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Latent membrane protein 2A (LMP2A) and LMP2B are viral proteins expressed during Epstein-Barr virus
(EBV) latency in EBV-infected B cells both in cell culture and in vivo. LMP2A has important roles in
modulating B-cell receptor (BCR) signal transduction by associating with the cellular tyrosine kinases Lyn and
Syk via specific phosphotyrosine motifs found within the LMP2A N-terminal tail domain. LMP2A has been
shown to alter normal BCR signal transduction in B cells by reducing levels of Lyn and by blocking tyrosine
phosphorylation and calcium mobilization following BCR cross-linking. Although little is currently known
about the function of LMP2B in B cells, the similarity in structure between LMP2A and LMP2B suggests that
they may localize to the same cellular compartments. To investigate the function of LMP2B, B-cell lines
expressing LMP2A, LMP2B, LMP2A/LMP2B, and the relevant vector controls were analyzed. As was previ-
ously shown, cells expressing LMP2A had a dramatic block in normal BCR signal transduction as measured
by calcium mobilization and tyrosine phosphorylation. There was no effect on BCR signal transduction in cells
expressing LMP2B. Interestingly, when LMP2B was expressed in conjunction with LMP2A, there was a
restoration of normal BCR signal transduction upon BCR cross-linking. The expression of LMP2B did not
alter the cellular localization of LMP2A but did bind to and prevent the phosphorylation of LMP2A. A
restoration of Lyn levels, but not a change in LMP2A levels, was also observed in cells coexpressing LMP2B
with LMP2A. From these results, we conclude that LMP2B modulates LMP2A activity.

Epstein-Barr virus (EBV) is a member of the gammaher-
pesvirus family which establishes a latent, persistent infection
in B cells. EBV has been associated with several human can-
cers, including African Burkitt’s lymphoma, Hodgkin’s disease,
adult T-cell leukemia, nasopharyngeal carcinoma, and some
gastric cancers. It has been proposed that EBV uses different
programs of gene expression to artificially drive B-cell devel-
opment to the long-lived memory B-cell compartment and
thereby establish latency (3, 4, 39, 46, 47, 88, 90). In this model,
EBV infects naive B cells that traffic in close proximity to the
oral mucosal epithelium. The resulting infected cells express
the latency III or growth program in which all of the EBV
nuclear antigens (EBNAs; EBNA1, EBNA2, EBNA3A,
EBNA3B, EBNA3C, and EBNALP), LMP1, and LMP2 are
expressed (5, 46, 81, 84, 90). This program of gene expression
activates B cells, which migrate into follicles to form germinal
centers. These cells are in a state that resembles antigen- and
CD40-driven B-cell activation and proliferation (90, 91). Once
the B cell has moved into the follicle, the virus switches to the
latency II or default program of gene expression to deliver
signals normally supplied by antigen and T-helper cells. In this
program, EBNA1, LMP1, and LMP2A are expressed (6, 11,
27, 83, 100). LMP2A has been shown to deliver survival signals
to B cells, as well as drive B cells to go through isotype switch-
ing and form germinal centers (13, 14, 41). LMP1 acts as a
constitutively active CD40 receptor to deliver signals that

would normally be delivered by T-helper cells (33, 37, 40, 52,
73, 94, 97). Once the infected B cells exit to the peripheral
circulation, EBV gene expression switches to a nearly quies-
cent state. EBV transcripts have been detected in infected
peripheral B cells, but few if any viral proteins are expressed to
allow the latently infected cells to avoid immune surveillance
(5, 16, 17, 24, 38, 72, 80, 92).

LMP2A is one of two isoforms transcribed by the LMP2
gene and functions to deliver development and survival signals
to B cells even in the absence of normal BCR signals (13, 14).
LMP2B, the other isoform of the LMP2 gene, has not been
well studied, and as a result the function of LMP2B in B cells
is largely unknown. LMP2A and LMP2B are transcribed under
the control of two separate promoters separated by 3 kb and
differ only in their first exons; exon 1 of LMP2A encodes a
119-amino-acid N-terminal tail, while exon 1 of LMP2B is
noncoding (7, 54–56, 60, 82, 86, 93, 101). The promoter of
LMP2A lies directly upstream of the first exon, while LMP2B
shares a bidirectional promoter with LMP1 (55, 86). Both
are transcribed across the fused terminal repeats of the EBV
episome.

LMP2A has important roles in modulating B-cell receptor
(BCR) signal transduction by associating with the cellular ty-
rosine kinases Lyn and Syk via specific phosphotyrosine motifs
found within the LMP2A N-terminal tail domain (12, 29, 30,
59). In uninfected primary B cells, cross-linking of the BCR by
antigen aggregates BCRs into glycosphingolipid-rich microdo-
mains (lipid rafts) of the plasma membrane (19). These lipid
rafts contain an increased concentration of Src family protein
tyrosine kinases such as Lyn which interact with BCR immu-
noglobulin alpha (Ig�) and Ig� subunits and mediate the phos-
phorylation of the BCR immunoreceptor tyrosine activation
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motifs (ITAMs) (45, 51, 77). ITAMs with both tyrosine resi-
dues phosphorylated become a binding site for the dual SH2
domains of the tyrosine kinase Syk (85). Binding of Syk to the
ITAM results in its phosphorylation and activation via Lyn and
activation of subsequent signaling events including protein
phosphorylation and calcium mobilization. LMP2A has been
shown to alter normal BCR signal transduction in B cells by
reducing levels of Lyn and consequently downregulating ty-
rosine phosphorylation and calcium mobilization following
BCR cross-linking (68–70).

