP-1- and
STAT-mediated transcription by binding TRAFs, tumor
necrosis factor receptor associated death domain contain-
ing protein (TRADD) and JAK3 (Kaye et al., 1996;

CD40 and LMP-1 both signal from lipid rafts but
LMP-1 assembles a distinct, more ef®cient
signaling complex
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Brodeur et al., 1997; Izumi and Kieff, 1997; Kieser et al.,
1997; Sandberg et al., 1997; Devergne et al., 1998;
Eliopoulos and Young, 1998; Gires et al., 1999). LMP-1
can also partially restore the wild-type phenotype of mice
de®cient in CD40 (Uchida et al., 1999). The structure of
LMP-1 differs strikingly from that of CD40 and other
related receptors: LMP-1 has six membrane-spanning
domains, which aggregate in the plasma membrane and
support signaling via its C-terminus in the apparent
absence of a ligand (Gires et al., 1997). The N-terminus
and membrane-spanning domains of LMP-1 also regulate

LMP-1's signaling by inhibiting cell proliferation and
gene expression in a concentration-dependent manner
(Kaykas and Sugden, 2000; Sandberg et al., 2000). The
extent to which LMP-1 aggregates is unknown; however,
with CD40 as a model, LMP-1 would be predicted to be
trimeric. LMP-1 has been shown to fractionate with DRMs
and recruit TRAF3 there, as has activated CD40, which is
consistent with LMP-1 being localized to lipid rafts
(Clausse et al., 1997; Ardila-Osorio et al., 1999).

We have found that activated CD40 and LMP-1 co-
localize with CTxb in lipid rafts in EBV-immortalized
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B cells. Biochemical fractionation indicates that ~80% of
CD40 associates with DRMs when it is activated by
CD40L and that the steady-state level of LMP-1 in DRMs
is ~30%. Both of these measurements have been dupli-
cated with a fusion of Gai to red ¯uorescent protein (RFP),
which localizes in lipid rafts and fractionates in DRMs
(Brown and London, 1998; Galbiati et al., 1999). In the
presence of activated CD40 or LMP-1, TRAF3 co-
localizes with GaiRFP. Similarly, at least 50% of
TRAF3 translocates to DRMs in the presence of activated
CD40 or LMP-1. A panel of derivatives of the C-terminal
signaling domains of CD40 and LMP-1 that were
trimerized by fusing them to chloramphenicol acetyltrans-
ferase (CAT) (Leslie, 1990), and derivatives of these
trimers targeted to lipid rafts by fusing them with the
signal for myristoylation and palmitoylation from the Src-
like kinase, Yes (Koegl et al., 1994), were assessed
quantitatively for their abilities to stimulate NF-kB's
activity. The C-terminal signaling domain of CD40 is
activated by trimerization or localization to lipid rafts.
Addition of both modi®cations to CD40's C-terminal
signaling domain is additive, such that it signals more
ef®ciently than either derivative alone. This ®nding
indicates that both trimerization and localization to lipid
rafts are important for CD40's activation of signaling. The
C-terminal signaling domain of LMP-1 is not activated by
trimerization and is only inef®ciently activated by target-
ing to lipid rafts.

It is striking that although CD40 and LMP-1 aggregate,
localize to lipid rafts and engage related signaling
molecules, their requirements for initiating signaling
differ. These differences are likely to underlie LMP-1's
ability to signal in the apparent absence of a ligand. Fusion
of CD40's C-terminal signaling domain to LMP-1's
N-terminus and membrane-spanning domains generates a
constitutively active derivative of CD40 that is more
active than wild-type CD40 treated with its ligand,
demonstrating the ef®ciency of this viral mechanism.

Results

CD40, when treated with CD40L, and LMP-1
co-localize in lipid rafts
In EBV-immortalized B cells, CD40 and LMP-1 do not
appear to co-localize (Figure 1A); however, when these
cells are treated with CD40 ligand, an obviously detectable

fraction of CD40 is induced to co-localize with the LMP-1
found at the periphery of the cell (Figure 1B). When these
same cells are treated both with CD40 ligand and CTxb, a
fraction of CD40 and LMP-1 co-localize with CTxb in
lipid rafts (Figure 1C). Much of the LMP-1 at the
periphery of these cells appears to co-localize with
CTxb, but much of it is not at the plasma membrane,
and is internal in B-lymphoblastoid cells (Figure 1A±C).
One explanation for these subcellular localizations is that
CD40 (when treated with its ligand) and LMP-1 signal
from lipid rafts. One observation supporting this notion is
that CD40 translocates to lipid rafts shortly after the
addition of ligand (Figure 1A and B). Because LMP-1
activates signaling in the apparent absence of a ligand, its
movements to lipid rafts can not be readily assessed in live
cells; however, some LMP-1 is found in these compart-
ments (Figure 1C). We have characterized the subcellular
localization of CD40, LMP-1 and TRAF3 to examine their
possible co-localization in lipid rafts in order to test the
proposition that both CD40 and LMP-1 signal from these
sites.

LMP-1's localization in lipid rafts and its
association with DRMs are consistent with it
signaling from lipid rafts
The addition of CD40L to 293 cells expressing CD40 or a
fusion of CD40 to green ¯uorescent protein (GFP) yields
up to a 10-fold activation of NF-kB-mediated transcription
(Table I). Visualization of CD40GFP in live cells treated
with or without CD40L for 20 min and CTxb demonstrates
that CD40 co-localizes with CTxb after treatment with
CD40L (Figure 1D and E). After treatment with CD40L,
~80% of CD40GFP is found in the DRM fraction of cells
(Table I). This movement corresponds to a 4-fold increase
in the amount of CD40GFP found in the DRM fraction of
cells after treatment with CD40L. In an EBV-positive
lymphoblastoid cell line, 721, which constitutively
expresses LMP-1, treatment with CD40L increases the
fraction of CD40 in DRMS 2-fold (Table I). These ®ndings
indicate that CD40L induces CD40 both to translocate to
lipid rafts and to activate NF-kB-mediated transcription.

