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The latency-regulated transmembrane protein LMP2A interferes with signaling from the B-cell antigen recep-
tor by recruiting the tyrosine kinases Lyn and Syk and by targeting them for degradation by binding the cellu-
lar E3 ubiquitin ligase AIP4. It has been hypothesized that this constitutive activity of LMP2A requires clus-
tering in the membrane, but molecular evidence for this has been lacking. In the present study we show that
LMP2A coclusters with chimeric rat CD2 transmembrane molecules carrying the 27-amino-acid (aa) intracel-
lular C terminus of LMP2A and that this C-terminal domain fused to the glutathione-S-transferase protein as-
sociates with LMP2A in cell lysates. This molecular association requires neither the cysteine-rich region be-
tween aa 471 and 480 nor the terminal three aa 495 to 497. We also show that the juxtamembrane cysteine repeats
in the LMP2A C terminus are the major targets for palmitoylation but that this acylation is not required for
targeting of LMP2A to detergent-insoluble glycolipid-enriched membrane microdomains.

Human herpesvirus 4 (Epstein-Barr virus [EBV]) is a ubig-
uitous gammaherpesvirus carried by over 90% of the human
population. The virus remains tightly latent (latency I) in small
memory-type B cells that express EBNA-1 and the latency-
regulated transmembrane protein LMP2A (3, 10, 35). The
latter is believed to safeguard viral latency by abolishing sig-
naling from the B-cell antigen receptor (BCR) (27). Successful
activation of the B cell following stimulation of the BCR would
lead to concomitant activation of additional viral genes, ren-
dering the EBV-carrying B cell susceptible to immune attack.
Thus, LMP2A must have a key role in modulating the pheno-
type of the EBV-carrying B cell to the advantage of the virus.
But LMP2A is also expressed in a majority of EBV-carrying
anaplastic nasopharyngeal carcinomas (10) and may contribute
to the transformed phenotype of these tumors.

The LMP2A transcription unit spans the termini of the viral
genome (23) and consequently can be transcribed from the
intracellular viral episome only after circularization of the lin-
ear virion DNA. A coterminating transcript, LMP2B, lacks the
first exon of LMP2A and is transcribed from a bidirectional
promoter, shared with the other major latency-regulated
membrane protein, LMP1 (22). The existence of LMP2B as a
protein has so far not been shown. The physically separate
promoters of LMP2A and LMP2B are subject to different
transcriptional controls. While the promoters of LMP2A,
LMP2B, and LMP1 depend on the viral nuclear protein
EBNAZ2 for transactivation in B cells, the LMP2A promoter
was shown to respond to a murine homologue of the Drosoph-
ila melanogaster Notch gene, mNotch IC, which is expressed in
hematopoietic cells (39). The expression of LMP2A may thus
be independent of other viral factors in latency forms where
EBNAZ2 is not expressed.
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MTC, P.O. Box 280, SE-171 77 Stockholm, Sweden. Phone: 468 457
2610; 468 728 6749. Fax: 468 31 9470. E-mail: Gosta. Winberg@mtc.ki
se.

The mechanisms by which LMP2A modulates cellular sig-
naling have been the subject of extensive study. The unique
first (N-terminal) exon in LMP2A was shown to contain a
functional immunotyrosine activation motif similar to those
found in the CD79a and CD798 auxiliary chains of the BCR
(4), and recent studies show that LMP2A associates with lipid
rafts (12, 19) and indicate that LMP2A interferes with raft
association of the BCR (12). The phosphorylated tyrosines 74
and 85 in the immunotyrosine activation motif of the LMP2A
N-terminal exon are required for the binding of the Syk tyro-
sine kinase (7, 14, 15), and tyrosine 112 acts as a docking site
for the Src family tyrosine kinase Lyn (16). Studies of LMP2A
N-terminal deletion mutants indicate, in addition, that the
C-terminal Src kinase, Csk, may be responsible for phosphor-
ylation of Y74 in epithelial cells (36). The extracellular regu-
lated kinase (Erk) may further affect phosphorylation of serine
residues S15 and S102 in the LMP2A N-terminal domain (30).
Two proline-rich (PPPPY) motifs in the N-terminal exon bind
WW domains in the cellular E3 ubiquitin ligase AIP4 (34, 44)
and other related HECT domain proteins (20, 43).