Mutational analysis has identified residues important in me-
diating the effects of LMP2A. Mutation of residue Y112 of
LMP2A results in the inability of LMP2A to bind the SH2
domain of Lyn with high affinity in order to facilitate the
phosphorylation of Lyn, Syk, and LMP2A (30). Cells express-
ing Y112 mutants were also able to readily mobilize calcium
and exhibit tyrosine phosphorylation upon BCR cross-linking.
Y74 and Y85 of LMP2A form a putative ITAM, which has
been demonstrated to be important in recruiting and constitu-
tively phosphorylating Syk (29). Mutation of either of these
tyrosine residues restores calcium mobilization upon BCR
cross-linking. Additionally, the dual PPPPY proline motifs
found in the N-terminal tail of LMP2A have been shown to
recruit Nedd4 ubiquitin ligases (42, 98). Mutations of these
motifs result in the restoration of Lyn to wild-type levels and an
increase in the steady-state phosphorylation of a number of
cellular proteins, including LMP2A (43). Interestingly, there
was induction of tyrosine phosphorylation upon BCR cross-
linking in the dual PPPPY motif mutants.

Although both LMP2A and LMP2B have been shown to
promote motility and cell spread in epithelial cells, little is
known about the function of LMP2B in B cells (2, 18, 61, 75).
The sequence homology of LMP2B to LMP2A suggests that
both proteins may localize to similar cellular compartments
and may have some functions in common. The lack of the
amino-terminal domain found in LMP2A has led us to hypoth-
esize that LMP2B may negatively regulate LMP2A activity.

MATERIALS AND METHODS

Cell lines and cell culture. BJAB cell lines were maintained in RPMI 1640
medium containing 10% fetal bovine serum, 1,000 U/ml penicillin, 1,000 �g/ml
streptomycin, 400 U/ml hygromycin, and 210 mg/ml neomycin. Previously de-
scribed LMP2A� and LMP2A� cell lines were used in the construction of the
four cell lines (42). The complete LMP2B coding sequence, as described previ-
ously (86), was ligated into the pLXSN neomycin selectable retroviral vector with
a hemagglutinin (HA) tag on the C-terminal tail, and retrovirus stocks were
made by transient transfection of the GP293 cell line. The resulting stocks were
used to infect BJAB cells, which were then selected for in 210 mg/ml neomycin.
Cells were also plated in 96-well plates 48 h postinfection to derive clonal cell
lines in parallel with the batch lines. Three clonal lines were derived for each of
the batch lines.

Cell fractionation. Fractionation of cellular lysates was performed with dis-
continuous sucrose gradients as described previously (20). Cells (107) were elec-
troporated with 10 �g of RL34 (LMP2A) or 10 �g of RL34 and 10 �g of RL169
(HA-tagged LMP2B) and incubated for 18 h at 37°C. These cells were lysed in
1 ml of 1% Triton X-100 lysis buffer in TNE (10 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 5 mM EDTA) with protease inhibitors (1 �M pepstatin, 1 �M leupeptin,
and 0.5 mM phenylmethylsulfonyl fluoride) at 4°C for 30 min. Lysates were
further homogenized with 10 strokes of a Wheaton Dounce homogenizer and
spun down to remove debris. Lysates were diluted 1:1 with 1 ml of cold 85%
sucrose in TNE in the bottom of a Beckman centrifuge tube (14 by 89 mm). The
lysate mixture was then overlaid with 6 ml of 35% sucrose in TNE, followed by
3.5 ml of 5% sucrose in TNE. Gradients were centrifuged at 200,000 � g in an
SW41 rotor for 18 h at 4°C. One-milliliter fractions were collected from the top

of the gradient and diluted 4:1 with 5� sodium dodecyl sulfate (SDS) sample
buffer. Fractions 4 and 11 were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and immunoblotted with a rat anti-LMP2A antibody (14B7)
and a mouse anti-CD45 antibody. One-quarter of the volume of fraction 11 was
loaded into the SDS-PAGE gel, compared to fraction 4, to equalize the protein
concentration. Fractionation of cellular lysates was also performed on the 2A
and 2A2B cell lines described above.

Calcium mobilization. Cells were incubated in 1 ml serum-free RPMI 1640
medium and loaded with the calcium-binding dye Indo-1 (Invitrogen) at 3 �M at
37°C for 30 min. After loading, cells were washed twice and resuspended in 1 ml
serum-free medium. Cells were allowed to incubate for an additional 30 min at
37°C and then analyzed with a BD LSR II fluorescence-activated cell sorter
(FACS). A baseline was established for approximately 30 s before 10 �g of goat
anti-human cross-linking antibody per ml of cell suspension was added. Calcium
flux was measured for an additional 4 min after the addition of cross-linking
antibodies. The percentage of cells responding was calculated by dividing the
number of cells responding (cells above the baseline) by the total number of cells.
Percent calcium flux was calculated by dividing the ratio of bound (405 nm) to
unbound (485 nm) dye in cells responding (cells above the baseline) by the ratio
of bound to unbound dye in all cells. For experiments with untagged LMP2B, 107

BJAB cells were transiently transfected with a plasmid expressing red fluorescent
protein (RFP), with plasmids expressing LMP2A and RFP, or with plasmids
expressing LMP2A, RFP, and untagged LMP2B with a Bio-Rad Gene Pulser.
The cells were incubated for 18 h at 37°C and then examined by flow cytometry
analysis. Cells were gated on RFP to exclude untransfected cells, and the calcium
flux stimulated by BCR cross-linking was examined as described above.

Tyrosine phosphorylation assay. Two samples of each cell line were incubated
in 0.5 ml serum-free medium at 37°C for 90 min. Five microliters of goat
anti-human cross-linking antibody was added to one of the two samples of each
cell line and allowed to incubate at 37°C for 5 min. Triton X-100 lysates were
then prepared from both the cross-linked and uncross-linked samples and im-
munoprecipitated with anti-pY antibody and protein G beads overnight. Immu-
noprecipitates were washed three times in Triton X-100 buffer, resuspended in
2� SDS buffer, heated to 70°C for 5 min, separated by 10% SDS-PAGE, and
immunoblotted with a horseradish peroxidase (HRP)-conjugated anti-pY anti-
body. Proteins were detected with ECL Plus.