Because translocation of CD40 into lipid rafts and its
association with DRMs correlate with its signaling, we
tested whether LMP-1's signaling correlates with its
association with DRMs and whether it co-localizes with
markers for lipid rafts. Transfection or induction of LMP-1

Fig. 1. Confocal microscopy of LMP-1, CD40, their derivatives, and TRAF3. (A) RPMI-1788 cells were stained for CD40 with a ¯uorescein
isothiocyanate (FITC)-conjugated antibody (green) and for LMP-1 with a Texas Red-conjugated antibody (red). (B) RPMI-1788 cells treated with
CD40L were stained for CD40 with a FITC-conjugated antibody (green) and for LMP-1 with a Texas Red-conjugated antibody (red). The co-
localization of CD40 and LMP-1 is shown in yellow. (C) RPMI-1788 cells treated with CD40L were stained for CD40 with an FITC-conjugated
antibody (green), for LMP-1 with a Texas Red-conjugated antibody (red) and for CTxb with a Cy5-conjugated antibody (cyan). The co-localization of
all three proteins is shown in white. (D) Live 293 cells that express CD40GFP (green) were stained with Alexa Fluor 594-conjugated CTxb (red) to
visualize lipid rafts or (E) after treatment with CD40L for 20 min. The majority of CD40 in the absence of CD40L does not co-localize with CTxb.
However, the majority of CD40 co-localizes (yellow) with CTxb after treatment with CD40L. (F) Live 293 cells that express LMP-1GFP (green) were
stained with Alexa Fluor 594-conjugated CTxb (red) to visualize lipid rafts. The majority of the LMP-1 in the cells does not co-localize with CTxb.
However, a portion of LMP-1 at the membrane co-localizes (yellow) with CTxb. 293 cells were transfected with vectors encoding TRAF3GFP (green)
and GaiRFP (red), and either an empty vector (G), one encoding LMP-1 (H), or one encoding CD40 and treated with CD40L (I), and visualized.
The majority of TRAF3GFP in the cells transfected with the empty vector does not co-localize with GaiRFP. However, the majority of TRAF3GFP
co-localizes (yellow) with GaiRFP in cells transfected with LMP-1 or with CD40 when treated with CD40L. The subcellular locations of the
LMP-1 derivatives were determined by confocal microscopy of Hep2 cells that express GaiRFP (red) and CATLMP-1 (J), MYLMP-1 (K) and
MYPALMP-1 (L) stained with FITC-conjugated anti-LMP-1 antiserum (green). The staining pattern of LMP-1 (CYT), CD40 (CYT) and CATCD40
is indistinguishable from CATLMP-1, as is the staining pattern of MYCATLMP-1, MYCD40 and MYCATCD40 from MYLMP-1, and
MYPACATLMP-1, MYPACD40 and MYPACATCD40 from MYPALMP-1 (data not shown).
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in 293 cells leads to up to 100-fold activation of NF-kB-
mediated transcription (Figure 2A). At levels of expres-
sion of LMP-1 >2.0 3 105 molecules per cell, it inhibits
gene expression (Sandberg et al., 2000). We have
therefore characterized signaling by LMP-1 and its
derivatives when they are expressed at levels of
<2.0 3 105 molecules per cell. Visualization of LMP-1
fused to GFP in live 293 cells demonstrates that a portion
of LMP-1 localizes to the plasma membrane of cells with
CTxb (Figure 1F). Surprisingly, much of LMP-1 appears
to be internal and does not co-localize with CTxb
(Figure 1F). From studies with cells in which LMP-1 is
expressed conditionally, LMP-1's localization appears to
be dynamic with only a fraction of the total cellular LMP-1
residing at any one time in lipid rafts (N.Lam, personal
communication). The remaining fraction of LMP-1 not co-
localized with CTxb is presumably traf®cking to lipid rafts
or elsewhere.

To extend and quantify our visual observations, we
tested whether LMP-1 is associated with DRMs and
whether this association correlates with its signaling.
293 cells that express LMP-1 under the control of

tetracycline were induced to express LMP-1 at variable
levels, extracted with Triton X-100 at 4°C, and subjected
to fractionation on a nycodenz step gradient. Fractions
were collected and probed for proteins that are known to
reside in lipid rafts. As expected, both a fusion of Gai to
RFP and Lyn were concentrated in the top, less dense ®ve
fractions of the gradient and were used to de®ne the DRM
fraction of cells (Figure 2B and data not shown) (Cheng
et al., 1999; Galbiati et al., 1999). GFP, which is found in
the cytosol, was concentrated in the bottom, more dense
seven fractions of the gradient, and was used to de®ne the
soluble fraction of cells (Figure 2B). The level of NF-kB in
the tetracycline-inducible cell line is activated maximally
to 20-fold when 1.0 mg/ml tetracycline is added, and
corresponds to 2.0 3 105 molecules of LMP-1 per cell
(Figure 2C). LMP-1 can be induced to an intermediate
level of 4.0 3 104 molecules per cell, which corresponds
to a 4-fold activation of NF-kB when 10 ng/ml tetracycline
is added (Figure 2C). Transient transfection of an expres-
sion vector for LMP-1 gives 100-fold activation of NF-kB-
mediated transcription (Figure 2A). The difference in the
NF-kB activated in these two systems is likely to re¯ect

Table I. Biochemical fractionationa of CD40, LMP-1 and TRAF3 in LCLs and 293 cells

Protein detected + protein co-expressed Treated with CD40Lf % soluble fraction % DRM fraction Fold activation of NF-kBg

CD40b ± 85 6 4 16 6 3 1
CD40b + 21 6 5 81 6 6 10 6 4
CD40 LCLc ± 72 6 8 28 6 4 ND
CD40 LCLc + 45 6 10 55 6 15 ND
LMP-1c ± 71 6 6 29 6 3 95 6 10
LMP-1 LCLd ± 70 6 7 30 6 5 ND
TRAF3e ± 90 6 10 10 6 7 ND
TRAF3e + CD40 ± 85 6 6 15 6 7 ND
TRAF3e + CD40 + 34 6 4 64 6 8 ND
TRAF3e + LMP-1 ± 26 6 6 81 6 9 ND

aBiochemical fractionation was performed on cell lysates expressing various proteins shown in the ®rst column by separation on a nycodenz step
gradient into soluble and DRM fractions as described in Materials and methods. Lysates of 293 cells that express CD40GFPb and GFPTRAF3e stably
were co-transfected with the expression vectors shown, separated and probed with anti-GFP antisera. Lysates of the 721 LCL were separated and
probed for CD40c with anti-CD40 antisera or for LMP-1d with anti-LMP-1 antisera. fCells were treated with 10 mg/ml muCD8aCD40L for 20 min
prior to harvesting. c293 cells transiently transfected with an expression vector encoding LMP-1 or LCLs that express it were lysed and separated on
a nycodenz step gradient and probed with anti-LMP-1 antisera. g293 cells were transfected with an NF-kB±luciferase reporter, expression vectors
encoding LMP-1 or CD40, and treated with or without CD40L as indicated, and the fold induction of luciferase was measured as described in
Materials and methods. All data represent the average of at least three experiments 6 SD.