Unlike the LMP1 membrane protein, which mimics the sig-
naling of an activated CD40/tumor necrosis factor receptor
(13), LMP2 proteins are not essential in the growth transfor-
mation (immortalization) of B cells by EBV in vitro. However,
when introduced as a transgene in mice, LMP2A has been
observed to provide a survival signal, allowing immature B cells
lacking a functional BCR to populate lymphoid organs and
enter the peripheral circulation (8). This may be due to anti-
apoptotic signals delivered by constitutive activation of the
serine-threonine kinase Akt, which has been observed in both
EBV-transformed B cells (40) and epithelial cells (37).

Early observations of membrane distribution of LMP1 and
LMP2A using immunofluorescence indicated that LMP1 and
LMP2A were colocalized in large patches on the membranes
of B cells (24). The subsequent demonstration that LMP1 is
located in glycosphingolipid-rich domains of the cell mem-
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brane provided molecular evidence for the observed patching
of LMP1 (11).

In the present study, we show that the C-terminal domain
(CT) of LMP2A is sufficient for association between LMP2A
molecules as well as other molecules carrying the LMP2A CT.
This is the first demonstration that the CT domain of LMP2A
participates in molecular association between LMP2A mole-
cules. In addition, we show that two regions of the CT domain
are dispensable for LMP2A association, amino acids (aa) 471
to 480 and aa 495 to 497. Also, our experiments show that the
cysteine-rich repeats between aa 471 and 480 are targets of
palmitoylation, although the localization of LMP2A to glyco-
sphingolipid-rich raft domains in the membrane does not re-
quire C-terminal palmitoylation.

MATERIALS AND METHODS

Cells, expression constructs, DNA transfections, and viral gene transduction.
HEK 293 cells are human embryonic kidney cells transformed by the adenovirus
type 5 E1A and E1B genes (17). A cDNA clone, pSP64-23TP carrying the
LMP2A gene from the B95-8 strain of EBV was generously donated by P. J.
Farrell (23). A retroviral vector, pLXPOP, was used to express the LMP2A. This
was constructed from the pLNPOX vector (25) by inserting the puromycin
resistance gene in the HindIII site following the poliovirus 5’ untranslated re-
gion, destroying the BamHI site preceding the 5’ long terminal repeat by Klenow
fill and recircularization and replacing the Tn5 aminoglycoside 3’ phosphotrans-
ferase (Neo) gene with a multilinker with the sequence 5'-GAATTCACCG
GTCGACGTACGGATCCTTAATTAAGCTTATTTAAATTCGAAAGATCT
GTTTAAACTCGAG-3' (G. Winberg and R. Reynolds, unpublished data). The
HindIII-to-Nsil fragment from pSP64-23TP was subsequently cloned into the
HindIII and BamHI sites of pLXPOP. The rat CD2 (42) was adapted by PCR,
and aa 1 through 225 (Phe) were cloned into the EcoRI and BamHI sites of
pBKCMV-Sfv (modified from pBKCMYV; Stratagene, La Jolla, Calif.), with the
amino acids Gly and Ile added in the BamHI site between Phe 224 of the CD2
sequence and the 27-aa LMP2 C terminus. Transfections of DNA from expres-
sion plasmids and recombinant retrovirus constructs were done by a modified
CaPO, technique (9), using piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES)
for buffering instead of N,N-bis(2-hydroxyethyl)-2-ethanesulfonic acid (BES) or
using polyethyleneimine precipitation as follows. For a 10-cm-diameter dish of
50% confluent cells, to 66 ul of H,O was added 12 pl of 50% glucose, 24 pl of
plasmid DNA (1 mg/ml), and finally, 18 ul of a 50 mM solution of 25-kDa
polyethyleneimine (catalog no. 40872-7; Aldrich, Stockholm, Sweden) in water at
pH 7.0. The mixture was diluted into 2 ml of growth medium and then added to
10 ml of medium in the dish. Supernatant from the PG13 packaging cell line (26)
was filtered through 0.45-pm-pore-size Tuffryn syringe filters (Pall-Gelman, Pall
Corporation, Ann Arbor, Mich.) and added to HEK 293 cells in the presence of
8 pg of hexadimethrine bromide (Sigma, St. Louis, Mo.) per ml. The LMP2A-
expressing clone C4, as well as the 293P vector control cells, was selected in 2 ug
of puromycin (Sigma) per ml after retroviral infection. Clone 3-5, expressing the
CD2-LMP2 CT chimeric protein, was selected in 400 pg of G418 (Gibco-BRL,
Life Technologies AB, Stockholm, Sweden) per ml after transfection. Expression
in individual clones was tested by immunoblotting.