Antibodies. Rat monoclonal antibodies 14B7, 8C3, 14E6, and 15F9 have been
previously described (28). All HRP-linked secondary antibodies were purchased
from Amersham (Arlington Heights, IL). The mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody was purchased from Abcam. The
anti-HA epitope mouse monoclonal antibody (HA11) and rat monoclonal anti-
body (3F10) were purchased from Babco and Boehringer-Mannheim, respec-
tively. Goat anti-human Ig (IgM plus IgG plus IgA, heavy and light chains) for
cross-linking surface Ig experiments and fluorescein isothiocyanate (FITC)-con-
jugated anti-human Ig antibody were purchased from Southern Biotechnology
Associates (Santa Cruz, CA). The mouse monoclonal antibody to Syk (4D10),
the anti-phosphotyrosine antibody (PY20), and the anti-phosphotyrosine anti-
body conjugated to HRP were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The mouse CD45 monoclonal antibody was purchased from Trans-
duction Laboratories. The Cy3-conjugated donkey anti-rat secondary antibody
and FITC-conjugated goat anti-mouse antibody used for immunofluorescence
were purchased from Jackson and Invitrogen, respectively. Microtubule-binding
peripheral Golgi membrane protein 58k was purchased from Sigma. NeutrAvidin-
HRP was purchased from Pierce. The Lyn mouse monoclonal antibody was
purchased from Transduction Laboratories.

Immunofluorescence. To examine colocalization of LMP2A with IgM, cell
lines were fixed to a glass slide with methanol at �20°C for 5 min, blocked for 30
min in 20% goat serum, and incubated with anti-LMP2A antibodies (14B7, 8C3,
14E6, and 15F9) for 2 h at a 1:8,000 dilution. Cells were washed with phosphate-
buffered saline (PBS), incubated with a Cy3-conjugated donkey anti-rat second-
ary antibody at a 1:500 dilution and an FITC-conjugated goat anti-IgM antibody
at a 1:2,000 dilution for 30 min, and examined with a Leica DMIRE2 inverted
microscope. To examine colocalization of LMP2A with the Golgi apparatus, cell
lines were fixed to a glass slide with methanol at �20°C for 5 min, blocked for 30
min in 20% goat serum, and incubated with anti-LMP2A antibodies at a 1:8,000
dilution and mouse 58k antibody (microtubule-binding peripheral Golgi mem-
brane protein 58k) at a 1:200 dilution for 2 h. Cells were washed with PBS,
incubated with a Cy3-conjugated donkey anti-rat secondary antibody at a 1:500
dilution and an FITC-conjugated anti-mouse antibody at a 1:400 dilution for 30
min, stained with 4�,6�-diamidino-2-phenylindole (DAPI; Vectashield), and ex-
amined with a Leica DMIRE2 inverted microscope.

Immunoprecipitation and immunoblotting. Lysates were cleared and incu-
bated with either protein G or protein A beads and with the appropriate anti-
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bodies (indicated in the figure legends) overnight at 4°C. Immunoprecipitates
were washed three times in Triton X-100 buffer, resuspended in 2� SDS buffer,
heated to 70°C for 5 min, and separated by 12% SDS-PAGE.

For immunoblotting, cell lysates and immunoprecipitates were electropho-
resed and transferred to Immobilon membranes. Membranes were blocked in
Tris-buffered saline–Tween (TBST) containing 5% milk for 1 h at room tem-
perature, incubated for 1 h in milk containing the appropriate primary antibodies
at room temperature, washed three times in TBST, and incubated with secondary
antibodies in milk for 30 min at room temperature. For detection, membranes
were washed three times in TBST and detected with ECL Plus (Pierce, Rock-
ford, IL).

RESULTS

Construction of LMP2A, LMP2B, LMP2A/LMP2B, and vec-
tor control BJAB cell lines. In order to investigate the effects of
LMP2B on LMP2A signaling, previously constructed LMP2A-
expressing BJAB cell lines were used (42). An HA-tagged
LMP2B (2B) retroviral construct encoding a neomycin resis-
tance gene and a vector control were used to infect the LMP2A
and vector control hygromycin-resistant BJAB cells. Infected
cells were selected in neomycin and hygromycin and generated
four different cell lines. Because of the lack of LMP2B-specific
antibodies, LMP2B was HA tagged at the C terminus to facil-
itate detection. In addition to the 4 polyclonal batch cell lines,
12 monoclonal cell lines (3 clonal cell lines for each of the
batch lines) were expanded and tested. The results for the
polyclonal cell populations are shown in Fig. 1. Similar data
were also observed for the clonal populations. LMP2A was
detected in both the batch and clonal 2A and 2A2B cell lines,
and LMP2B was detected in the batch and clonal 2B and 2A2B
cell lines. LMP2A and LMP2B were not detected in any of the
vector batch or clonal cell lines. Similar expression levels of

LMP2A and LMP2B were observed in both batch and clonal
cell lines irrespective of whether the lines expressed LMP2A,
LMP2B, or both LMP2A and LMP2B. BCR expression was
examined in batch-expressing lines by FACS analysis monitor-
ing surface Ig expression, and no significant differences were
observed for any of the cell lines tested (data not shown).