Fig. 2. LMP-1 activates NF-kB-mediated transcription more ef®ciently than does CD40 when treated with ligand, and a portion of LMP-1 associates
with DRMs. (A) Assay for NF-kB activity in cells transfected with vectors expressing: CD40 (gray); treated with CD40L (black); and LMP-1 (red).
293 cells were transfected with the amount of expression vectors for CD40 or LMP-1 indicated, an NF-kB-responsive ®re¯y luciferase reporter, an
expression vector for Renilla luciferase or pEGFPN-1, and brought up to equal concentrations with pSG5. All transfections were normalized to Renilla
luciferase levels or to the number of GFP-positive cells. The fold activation of ®re¯y luciferase over cells transfected with pSG5 alone is shown.
The relative light units (RLUs) in these experiments varied from ~4.0 3 104 to up to ~2.0 3 105 in cells transfected with empty vector to ~1.0 3 107

in the presence of expression vectors for CD40 or LMP-1. The data represent the average 6 SD for three separate experiments with two measurements
each. The number of molecules per cell of CD40 and LMP-1 was calculated from known amounts of MYPACATCD40 or GSTLMP-1 assayed on the
same blot as described in Materials and methods. ND, not detectable. (B) Biochemical fractionation of cells to separate their soluble and DRM
fractions. 293 cells that express LMP-1 under the control of tetracycline were transfected with expression vectors encoding GFP and GaiRFP,
extracted with Triton X-100, and separated on a nycodenz ¯otation gradient as described in Materials and methods. Eleven fractions were collected
from the bottom of the gradient and subjected to western blot analysis. The fractions were loaded from left (which corresponds to the bottom fraction
of the gradient) to right (which corresponds to the top fraction of the gradient). The DRM fraction of the cells is de®ned by the presence of GaiRFP
and consists of the top ®ve fractions. The soluble fraction of the cells is de®ned by the presence of GFP and consists of the bottom six fractions.
(C) 293 cells that express LMP-1 under the control of tetracycline were left untreated, or treated with 10 ng/ml or 1 mg/ml tetracycline for 48 h,
fractionated, and probed with anti-LMP-1 antiserum. The number of molecules per cell was calculated from the known amount of GSTLMP-1 assayed
on the same blot as described in Materials and methods. The percentage of LMP-1 in the DRM fraction is indicated and was determined by
quantifying the amount of LMP-1 by PhosphorImager analysis in the fractions that contained GaiRFP. One representative blot of three is shown.
The fold activation of NF-kB in these cells was measured in parallel by introducing into them an NF-kB-responsive luciferase reporter and measuring
luciferase activity as described in Materials and methods.
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the presence of low levels of LMP-1 expression in the
tetracycline-inducible cells and a higher background of
NF-kB activation in the absence of tetracycline. Indeed,
low-level expression of LMP-1 can be detected in the
absence of tetracycline (Figure 2C). However, this level of
LMP-1 is below that needed for quanti®cation. 293 cells
that contain LMP-1 under the control of tetracycline were
left uninduced, induced to an intermediate level or induced

maximally. The activation of NF-kB-mediated transcrip-
tion in these cells was measured and their DRMs isolated.
The percentage of LMP-1 in the DRM fraction of cells was
~30% irrespective of the level of LMP-1 expressed or
NF-kB induced (Figure 2C). The absolute amount of
LMP-1 in the DRM fraction therefore increases propor-
tionally with its increased expression and correlates with
the increased stimulation of NF-kB's activity. This same
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fraction of LMP-1 is also found in DRMs in EBV-positive
lymphoblastoid cells, which express LMP-1 constitutively
(Table I).

CD40 treated with ligand and LMP-1 recruit their
signaling molecules to rafts
CD40 and LMP-1 both signal by interacting with TRAF
molecules. If lipid rafts are the site from which signaling
of CD40 and LMP-1 initiates, then TRAFs should be
recruited to lipid rafts in cells that express CD40 when
treated with CD40L and in cells that express LMP-1. To
test this proposition, we asked whether a fusion of TRAF3
with GFP, which interacts with the C-terminal signaling
domains of CD40 and LMP-1, is recruited to rafts and
associates with DRMs when signaling of CD40 or LMP-1
is initiated.

Visualization of TRAF3GFP and GaiRFP in 293 cells
demonstrates that these two molecules do not co-localize
(Figure 1G). However, if CD40 is expressed in the cells
and treated with CD40L or if LMP-1 is expressed in them,
TRAF3GFP co-localizes with GaiRFP (Figure 1H and I).
Because GaiRFP is found in lipid rafts, where it co-
localizes with CTxb (Galbiati et al., 1999; N.Lam,
personal communication), it appears that both activated
CD40 and LMP-1 recruit TRAF3 to lipid rafts.

To extend and quantify these visual results, we
subjected cells that express TRAF3GFP stably and were
transfected with an empty vector, one encoding CD40 and
treated with or without CD40 ligand, or one encoding
LMP-1, to extraction with 1% Triton X-100 at 4°C to
isolate DRMs. Approximately 10% of TRAF3GFP is
associated with the DRM fraction of cells transfected with
an expression vector for CD40 or with an empty expres-
sion vector (Table I). However, if the cells that are
transfected with CD40 are treated with CD40L, then at
least 30% of the TRAF3GFP becomes associated with the
DRM fraction of cells (Table I). If the cells that express
TRAF3GFP are transfected with an expression vector for
LMP-1, then at least 40% of the TRAF3GFP becomes
associated with the DRM fraction of cells (Table I).
Because the transfection ef®ciency of the cells is in the
order of 50%, as measured by uptake of GaiRFP, the

actual percentage of TRAF3GFP that is relocalized to
DRMs in the presence of CD40 treated with its ligand or
LMP-1 is 60 and 80%, respectively. Taken together, these
observations demonstrate that activated CD40 and LMP-1
recruit TRAF3 to lipid rafts, and support the proposal that
signaling of CD40 and LMP-1 initiates from lipid rafts.