Coexpression of LMP2B does not alter the cellular localiza-
tion of LMP2A. It has been previously suggested that LMP2A
localizes to the plasma membrane of B cells, colocalizes with
cell surface-associated proteins, and excludes BCRs from
translocating to lipid rafts upon BCR cross-linking (25, 59, 60).
To investigate if expression of LMP2B alters the localization of
LMP2A, immunofluorescence microscopy was used to detect
LMP2A in the four BJAB cell lines (Fig. 2). LMP2A was
detected in both the 2A and 2A2B cell lines with rat anti-
LMP2A primary antibodies and goat anti-rat Cy3-conjugated
secondary antibodies. Cells were also stained with antibodies
against the microtubule-binding peripheral Golgi membrane
protein 58k and against IgM.

When LMP2A staining is merged with the IgM staining, a
modest overlap is observed, compatible with the observation
that LMP2A excludes at least a portion of IgM from lipid rafts
but is also localized with IgM in the plasma membrane (Fig.
2A). LMP2A was also detected in the Golgi apparatus (Fig.
2B). LMP2A localization with IgM and the Golgi did not
appear to change when LMP2B was coexpressed. From these
results, we concluded that the coexpression of LMP2B does
not alter the localization of LMP2A.

Fluorescently conjugated antibodies against the Flu tag of
LMP2B were used to detect the localization of LMP2B with
LMP2A. However, because of the low-affinity interaction of
the HA antibodies with the single HA tag expression of
LMP2B, the protein was not detected. Transient transfections
in BJAB cells were used to express larger amounts of LMP2B.
LMP2B was readily detected in these cells and localized with
LMP2A (data not shown).

Localization of LMP2A to both soluble and lipid raft frac-
tions was also examined to determine if the coexpression of
LMP2B alters the localization of LMP2A in lipid rafts. Lysates
were prepared from equal numbers of cells transfected with a
vector expressing LMP2A or both LMP2A and LMP2B. Ly-
sates were subjected to discontinuous sucrose gradient centrif-
ugation, and fractions were collected. Fractions 4 and 11,
which have been previously determined to correspond to the
membrane raft fraction and soluble fraction, respectively (20,
25, 48), were separated by SDS-PAGE and probed for LMP2A
(Fig. 2C). Similar amounts of LMP2A were detected in the
membrane raft fractions of both lysates, as well as the soluble
fractions. The presence of the phosphatase CD45, which is
excluded from lipid rafts, was also examined in the fractions to
rule out contamination. CD45 was detected in the soluble
fractions but not in the lipid raft fractions. Soluble and lipid
raft fractions of lysates prepared from the 2A and 2A2B cell
lines were also examined to confirm that LMP2B did not
change the localization of LMP2A in stably expressing cell
lines. Similar levels of LMP2A were detected in the membrane
raft fractions of both lysates, as well as the soluble fractions
(data not shown). From these results, we concluded that the
coexpression of LMP2B does not affect the localization of
LMP2A in lipid rafts.

FIG. 1. Expression of LMP2A and LMP2B in BJAB cell lines.
(A) Triton X-100 lysates of the four separate BJAB cell lines were
separated by SDS-PAGE, transferred to Immobilon, blocked for 1 h,
immunoblotted with anti-LMP2A antibody 14B7, and incubated with
an anti-rat HRP-conjugated secondary antibody. Proteins were de-
tected with ECL Plus. The blot was stripped and reprobed for GAPDH
as a loading control. Levels of LMP2A expression were similar in the
2A and 2A2B cell lines. (B) Lysates were immunoprecipitated with rat
anti-HA antibody, separated by SDS-PAGE, transferred to Immo-
bilon, blocked for 1 h, immunoblotted with mouse anti-HA antibody,
incubated with an anti-mouse HRP-conjugated secondary antibody,
and detected with ECL Plus. LMP2B was detected in both the 2B and
2A2B cell lines. IP, immunoprecipitate.
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Coexpression of LMP2B with LMP2A restores BCR signal-
ing upon cross-linking. It has been previously shown that the
expression of LMP2A in B cells blocks calcium mobilization
and tyrosine phosphorylation induced by BCR cross-linking
(68–70). To investigate a role for LMP2B in modulating
LMP2A activity, changes in intracellular free calcium induced
by BCR cross-linking were examined by FACS analysis with
flow cytometry with the radiometric fluorescent dye Indo-1 in
the 4 batch cell lines and 12 clonal cell lines constructed. Cells
were measured for changes in intracellular free calcium for
approximately 30 s to establish a baseline and then measured
for an additional 4 min after being treated with BCR cross-
linking antibodies. Calcium mobilization was measured on
three separate occasions for the batch and clonal cell lines, and
the results are shown in Table 1. Representative graphs of the
calcium flux in the batch cell lines are shown in Fig. 3.

Normally, B cells exhibit a transient increase in intracellular
calcium following addition of cross-linking antibodies. This
transient increase was readily observed in the vector cells.
LMP2B-expressing cells had a flux in calcium similar to that of
vector control cells, indicating that LMP2B does not alter
calcium mobilization. This result is not entirely unexpected,
since previous studies have indicated that domains contained
in the LMP2A N terminus are essential for the block in cal-
cium mobilization (28–30). As previously shown, the LMP2A-
expressing cell line demonstrated significantly lower levels of
cells responding and calcium mobilization. Interestingly, the
coexpression of LMP2B with LMP2A in the 2A2B cell line
completely restored the ability of the cells to mobilize calcium
upon BCR cross-linking, indicating that LMP2B alters this
LMP2A function.