Localization into rafts and trimerization of the
C-terminal signaling domain of CD40 activate
its signaling
Treatment of 293 cells that express on average <5.0 3 105

molecules of CD40 per cell with CD40L induces NF-kB-
mediated transcription (Figure 2A). At levels of CD40 that
are >5.0 3 105 molecules per cell, CD40 becomes ligand
independent and activates NF-kB in the absence of its
ligand (Figure 2A). We therefore characterized the
signaling of CD40 and its derivatives when they were
expressed at levels <5 3 105 molecules per cell.
Treatment of CD40 with CD40L induces it to translocate
to lipid rafts, to become associated with DRMs and to
activate NF-kB-mediated transcription. To test whether
CD40's trimerization and/or localization to lipid rafts
activates its signaling, we have generated and analyzed
derivatives of CD40's C-terminal signaling domain that
are trimerized and/or localized to the cytosol, to intra-
cellular membranes and to lipid rafts (Figure 3A).

The localization of the C-terminal signaling domain of
CD40, CD40CYT, is consistent with it being in the cytosol
(data not shown). CD40CYT at most gives a 3-fold
activation of NF-kB, even when it is expressed at levels at
which wild-type CD40 is ligand independent (Figure 4A).
Targeting the C-terminal signaling domain of CD40 to
intracellular membranes by addition of sequences derived
from Src for myristoylation (MY) increases its activation
of NF-kB-mediated transcription. MYCD40's localization
is consistent with it being in intracellular membranes (data
not shown). It induces a 5-fold activation of NF-kB-
mediated transcription, which is ~20% the activity of wild-
type CD40 treated with CD40 ligand, at concentrations at
which CD40's activation of NF-kB is ligand dependent
(Figure 4A). Targeting the C-terminal signaling domain of
CD40 to lipid rafts by addition of sequences derived from

Fig. 3. The proposed structure, proposed location of signaling, and expression level of wild-type CD40, wild-type LMP-1 and their derivatives.
(A) Wild-type CD40 with its ligand, CD40L, is depicted as a trimer and localizes in lipid rafts (red) after binding CD40L. CD40GFP is a fusion
between full-length CD40 (amino acids 1±277), a 10-amino-acid linker and GFP (amino acids 1±240) (green ellipse). Wild-type LMP-1 (amino acids
1±386) is depicted in lipid rafts as a monomer because the extent to which LMP-1 aggregates is unknown. LMPGFP is a fusion of wild-type LMP-1,
a 10-amino-acid linker and GFP (amino acids 1±240). LMPCD40 is a fusion of LMP-1's N-terminus and transmembrane-spanning domains (amino
acids 1±190) fused to the C-terminus of CD40 (amino acids 215±277). LMP-1CYT and CD40CYT consist of the C-terminal signaling domains of
LMP-1 (amino acids 182±386) and CD40 (amino acids 215±277), respectively, and are depicted as monomers located in the cytosol. CATCD40 and
CATLMP-1 consist of CAT (amino acids 1±220) (gray ellipse) fused to CD40CYT and LMP-1CYT, and are depicted as trimers located in the cytosol.
MYPACD40 and MYPALMP-1 consist of the 10-amino-acid N-terminal myristoylation (MY) sequence (black membrane anchor) and palmitoylation
(PA) sequence (light blue membrane anchor) derived from Yes fused to CD40CYT and LMP-1CYT. MYPACATCD40 and MYPACATLMP-1 consist
of the 10-amino-acid myristoylation and palmitoylation sequence derived from Yes fused to CATCD40 and CATLMP-1, and are depicted as trimers
located in lipid rafts. MYCD40 and MYLMP-1 consist of the 10-amino-acid N-terminal myristoylation sequence derived from Src fused to CD40CYT
and LMP-1CYT, and are depicted as monomers located in all cellular membranes. MYCATCD40 and MYCATLMP-1 consist of the N-terminal
10-amino-acid myristoylation sequence derived from Src protein to CATCD40 and CATLMP-1, and are depicted as trimers located in all cellular
membranes. All derivatives except wild-type CD40, LMP-1, CATLMP-1 and CATCD40 contain HA epitope tags. (B) Quantitative western blots and
CAT assays were performed to measure the expression and CAT activity of CD40, LMP-1 and their derivatives after 10 mg of the expression vectors
encoding them were introduced into 293 cells as described in Materials and methods. The number of molecules per cell of CD40 and LMPCD40 was
calculated from known amounts of MYPACATCD40 assayed on the same blot. The number of molecules per cell of MYPACATCD40 and the other
fusions, which contain an HA epitope tag, was calculated from known amounts of GSTHALMP-1 assayed on the same blot. The number of molecules
per cell of LMP-1 and its derivatives, which contain LMP-1-epitopes, was calculated from known amounts of GSTLMP-1 assayed on the same blot.
CAT activity was measured by quantifying the percentage of [14C]chloramphenicol acetylated in extracts containing equal numbers of molecules of
CAT or its derivatives as described in Materials and methods. The levels shown are relative to wild-type CAT, which is set at 1.0. NA, not applicable.
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Yes for myristoylation and palmitoylation (MYPA)
increases the C-terminal signaling domain's activation of
NF-kB-mediated transcription. MYPACD40's localiza-
tion is consistent with it being in lipid rafts (data not
shown). It activates NF-kB-mediated transcription to
similar levels to wild-type CD40 in the presence of ligand
at concentrations at which its activation of NF-kB is ligand
dependent (Figure 4A). These data indicate that localiza-
tion of CD40 to lipid rafts contributes to its signaling.

The PLAD of CD40 favors its aggregation in the plasma
membrane (Chan et al., 2000). Co-crystallization of
TRAF2 with a peptide derived from its binding domain

on CD40 yields a trimeric complex (McWhirter et al.,
1999). The crystal structure of CD40L is also a trimer
(Karpusas et al., 1995). These structural data indicate that
trimerization of CD40 and an allosteric alteration medi-
ated by CD40L induce its signaling. To test whether
trimerization of CD40 is suf®cient to activate its signaling,
we fused CD40's C-terminal signaling domain to
CAT. CAT is a trimeric enzyme and its fusion to
TNFR-1 has been demonstrated to activate TNFR-1's
induction of apoptosis and NF-kB-mediated transcription
(Vandevoorde et al., 1997). Because localization of CD40
to lipid rafts is important for its signaling, we also

Fig. 4. Localization to lipid rafts and trimerization of CD40's C-terminal signaling domains activate NF-kB-mediated transcription. Induction of
NF-kB activity was measured as described in the legend to Figure 2 and Materials and methods in 293 cells transfected with vectors expressing:
(A) CD40CYT (red), MYCD40 (blue) and MYPACD40 (green); (B) CATCD40 (teal), MYCATCD40 (orange), MYPACATCD40 (purple) and
LMPCD40 (orange±red). The RLUs in these experiments varied from ~4.0 3 104 up to ~2.0 3 105 in cells transfected with empty vector to
~4.0 3 107 in the presence of expression vectors for derivatives of CD40. The level of expression of each protein was determined as described
in the legend to Figure 3 and Materials and methods.
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localized CATCD40 to intracellular membranes in general
and to lipid rafts in particular. Trimerization of CD40's
C-terminal signaling domain in the cytosol activates
NF-kB-mediated transcription. The location of
CATCD40 is in the cytosol, as predicted (data not
shown). CATCD40 induces ~20-fold activation of
NF-kB-mediated transcription, which is slightly less than
the levels of NF-kB activated by wild-type CD40 treated
with CD40L, under conditions where the expression of
CD40's activation of NF-kB is ligand dependent
(Figure 4B). Targeting of CATCD40 to intracellular
membranes further increases its ability to activate
NF-kB-mediated transcription. MYCATCD40 activates
the levels of NF-kB ~25-fold, which is similar to wild-type

CD40's activation of NF-kB-mediated transcription when
it is present at levels where it is dependent on ligand for
signaling (Figure 4B). Targeting of CATCD40 to lipid
rafts further increases its activation of NF-kB-mediated
transcription. MYPACATCD40 activated NF-kB-medi-
ated transcription ~75-fold, which is a higher level than
that activated by wild-type CD40 when its activation is
ligand dependent (Figure 4B). Interestingly, a fusion of
LMP-1's N-terminus and transmembrane-spanning do-
mains to CD40's C-terminus activates signaling more
ef®ciently than CD40 when treated with ligand or its
derivatives. LMPCD40 activated NF-kB-mediated tran-
scription ~150-fold, which is more than any other
derivative of CD40 (Figure 4B). This fusion protein

Fig. 5. Localization to lipid rafts but not trimerization of LMP-1's C-terminal signaling domains activates NF-kB-mediated transcription. Induction
of NF-kB activity was measured as described in the legend to Figure 2 and Materials and methods in 293 cells transfected with vectors expressing:
(A) LMP-1CYT (red), MYLMP-1 (blue) and MYPALMP-1 (green); (B) CATLMP-1 (teal), MYCATLMP-1 (orange) and MYPACATLMP-1 (purple).
The RLUs in these experiments varied from ~4.0 3 104 to ~2.0 3 105 in cells transfected with empty vector to up to ~2.25 3 107 in the presence of
expression vectors for derivatives of LMP-1. The level of expression of each protein was determined as described in the legend to Figure 3 and
Materials and methods.
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inhibits gene expression when expressed at levels
>2.0 3 105 molecules per cell (Figure 4B), which is
characteristic of molecules containing LMP-1's
N-terminus and membrane-spanning domains (Sandberg
et al., 2000). These data indicate that both trimerization
and localization of CD40's C-terminal signaling domain to
lipid rafts activate CD40's signaling. The data also
demonstrate that the N-terminus and transmembrane-
spanning domains of LMP-1, when fused to the
C-terminus of CD40, activate CD40's signaling more
ef®ciently than does CD40L.

Localization of the C-terminal signaling domain of
LMP-1 to lipid rafts, but not its trimerization,
activates its signaling
LMP-1 binds TRAFs and TRADD, and ef®ciently acti-
vates NF-kB-mediated transcription. At 1±2 3 105 mol-
ecules per cell, which is near its physiologically expressed
levels, LMP-1 activates a 100-fold increase in NF-kB-
mediated transcription in 293 cells (Figure 2A). We
generated derivatives of LMP-1's C-terminal signaling
domain, similar to those of CD40, which are localized to
the cytosol, intracellular membranes and lipid rafts and/or
trimerized (Figure 3A).

When expressed in cells, the C-terminal signaling
domain of LMP-1 is localized to the cytoplasm, as
predicted (data not shown). LMP-1CYT, similarly to
CD40CYT, gives only minimal activation of NF-kB even
when it is expressed at high levels in cells (Figure 5A).
Targeting the C-terminal signaling domain of LMP-1 to
intracellular membranes by adding the sequences derived
from Src for myristoylation increases its ability to activate
NF-kB-mediated transcription slightly. MYLMP-1 is
localized to intracellular membranes in cells, as predicted
(Figure 1K). It activates an ~2-fold increase in NF-kB-
mediated transcription when it is expressed at physio-
logical levels, which is 2% the activity of wild-type
LMP-1 (Figure 5A). Targeting the C-terminal signaling
domain of LMP-1 to lipid rafts by addition of sequences
derived from Yes increases its activation of NF-kB-
mediated transcription. MYPALMP-1 is localized to lipid
rafts, as predicted (Figure 1L). It activates an ~15-fold
increase in NF-kB-mediated transcription when expressed
at physiological levels, which is 15% the activity of wild-
type LMP-1 (Figure 5A). These data indicate that local-
ization of LMP-1 to lipid rafts contributes to its signaling.
Neither the structure nor the extent to which LMP-1
aggregates is known. On one hand, it seems likely that
LMP-1 signals as a trimer because of its similarities to
CD40. On the other hand, both its ligand independence and
multiple membrane-spanning domains render its structure
in the plasma membrane enigmatic. We tested whether
fusion of LMP-1's C-terminal signaling domain to CAT
activates NF-kB-mediated transcription, and whether
targeting of this CATLMP-1 fusion to intracellular
membranes and lipid rafts further activates its signaling.

Unexpectedly, CATLMP-1, which localizes to the
cytosol as predicted (Figure 1J), does not ef®ciently
activate NF-kB-mediated transcription. Even when
CATLMP-1 is expressed at higher than physiological
levels, it only activates NF-kB-mediated transcription
4-fold, which is 4% that of wild-type LMP-1 (Figure 5B).
Targeting CATLMP-1 to intracellular membranes by

addition of the sequence for myristoylation from Src to
CATLMP-1 slightly increases its ability to activate
NF-kB-mediated transcription, but only to the level of
MYLMP-1 (Figure 5B). Targeting CATLMP-1 to lipid
rafts by addition of the sequences for myristoylation and
palmitoylation from Yes increases its activation of NF-kB-
mediated transcription, but again only to the level of
MYPALMP-1 (Figure 5B). These data indicate that
trimerization of the C-terminal signaling domain of
LMP-1 does not contribute to its signaling, so long as
the CAT fusions are, in fact, trimeric. We therefore tested
each of the CATCD40 and CATLMP-1 derivatives for
CAT activity. The CAT fusion proteins acetylate chlor-
amphenicol to the same level as wild-type CAT
(Figure 3B). Because CAT is only enzymatically active
as a trimer and all of the fusion proteins are expressed at
similar levels in cells (Figure 3B), these data demonstrate
that each of the fusion proteins forms trimers in cells. The
measurements of activation of NF-kB by these derivatives
of LMP-1 (Figure 5) indicate that one C-terminus of
LMP-1 signals as ef®ciently when fused to CAT and
homed to lipid rafts as when monomeric and homed to
lipid rafts. Fusion to CAT, therefore, neither activates nor
inhibits LMP-1's signaling. Derivatives of LMP-1 com-
petent to signal, therefore, do not share the trimeric
structure formed by CD40 and its derivatives. LMP-1's
structure not only allows it to home to lipid rafts in the
absence of a ligand, but also to bind TRAFs, TRADD and
JAK3 in a particularly ef®cient signaling complex.