To confirm that the HA tag on the C terminus of LMP2B did

FIG. 2. Coexpression of LMP2B does not affect LMP2A localization. (A and B) Stably transfected BJAB cells were fixed to a glass slide with
methanol, blocked for 30 min in 20% goat serum, and incubated with anti-LMP2A antibody for 2 h at a 1:8,000 dilution. Cells were washed
with PBS, incubated with an FITC-conjugated anti-rat secondary antibody for 30 min, and examined with a microscope. Cells were also stained
with FITC-conjugated antibodies against the BCR (A) or primary antibodies against the microtubule-binding peripheral Golgi membrane protein
58k and FITC-conjugated secondary antibodies and DAPI (B). Coexpression of LMP2B does not seem to alter the localization of LMP2A with
IgM or the Golgi, as demonstrated by the 2A and 2A2B cell lines. (C) Lysates were prepared from equal numbers of cells transiently transfected
with either LMP2A or LMP2A and LMP2B and lysed in 1% Triton X-100 in TNE with protease inhibitors at 4°C for 30 min. Lysates were subjected
to discontinuous sucrose gradient centrifugation, and fractions were collected. Fractions 4 and 11, which have been previously shown to correspond
to the membrane raft fraction and soluble fraction, were separated by SDS-PAGE and immunoblotted with a rat anti-LMP2A antibody (14B7).
Fractions were also probed for CD45. One-quarter of the volume of fraction 11 was loaded, compared to fraction 4, to equalize the protein
concentration. Similar levels of LMP2A were detected in the membrane raft fractions of both lysates, as well as the soluble fractions.
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not alter LMP2B function, BJAB cells were transiently trans-
fected with a plasmid expressing RFP, with plasmids express-
ing LMP2A and RFP, or with plasmids expressing LMP2A,
RFP, and untagged LMP2B. The cells were then examined by
FACS analysis and gated on RFP to exclude untransfected
cells, and the calcium flux stimulated by BCR cross-linking was

examined. The number of cells that were able to flux when
transfected with LMP2A dropped significantly compared to
cells transfected only with RFP (68.3% RFP-only cells re-
sponding compared to 26.3% RFP and LMP2A cells respond-
ing; data not shown). When an equimolar amount of LMP2B
was cotransfected with LMP2A, a significant number of the
transfected cells was then able to flux (42.0% of cells respond-
ing; data not shown). From these results, we concluded that the
HA tag had no effect on the ability of LMP2B to restore
calcium flux in LMP2A-expressing cells.

Induction of tyrosine phosphorylation following BCR cross-
linking was also measured in the four batch cell lines (Fig. 4).
Similar to calcium mobilization, tyrosine phosphorylation of
BCR-associated proteins is one of the earliest events following
BCR activation. As may have been expected from the calcium
mobilization experiments, the expression of LMP2B did not
affect tyrosine phosphorylation levels compared to the vector
cell line following BCR cross-linking (Fig. 4, lanes 2 and 6). In
contrast to this, the expression of LMP2A in the 2A cell line
drastically reduced the induction of tyrosine phosphorylation,
as has been previously shown (lanes 4 and 8) (68). Coexpres-
sion of LMP2B with LMP2A in the 2A2B cell line restored
tyrosine phosphorylation levels induced by BCR cross-linking
(lanes 3 and 7). From these results, we conclude that coexpres-
sion of LMP2B with LMP2A completely restores BCR signal-
ing capacity as measured by tyrosine phosphorylation and cal-
cium mobilization.

Coexpression of LMP2B blocks phosphorylation of LMP2A.
Tyrosine phosphorylation of the N-terminal cytoplasmic tail of
LMP2A is essential for mediating the association of LMP2A
with the SH2 domains of Lyn and Syk. Mutation of the tyrosine
residues of the ITAM, as well as mutation of Y112, has been
shown to restore calcium mobilization upon BCR cross-linking
(29, 30). On the basis of the calcium mobilization and tyrosine
phosphorylation results obtained (Fig. 3 and 4), we hypothe-
sized that coexpression of LMP2B with LMP2A restores cal-
cium mobilization and tyrosine phosphorylation by blocking

TABLE 1. Calcium mobilization in batch and clonal cell lines

Cell linea % Change in calciumb % of cells responding c

Vector batch 71 78
Vector 1 77.3 79.2
Vector 2 84.0 85.5
Vector 3 73.8 76.7

2A batch 10 17.5
2A 1 11.2 13.7
2A 2 10.7 14.8
2A 3 12.9 16.4

2B batch 72 81
2B 1 85.6 87.3
2B 2 63.9 66.4
2B 3 67.2 83.7

2A2B batch 61 71
2A2B 1 78.4 81.9
2A2B 2 85.0 87.3
2A2B 3 77.4 80.0

a Relevant BJAB cell lines were constructed as detailed in Materials and
Methods.

b Percent change in intracellular calcium level was determined by comparing
mean fluorescence levels before and after antibody treatment.

c Percent cells responding to anti-Ig treatment was determined by comparing
the mean numbers of cells responding before and after antibody treatment. The
threshold for responding cells was determined as described in Materials and
Methods.

FIG. 3. Coexpression of LMP2B with LMP2A restores calcium
flux. Cells were analyzed by flow cytometry with the calcium-sensitive
dye Indo-1. The x axis represents time in minutes, while the y axis
represents intracellular free-calcium change as measured by the ratio
of calcium-bound (405 nm) to unbound (485 nm) dye. A baseline was
established for approximately 30 s before 10 �g of goat anti-human
cross-linking antibody per ml of cell suspension was added. Calcium
flux was truncated considerably in the 2A cell line compared to the
vector and 2B cell lines. Coexpression of LMP2B with LMP2A in the
2A2B cell line restored calcium flux levels.