Discussion

CD40 and LMP-1 activate similar signal transduction
pathways and share many characteristics, including their
subcellular localization. Our study demonstrates that lipid
rafts are the site where signaling of CD40 and LMP-1 is
initiated, as identi®ed by their localizing TRAF3 to that
site. Consistent with this conclusion, both activated CD40
and LMP-1 co-localize with two markers known to reside
in lipid rafts, and also induce TRAF3 to co-localize with
these markers. Approximately 80% of activated CD40 and
~30% of LMP-1 are associated with DRMs, and >60% of
TRAF3 becomes associated with DRMs in the presence of
activated CD40 and LMP-1 in 293 cells. Localization of
signaling domains of CD40 and LMP-1 to lipid rafts
induces them to signal, albeit to different levels. The
structural requirements for C-terminal signaling domains
of CD40 and LMP-1 to signal differ. The trimeric structure
that CAT imposes when fused to CD40's C-terminus
induces CD40's signaling. CATCD40 can signal from the
cytosol, but signals more ef®ciently when homed to lipid
rafts. However, a parallel construction, CATLMP-1, does
not signal. The N-terminus and membrane-spanning
domains of LMP-1 provide a structure that both targets
the C-terminus of LMP-1 to lipid rafts and supports its
signaling in the absence of a ligand. These observations
lead to a model underscoring the importance in lipid rafts
for CD40 and LMP-1 to signal.

CD40 and LMP-1 signal by relocalization of TRAFs:
the `shuttling' model
In the absence of its ligand, CD40 is found in the plasma
membrane as a trimer as a result of its PLAD. Trimeric
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CD40L induces a conformational change in the CD40
complex that increases its af®nity for TRAFs and lipid
rafts. The entire receptor±TRAF complex shuttles to lipid
rafts. How TRAFs' binding to CD40's C-terminus might
induce downstream signaling is unclear. One tantalizing
possibility is that the environment in lipid rafts fosters
signaling. For example, inhibitors of TRAFs, such as
MIP-3T (Ling and Goeddel, 2000), could be excluded
from lipid rafts, or, on the other hand, molecules required
for TRAF-mediated signaling, such as NF-kB inducing
kinase (NIK) (Song et al., 1997), could be concentrated in
lipid rafts. This model proposes that it is the relocalization
of TRAFs to lipid rafts that induces signaling by juxta-
posing TRAFs with their targets. Consistent with this
model, relocalization of TRAF3 to intracellular mem-
branes activates AP-1-mediated transcription (Dadgostar
and Cheng, 2000). TRAF3 has not been targeted to lipid
rafts, but given our observation it is likely that targeting of
TRAF3 to lipid rafts would signal more ef®ciently than the
derivative targeted to intracellular membranes.

LMP-1 activates signaling in the absence of ligand and
therefore its movement to lipid rafts can not be readily
detected in live cells. However, LMP-1's localization is
consistent with observing its entire life cycle from
synthesis, movement to lipid rafts and degradation. One-
third of LMP-1 appears to signal from lipid rafts at any one
time in cells. It is possible that the remaining two-thirds of
LMP-1 is traf®cking to or from these signaling compart-
ments in lipid vesicles. This model proposes that after
LMP-1's synthesis, it translocates to the plasma membrane
where it acquires a `modi®cation' that increases its af®nity
for TRAFs, TRADD and lipid rafts. This `modi®cation'
is intrinsically encoded by LMP-1's N-terminus and
membrane-spanning domains. We hypothesize that this
`modi®cation' results from LMP-1's peculiar structure
combining the self-association of the PLAD with the
allosteric changes mediated by CD40L. This structure
promotes ef®cient binding to TRAFs at the plasma
membrane and movement to lipid rafts. LMP-1 aggregates
spontaneously and moves spontaneously to lipid rafts to
localize the TRAFs it binds there. It is fascinating that
while CATCD40 fusions signal and CATLMP-1 fusions
do not, a fusion of LMP-1's N-terminus and membrane-
spanning domains fused to CD40's C-terminus signals
more ef®ciently than CD40 plus its ligand, i.e. LMP-1's
modi®cation also activates CD40 ef®ciently. Elucidating
this modi®cation is likely to illuminate the intricacies of
signaling by members of the TNFR family.

The role of lipid rafts and TRAFs in ubiquitylation
and internalization of CD40 and LMP-1
Shortly after binding to their ligand, some receptors that
span the plasma membrane are ubiquitylated and inter-
nalized from the plasma membrane. In the case of
epidermal growth factor receptor (EGFR), ubiquitylation
is required for its signaling (Stang et al., 2000).
Alternatively, ubiquitylation may trigger internalization
and degradation, and play a role in down-regulating
receptor signaling (Hicke, 1997, 1999). Lipid rafts may not
only coordinate signaling of CD40 and LMP-1, but also
their ubiquitylation, internalization and subsequent down-
regulation. TRAFs contain ring ®nger motifs, which can
act as ubiquitin ligases, and TRAF6 has been shown to be a

ubiquitin ligase (Deng et al., 2000). Concentrating TRAFs
in lipid rafts with CD40 and LMP-1 may induce their
ubiquitylation, internalization and degradation. For in-
stance, ubiquitin-activating and -conjugating enzymes
could reside in lipid rafts; CD40 and LMP-1 could
relocalize TRAFs there to induce ubiquitylation. In
support of this notion, the same regions of LMP-1, its
N-terminus and transmembrane-spanning domains, are
required for its targeting to lipid rafts, ubiquitylation, rapid
internalization from the plasma membrane and short half-
life (Martin and Sugden, 1991a,b; Aviel et al., 2000).
Although CD40's ubiquitylation, internalization and deg-
radation have not been studied, it seems likely that homing
to lipid rafts and binding TRAFs contribute to these
processes for CD40 too. Coupling the initiation of
signaling by a receptor with its degradation in a single
compartment would allow temporal de®nition of ligand-
dependent signaling. Whatever the intricacies of CD40's
signaling are, LMP-1 appears to have appropriated some
facets of them and evolved to use them particularly
ef®ciently.

Materials and methods

Cell culture
293, a human embryonic kidney cell line, was obtained from the
American Type Culture Collection (ATCC) (CRL 1573) and grown in
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Cells that express LMPGFP and CD40GFP
stably were generated by selecting clones of 293 cells transfected with a
vector expressing either of the proteins and resistance to puromycin. Cells
that express TRAF3GFP stably were generated by selecting clones of
293 cells that were transfected with a vector that expresses TRAF3GFP
and resistance to neomycin. All cells were transfected via calcium
phosphate precipitation (Graham et al., 1977). The puromycin- and
neomycin-resistant clones were selected and maintained in DMEM, 10%
FBS and 1 mg/ml puromycin or 750 mg/ml neomycin. The derivatives of
293 cells that express LMP-1 under the regulation of tetracycline were
described previously (Kaykas and Sugden, 2000). Hep2 is a human
epithelial cell line obtained from the ATCC (CCL 23) and grown in
DMEM supplemented with 10% calf serum. RPMI-1788, 721 and GM-
2783 are EBV-positive lymphoblastoid cell lines, which express EBV's
latent genes, including LMP-1, and were grown in RPMI 1640
supplemented with 10% FBS. All cell culture media were supplemented
with 200 U/ml penicillin and 200 mg/ml streptomycin, and all cells were
grown at 37°C in a humidi®ed 5% CO2 atmosphere.

Recombinant DNA constructs
p1958 is an SV40 expression vector derived from pSG5 (Stratagene)
modi®ed to have an expanded multiple cloning site, and was used as an
empty vector to normalize all transfections to the same concentration of
DNA. The wild-type LMP-1 expression vector (p1990) was generated by
inserting the LMP-1 cDNA derived from the B958 strain of EBV into
p1958. All of the following expression vectors were generated from
p1990: LMP-1CYT (p2525), MYLMP-1 (p2524), MYPALMP-1
(p2484), CATLMP-1 (p2411), MYCATLMP-1 (p2409) and
MYPACATLMP-1 (p2391). They were generated by replacing the
N-terminus and membrane-spanning domains of LMP-1 (amino acids
1±180) with combinations of commercially synthesized DNAs and PCR
products encoding the following inserts: a hemagglutinin (HA) epitope
tag (YPYDVPDYA), the sequence for myristoylation (MY) from Src
(MGSSKSKPKD), the sequence for myristoylation and palmitoylation
(MYPA) from Yes (MGCIKSKENK) and/or the sequence for CAT from
pMXCAT provided by W.Fiers (Vandevoorde et al., 1997). The
expression vector encoding LMPCD40 (p2060) encodes LMP-1 (amino
acids 1±190) fused to CD40 (amino acids 215±277) under the control of
the SV40 early promoter and was provided by W.Hammerschmidt (Gires
et al., 1997). The expression vector for wild-type CD40 (p2534) was
generated by cloning the human cDNA for CD40 provided by
W.Hammerschmidt (Gires et al., 1997) into p1958. All of the following
expression vectors were generated from p2534: CD40CYT (p2526),
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MYCD40 (p2523), MYPACD40 (p2519), CATCD40 (p2449),
MYCATCD40 (p2435) and MYPACATCD40 (p2434). They were
generated by replacing the N-terminus and membrane-spanning domain
of CD40 (amino acids 1±214) with commercially synthesized DNAs and
PCR products as described above for LMP-1. The vector encoding wild-
type CAT was generated by cloning CAT from pMXCAT into p1958. The
vectors encoding LMP-1GFP (p2527) and CD40GFP (p2594) were
generated by fusing EGFP from pEGFPN-1 (Clontech) plus a linker
(GQSGPGGA) generated by PCR to full-length LMP-1 (p1990) and
CD40 (p2534), respectively. The vector encoding GaiRFP was generated
by fusing commercially synthesized DNAs encoding the ®rst 32 residues
of Gai (MGCTLSAEDKAAVERSKMIDRNLREDGEKAAE) (Galbiati
et al., 1999) to pDsREDN-1 (Clontech). The vector encoding TRAF3GFP
(p2635) was generated by fusing the EGFP from pEGFPC-1 (Clontech)
in-frame to a TRAF3 expression vector (p1572) (Sandberg et al., 1997).

SDS±PAGE and quantitative western blot analysis
GSTLMP-1 and GSTHALMP-1 fusion proteins (where GST is
glutathione S-transferase), used to quantify the number of molecules of
LMP-1- or HA epitope-containing proteins, were described previously
(Kaykas and Sugden, 2000; Sandberg et al., 2000). GSTLMP-1,
GSTHALMP-1, LMP-1, CD40 and their derivatives were resolved by
electrophoresis through a 10% polyacrylamide gel, except for CD40CYT,
MYCD40 and MYPACD40, which were separated through an 8±16%
TrisTrycine polyacrylamide gel. Proteins resolved by SDS±PAGE were
transferred to nitrocellulose and blocked with Blotto (1% non-fat dry milk
and 0.05% Tween-20 in phosphate-buffered saline) for 20 min. Blots
were probed with af®nity-puri®ed polyclonal anti-LMP-1 antiserum that
recognizes epitopes in the C-terminus of LMP-1 at a 1:200 dilution, with
a RAT monoclonal anti-HA antibody (Boehringer-Ingelheim) that
recognizes the sequence (YPYDVPDYA) at a 1:500 dilution, with rabbit
polyclonal anti-CD40 antiserum that recognizes the C-terminus of CD40
at a 1:500 dilution, or with rabbit polyclonal anti-GFP or anti-RFP
(Clontech) antiserum at a 1:250 dilution. The blots were probed with the
corresponding anti-species antibodies (Kirkegaard Perry) conjugated to
biotin at a 1:2000 dilution and 35S-labeled streptavidin (Amersham) at a
1:1000 dilution (0.5 mCi per blot). The blots were probed for 45 min with
each antibody and with streptavidin at room temperature. The blots were
then washed once with Blotto for 10 min at room temperature and
exposed to a PhosphorImager screen (Molecular Dynamics). The level of
protein expression was quanti®ed using Imagequant software (Molecular
Dynamics).