FIG. 4. Coexpression of LMP2B with LMP2A restores tyrosine
phosphorylation. BJAB cell lines were incubated in 0.5 ml serum-free
medium at 37°C for approximately 90 min. Five microliters of goat
anti-human cross-linking antibody was added, and the cell suspension
was allowed to incubate at 37°C for 5 min. Triton X-100 lysates were
then prepared from both cross-linked and uncross-linked samples,
immunoprecipitated with anti-pY antibody, separated by SDS-PAGE,
and immunoblotted with an HRP-conjugated anti-pY antibody. The
expression of LMP2A in the 2A cell line decreased tyrosine phosphor-
ylation upon BCR cross-linking compared to the vector and 2B cell
lines. Coexpression of LMP2B with LMP2A in the 2A2B cell line
restored tyrosine phosphorylation. IP, immunoprecipitate.
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the phosphorylation of LMP2A tyrosine residues and subse-
quent recruitment of tyrosine kinases. In order to investigate
this, lysates of the four cell lines were prepared, immunopre-
cipitated with anti-LMP2A antibody, separated by SDS-
PAGE, and probed for tyrosine phosphorylation (Fig. 5). Ty-
rosine phosphorylation was detected in lysates from the 2A cell
line (lane 1) at the position at which LMP2A normally runs
(�55 kDa) but not in any of the other lanes. To confirm that
the phosphorylated protein was LMP2A, the blot was stripped
and reprobed. LMP2A was detected in lysates from both the
2A and the 2A2B cell lines (lanes 1 and 3), but only LMP2A
from the 2A cell lines was phosphorylated. From these results,
we concluded that coexpression of LMP2B with LMP2A
blocks the tyrosine phosphorylation of LMP2A.

Coexpression of LMP2B with LMP2A restores Lyn levels.
Expression of LMP2A results in decreased constitutive levels
of Lyn but not Syk (30, 42, 43, 98). Nedd4 ubiquitin ligases
associate with the PY motifs found in the cytoplasmic N-ter-
minal domain of LMP2A and mediate the ubiquitination and
subsequent degradation of Lyn (42, 43, 98). Mutation of the
PY motifs of LMP2A results in an increase in constitutive
levels of Lyn and LMP2A, as well as hyperphosphorylation of
LMP2A. We hypothesized that coexpression of LMP2B blocks
the phosphorylation of LMP2A and subsequent recruitment of
Lyn tyrosine kinase, which would result in restoration of Lyn
levels. To examine this, we probed lysates prepared from the
four batch cell lines for Lyn, Syk, and LMP2A on an SDS-
PAGE protein gel. GAPDH was used as a protein loading
control to normalize Lyn, Syk, and LMP2A levels quantified by
densitometric analysis. As previously described, the expression
of LMP2A in BJAB cells resulted in a decrease in constitutive
Lyn levels but not in Syk levels (Fig. 6). Expression of LMP2B
did not affect Lyn levels compared to the vector. However,
coexpression of LMP2B with LMP2A resulted in almost com-
plete restoration of Lyn levels (Fig. 6, 2A2B lane). Levels of
LMP2A were not significantly affected by the coexpression of
LMP2B (Fig. 1). From these data, we conclude that coexpres-
sion of LMP2B with LMP2A restores Lyn levels but does not
affect levels of LMP2A or Syk.

LMP2A associates with LMP2B. The structural homology of
LMP2A and LMP2B suggests that they may localize to similar
cellular compartments and interact. In addition, LMP2A and
LMP2B have been previously shown to at least partially colo-
calize in transient-transfection experiments (62) similar to our
studies indicated above as data not shown. To verify that the
two proteins physically interact, coimmunoprecipitation stud-
ies were performed. Lysates prepared from the four cell lines
were used to immunoprecipitate LMP2B, and immunoprecipi-
tates were run on an SDS gel and probed for LMP2A expres-
sion (Fig. 7). LMP2A was readily detected in the 2A2B lane
but not in the 2A lane or the 2B lane. From these results, we
conclude that LMP2B and LMP2A associate.

FIG. 5. LMP2A is not constitutively phosphorylated when coex-
pressed with LMP2B. Triton X-100 lysates of the BJAB cell lines were
immunoprecipitated with rat anti-LMP2A antibody 14B7, separated by
SDS-PAGE, and immunoblotted with HRP-conjugated anti-pY anti-
body. The blot was stripped and reprobed with biotin-conjugated pri-
mary antibody 14B7 and streptavidin conjugated to HRP as a second-
ary antibody. LMP2A is constitutively phosphorylated in the 2A cell
line, but coexpression of LMP2B in the 2A2B cell line abrogates this
phosphorylation. IP, immunoprecipitate.

FIG. 6. Coexpression of LMP2B with LMP2A restores Lyn levels.
(A) Triton X-100 lysates of the BJAB cell lines were separated by
SDS-PAGE and immunoblotted with anti-Lyn antibody. The blot was
stripped and reprobed for GAPDH as a loading control, and densito-
metric analysis was used to normalize Lyn levels with loading controls.
Levels of Lyn were lower in the 2A cell line compared to the EV and
2B cell lines. Lyn levels were almost completely restored from the 2A
cell line upon coexpression of LMP2B. (B) Syk Western blot assay with
GAPDH loading controls. The expression of LMP2A, LMP2B, or both
does not affect Syk levels in BJAB cells.

FIG. 7. LMP2A immunoprecipitates with LMP2B. Radioimmuno-
precipitation assay buffer lysates of the BJAB cell lines were immuno-
precipitated with mouse anti-HA antibody, separated by SDS-PAGE,
and immunoblotted with rat anti-LMP2A antibody. LMP2A protein
was detected in the 2A2B coimmunoprecipitation but not in the 2A or
2B cell line. IP, immunoprecipitate.
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DISCUSSION

Our present findings indicate that LMP2B physically associ-
ates with LMP2A in B cells and modulates LMP2A activity.
Interestingly, LMP2B blocks one of the earliest events impor-
tant for LMP2A function, namely, LMP2A phosphorylation.
We had shown previously that tyrosines phosphorylated in the
N-terminal LMP2A tail sequester Lyn and Syk to modulate
normal BCR signaling (28–30). By blocking LMP2A phosphor-
ylation, LMP2B prevents the recruitment of these kinases to
LMP2A. Also as a result of LMP2B expression, normal BCR
signal transduction is restored as monitored by calcium mobi-
lization and the induction of tyrosine phosphorylation. Finally,
Lyn protein levels were restored to wild-type levels in LMP2A/

LMP2B-expressing cells. Notably, we were unable to discern
any effects of LMP2B expression on BCR signaling, indicating
that a major function of LMP2B may be the regulation of
LMP2A activity.

Although the exact mechanism of LMP2B regulation of
LMP2A function cannot be entirely discerned from our
present studies, we are proposing the model shown in Fig. 8.
Our previous studies have shown that LMP2A functions as a
BCR mimic by constitutively assembling as a signalosome in
lipid rafts (12, 25, 26, 28–31, 59, 60, 66, 69, 70, 74, 78, 79, 89).
Lipid rafts are rich in Src family tyrosine kinases such as Lyn,
and the aggregation of LMP2A in lipid rafts allows Lyn to
transiently interact with LMP2A. This may be mediated by a

FIG. 8. Proposed model for LMP2B modulation of LMP2A signaling. (A) LMP2A aggregates in lipid rafts and weakly and transiently
associates with resident Src family protein tyrosine kinases such as Lyn. The aggregation of LMP2A in lipid rafts mediates the cross-phosphory-
lation of tyrosine residues on the N-terminal tail of LMP2A. The phosphorylated LMP2A is then able to strongly bind to the SH2 domain of Lyn
and further mediate phosphorylation of the LMP2A ITAM. Once phosphorylated, the ITAM is able to recruit Syk, which is used to transduce tonic
signals to the cell. Lyn recruited to LMP2A is ubiquitinated by Nedd4 ubiquitin ligases recruited by LMP2A and is subsequently degraded. This
allows LMP2A to block normal BCR signaling transduced through Lyn and Syk and replace these signals with its own. (B) Coexpression of LMP2B
interferes with the phosphorylation of LMP2A residues important in recruiting Lyn and Syk by physically associating with LMP2A, which restores
normal Lyn levels and BCR signaling.
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DQSL sequence found within the LMP2A ITAM, as a similar
sequence (DCSM) is found in the BCR Ig� subunit and is
important for recruiting Lyn to BCR complexes (21). This
recruitment mediates the phosphorylation of LMP2A, fol-
lowed by binding of the Lyn SH2 domain to LMP2A tyrosine
112 and the dual SH2 domains of Syk to the LMP2A ITAM at
tyrosines 74 and 85. This complex, along with other proteins
recruited to the LMP2A signalosome, transduces a signal to
the B cell. Additionally, Nedd4 ubiquitin ligases also recruited
by LMP2A mediate the ubiquitination of LMP2A and Lyn.
This allows LMP2A to alter normal BCR signaling transduced
through Lyn and Syk and replace these signals with its own. In
our model, coexpression of LMP2B interferes with the phos-
phorylation of LMP2A residues important in the recruitment
of Lyn and Syk by physically associating with LMP2A, thus
blocking LMP2A function at an early step.

Previous studies have shown that LMP2A contains a clus-
tering signal found in the C-terminal tail (63). We hypothesize
that LMP2B, which has an identical C-terminal tail, may asso-
ciate with LMP2A and prevent homodimerization of LMP2A,
which would in turn prevent aggregation and phosphorylation
of LMP2A. Other shared domains of LMP2A and LMP2B are
also likely to be important for mediating complex formation, in
particular the shared 12-transmembrane domains. Previous
studies have shown that the LMP1 transmembrane domains
are important for many biological aspects related to LMP1
function (9, 22, 35, 49, 57, 95, 96, 99). Particularly important to
our present studies is the observation that a critical four-amino-
acid sequence (FWLY) found in an LMP1 transmembrane
domain is important for LMP1 intermolecular interaction, raft
localization, and signaling (99). In addition to the C-terminal
tail clustering domain, we suggest that the transmembrane
domains of LMP2A and LMP2B have features that are impor-
tant for function. We hypothesize that this is in part due to the
fact that the effect of LMP2B expression on LMP2A function
is so dramatic. Simple heterodimerization does not appear to
adequately explain the almost total loss of LMP2A function
since a portion of LMP2A would still form LMP2A homo-
dimers. Thus, it seems that higher-order complexes are likely
formed so that LMP2B inhibition is complete. Further study of
the interactions of the domains required for the interactions of
LMP2A and LMP2B is clearly warranted.

Two earlier studies have shown the importance of the clus-
tering of the LMP2A N-terminal domain in its signaling ca-
pacity, indicating that any alteration by LMP2B could have
dramatic effects on LMP2A function. By making chimeric pro-
teins with the N-terminal domain of LMP2A fused to the
extracellular domain of CD8, it was shown that aggregation by
the addition of cross-linking antibody was required for LMP2A
function (1, 8). Thus, any disruption of LMP2A aggregation,
such as that caused by the expression of LMP2B, may block the
cross phosphorylation of the LMP2A N-terminal tail and pre-
vent the high-affinity binding of Lyn and Syk to LMP2A ty-
rosines, thus blocking LMP2A phosphorylation and function as
we observed in the present studies.