Assays for NF-kB and CAT activity
The assay for NF-kB activity was described previously (Mitchell and
Sugden, 1995) with a few modi®cations. In short, 50±80% con¯uent
10 cm or 6-well dishes of 293 cells were transfected via calcium
phosphate precipitation. The precipitate was made as a 1 ml slurry and all
of it was used for a 10 cm dish or 250 ml for one well of a 6-well dish. One
milliliter of precipitate contains 50 ng of an NF-kB-luciferase reporter,
which contained four copies of an NF-kB-responsive element upstream of
luciferase (p1242), 20 ng of an expression vector for Renilla luciferase
(pLR) (Promega) or 1 mg of an expression vector for EGFP or RFP. The
DNA was brought up to a concentration of 30 mg/ml with p1958 and
expression vectors encoding LMP-1, CD40 or their derivatives. Four to
12 h after transfection, fresh medium was added to the cells. Forty-eight
hours after transfection, the cells were harvested. The 10 cm dishes were
split and half the cells were used for SDS±PAGE/western analysis. A total
of ~1.0 3 105 cells from the 10 cm dish or one well of a 6-well dish were
lysed in passive lysis buffer (Promega) and counted on a monolight 3010
luminometer. All transfection ef®ciencies are normalized to Renilla, GFP
or RFP levels, and the fold induction refers to that over p1958 alone.

To measure CAT activity, 50±80% con¯uent 10 cm dishes of 293 cells
were transfected with 10 mg of expression vectors for CAT or its fusion
proteins and 1 mg of pEGFPN-1, to measure transfection ef®ciency, via
calcium phosphate precipitation. Forty-eight hours later, the cells were
counted and 1.0 3 105 GFP-positive cells were used for SDS±PAGE/
western analysis with a mouse anti-CAT antibody (Sigma) and goat anti-
mouse secondary antibody conjugated to alkaline phosphatase to con®rm
the level of expression. A total of 2.5 3 106 GFP-positive cells were
harvested in 1 ml of 0.25 M Tris±HCl pH 8.0 and lysed by freeze±thawing
four times on dry ice/ethanol. Extracts containing 1.0 3 103 cell
equivalents were diluted in 50 ml of 0.25 M Tris±HCl pH 8.0, incubated
at 65°C for 10 min to inactivate endogenous deacetylase activity, and
added to a solution containing 10 ml of [14C]chloramphenicol (0.05 mCi/
ml), 20 ml of acetyl coenzyme A (3.5 mg/ml), and incubated for 30 min at
37°C. Ethyl acetate (900 ml) was added to the solution and the organic

phase was separated, evaporated in a speedvac, and resuspended in 25 ml
of ethyl acetate. The products were separated on a silica gel thin-layer
plate in a chromatographic chamber containing chloroform:methanol in a
19:1 ratio. The products were detected and quanti®ed by PhosphorImager
analysis.

Microscopy
All microscopy was performed on a Bio-Rad MRC 1024 laser scanning
confocal microscope equipped with a mixed gas (argon/kryton) laser
operated by 24-bit Lasersharp software, allowing simultaneous display of
red, green and blue signals. Where more than one ¯uorophore was used,
each one was displayed separately, and simultaneously merged to
minimize non-speci®c excitation of overlapping ¯uorophores. 293 cells
or their derivatives or Hep2 cells were plated on 18 3 18 mm coverslips
and imaged live or ®xed, as indicated. Cells were ®xed with 4.0% neutral
basic formalin for 20 min at room temperature or methanol:acetone at
±20°C, permeabilized with 0.1% Triton X-100 for 10 min, and mounted
on slides with one eyedrop full of vectashield (Vector Labs). Cells were
imaged for GFP and/or RFP and/or stained as indicated with the following
reagents: biotinylated CTxb (Sigma) at a concentration of 10 mg/ml was
detected with either CY5 or Alexa Fluor 594-conjugated streptavidin
(Molecular Probes) at a 1:10 dilution; mouse anti-CD40 antibody
(Pharmagin) at a 1:100 dilution was detected with a rabbit anti-mouse
IgG conjugated to Alexa Fluor 488; rabbit anti-LMP-1 antiserum at a
1:100 dilution was detected with a mouse anti-rabbit IgG conjugated to
Alexa Fluor 594. Some cells were treated for 20 min at room temperature
with a fusion of muCD8a to the extracellular domain of CD40L (Ancell)
at a concentration of 10 mg/ml prior to staining.

Biochemical fractionation
293 cells (3.0 3 107) or lymphoid cells (1.0 3 108) were grown on
150 mm dishes. The 293tetLMP-1-inducible clones were grown in
tetracycline for 24 h prior to harvesting. The 293 cells that express
CD40GFP stably or lymphoid cells were treated with 10 mg/ml
muCD8aCD40L for 20 min prior to harvesting. The cells were treated
with l ml of ice-cold buffer containing 150 mM NaCl, 25mM Tris±HCl
pH 7.5, 5 mM EDTA, 1% Triton X-100 on ice for 30 min. The samples
were diluted 1:1 with 70% nycodenz (Sigma) in TNE (25 mM Tris±HCl
pH 7.5, 150 mM NaCl, 5 mM EDTA). The sample was then loaded at the
bottom of a 6 ml ultracentrifuge tube (Beckman) and overlayed with
500 ml of 25, 22.5, 20, 18, 15, 12, 8% nycodenz. The samples were spun at
200 000 g at 4°C in a Beckman SWi50 rotor for 4 h and 11 fractions of
500 ml were collected from the bottom of the gradient. Ten microliters of
each fraction were subjected to SDS±PAGE and western analysis. The
293 cells that express TRAF3GFP stably were fractionated by extraction
with Triton X-100. In short, the cells were transfected with a vector
expressing GaiRFP. Forty-eight hours after transfection, the cells were
lysed in 13 RIPA buffer (Kaykas and Sugden, 2000) or treated with a
buffer containing 150 mM NaCl, 25 mM Tris±HCl pH 7.5, 5 mM EDTA,
1% Triton X-100 on ice for 30 min. The Triton X-100-treated samples
were separated by centrifugation into soluble (S) and insoluble (P)
fractions by centrifugation at 14 000 r.p.m. in a microfuge for 10 min. To
determine the DRM fraction, western blots were performed with anti-RFP
antibodies on 1.0 3 105 cell equivalents from the S, P and RIPA-treated
samples. At least 95% of the total Gai in the RIPA lysed sample is found
in the P fraction of the Triton X-100-treated sample and therefore shows
that this method accurately separated the DRM and soluble fractions.
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