A splice variant of a gene that generates an alternative form
of the protein product to modulate signaling is not without
precedent. A splice variant of the human growth hormone-
releasing hormone (GHRH) receptor was shown to act as a
dominant inhibitor of receptor signaling (65). The GHRH

receptor is a seven-transmembrane G protein-coupled recep-
tor that localizes to the plasma membrane of cells. Binding of
GHRH to its receptor leads to an influx of calcium, changes in
gene transcription, and phosphorylation of downstream pro-
teins (10, 15, 34, 44, 58, 64, 71). Expression of the naturally
occurring splice variant in humans encodes a truncated recep-
tor which acts as a dominant inhibitor of receptor signaling.
Also, the exon 7-skipped variant (ER	E7) of the estrogen
receptor has been shown to suppress estrogen-dependent tran-
scriptional activation (32). The inhibitory effects of this splice
variant are due to the formation of heterodimers with wild-
type ER� and ER� and inhibition of binding of wild-type
receptors to their responsive elements.

Although we believe that LMP2A signaling likely occurs at
the plasma membrane, we cannot exclude the possibility that
LMP2A signaling occurs intracellularly, as has been reported
for LMP1 (53). As expected, like LMP1, LMP2A can be de-
tected in a variety of cellular compartments. Studies utilizing
transiently transfected cells have suggested that LMP2A and
LMP2B localize to perinuclear regions of epithelial and BJAB
cells (62). A significant proportion of both LMP2A and
LMP2B was shown to colocalize with 
-adaptin, a component
of the trans-Golgi network. However, the overexpression of
LMP2A and LMP2B in these transient-expression experiments
may have resulted in endoplasmic-reticulum-associated pro-
tein degradation. Previous studies have shown that overexpres-
sion of membrane or secreted proteins can result in misfolding
and induction of the endoplasmic reticulum-associated protein
degradation system, causing a portion of the overexpressed
protein to become mislocalized (50, 67). We have found that
the levels of LMP2A and LMP2B expressed from the retroviral
constructs used in the present study are quite similar to the
amount of LMP2A expressed in EBV-transformed B cells
grown in culture (42, 70). Our results indicated that LMP2A
primarily localizes to the plasma membrane of B cells, al-
though some LMP2A was detected in the Golgi apparatus.
Coexpression of LMP2B did not significantly alter the cellular
localization of LMP2A in either case.

The restoration of calcium flux and protein phosphorylation
upon coexpression of LMP2B led us to hypothesize that
LMP2B may be preventing LMP2A-mediated degradation of
Lyn. It has been shown previously that the proline motifs found
in the N-terminal tail of LMP2A associate with Nedd4 ubiq-
uitin ligases (42, 98). The expression of LMP2A in B cells
results in a decreased amount of Lyn but does not change Syk
levels (30, 42, 43, 68, 98). Mutation of the LMP2A proline
motifs results in an increase in LMP2A levels, as well as a
restoration of Lyn levels and protein phosphorylation upon
BCR cross-linking (43). Our results indicate that Lyn levels are
restored to wild-type levels with the coexpression of LMP2B
with LMP2A. This suggests that LMP2B may be preventing the
association of Lyn, Nedd4 ubiquitin ligases, or both with
LMP2A. LMP2A levels have been shown to increase when the
proline motifs found in the N-terminal tail are mutated,
whereas with the coexpression of LMP2B, LMP2A levels did
not increase. Densitometric analysis of the LMP2A expressed
in the 2A and2A2B cell lines shows that the amounts of
LMP2A expressed in these two cell lines are similar (2A � 1
and 2A2B � 1.02 when normalized to GAPDH controls; Fig.
1). This suggests that the expression of LMP2B has no impact
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on the ability of Nedd4 ubiquitin ligases to target LMP2A for
degradation. Since LMP2A is not tyrosine phosphorylated
when LMP2B is expressed, the likely block of LMP2A function
is a result of the lack of LMP2A phosphorylation as in the
Y112 mutant (30). LMP2B may function to downregulate the
ability of LMP2A to block B-cell activation but leave other
signaling capabilities intact. Just as LMP2B did not affect the
Nedd4 ubiquitin ligase-mediated degradation of LMP2A, it
may also not affect the association of LMP2A with other cel-
lular proteins, such as mitogen-activated protein kinase (74).
LMP2A has also been demonstrated to augment signals deliv-
ered by LMP1 (23). This signaling pathway is particularly in-
teresting, as LMP2B shares a bidirectional promoter with
LMP1 that is differentially expressed from the LMP2A pro-
moter (55, 76). It is possible that LMP2B works in concert with
LMP1; the expression of LMP2B downregulates the LMP2A-
mediated block of B-cell signaling, while LMP1 activates the B
cell through the NF-�B, AP-1, and JAK/STAT pathways (36).

LMP2B may also function in the initial EBV infection of B
cells. The latency III or growth program of gene expression
drives B-cell activation and proliferation by expressing all of
the EBNAs, LMP1, and LMP2. The expression of LMP2B may
be essential at this phase of the virus life cycle to regulate
LMP2A activity to ensure that cells do not undergo lytic rep-
lication. In particular, previous studies have suggested that
LMP2A expression can activate virus lytic replication (87).
Thus, the strength of the LMP2A signal may have very diverse
effects. In this case, the resulting LMP2A signal would resem-
ble the signal generated by an activated BCR and induce lytic
replication whereas lower levels may provide a signal that more
closely resembles the tonic signal provided by an unactivated
BCR. Thus, LMP2B may be important in regulating the acti-
vation of lytic virus production from latently infected memory
B cells. In this case, prior to induction of lytic replication,
memory B cells would be triggered to proliferate by changes in
viral gene expression. LMP2B expression would be coordi-
nated with LMP1 expression to allow for the expansion of cells
harboring EBV by preventing LMP2A-induced lytic replica-
tion. Lytic replication would then be allowed to be triggered by
normal B-cell signal transduction following expansion of the
EBV-infected cells. Further studies are clearly needed to fur-
ther delineate the role of LMP2B in LMP2A signaling and
determine if LMP2B alone may alter the normal B-cell phe-
notype.
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