Construction of CT mutants of the CD2-LMP2 CT chimera and of full-length
LMP2A. Since the LMP2 C terminus is merely 27 aa, or 81 bp, all mutations were
incorporated into PCR primers and the C-terminal fragment was ligated into the
pBKCMV-Sfv vector between the BamHI site following residue 225 of rat CD2
(42) and the Clal site at the end of the linker in pPBKCMVSfv. The CD2-LMP2
CT chimeric construct is 234 aa (not including the N-terminal signal peptide of
CD2), but the protein migrates at about 40 kDa in sodium dodecyl sulfate (SDS)
polyacrylamide gels, presumably as a result of glycosylation of the CD2 exodo-
main. Mutant constructs were verified by sequencing using the Big Dye termi-
nator system (Perkin-Elmer, Stockholm, Sweden). The amino acid sequences of
the CT mutants used are listed in Table 1. Of these mutants, the A Cys, A NTV,
and KMN CT mutants were also built back into full-length LMP2A.

GST fusion proteins. The C-terminal domain of wild-type (wt) LMP2A was
amplified with a 5" EcoRI site in frame with the glutathione-S-transferase (GST)
open reading frame in the pGEX4-T-3 GST expression vector (Amersham Phar-
macia Biotech, Uppsala, Sweden) and with a 3" BamHI site following the ter-
mination codon of LMP2A. The A NTV and E6 Ter mutants were fused to the
GST protein in a similar fashion. The DNA sequences of the constructs were
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TABLE 1. C-terminal mutations in LMP2A

Wild type or mutant C-terminal sequence

WT CT* RCCRYCCYYCLTLESEERPPTPYRNTV
T496A RCCRYCCYYCLTLESEERPPTPYRNAV
T496E RCCRYCCYYCLTLESEERPPTPYRNEV
E6 Ter RCCRYCCYYCLTLESEERPPTPYRETQV
Y493F RCCRYCCYYCLTLESEERPPTPFRNTV
A NTV RCCRYCCYYCLTLESEERPPTPYR
KMN CT RCCRYCCYYCLTLESEERPPTPYRKIWN
SEI CT RCCRYCCYYCLTLESEERPPTPYRSEI

A Cys® KRKKOQRSRRNL TLESEERPPTPYRNTV

“WT, wild type.

®In the A Cys mutation, the cysteine-rich membrane anchor sequence was
replaced with the corresponding sequence from the CD2 membrane protein
(indicated in boldface).

verified by dye terminator sequencing (Big Dye; Perkin-Elmer), and expression
was induced in 100-ml cultures of Escherichia coli BL-21 cells (CGSC, New
Haven, Conn.) at an optical density at 600 nm of 0.6, by addition of isopropyl-
B-p-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, followed by
a 2-h incubation at 37°C. The pelleted cells were resuspended in 2.5 ml of
phosphate-buffered saline—1% Triton X-100 and sonicated with cooling until the
lysate cleared. After removal of cell debris by centrifugation at 14,000 rpm in an
Eppendorf 5417R centrifuge (Eppendorf-Netheler-Hinz GmbH, Hamburg, Ger-
many) for 30 min at 4°C, 0.5 ml of a 50% suspension of glutathione-Sepharose
(Amersham Pharmacia Biotech) was added to the cleared lysates and incubated
for 30 min at 4°C. Before use, the GST beads were washed three times in 1%
NP-40 lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% NP-40). GST
pull-downs were performed by incubating 100 pl of a 10% suspension of GST
beads with 1 ml of lysates from 107 LMP2A-expressing C4 cells or control 293
cells for 1 h at 4°C, followed by three washes in 1% NP-40 lysis buffer. Bound
proteins were released from the beads by boiling for 5 min at 100°C in 50 pl of
SDS sample buffer, of which 25 pl was separated by polyacrylamide gel electro-
phoresis (PAGE). SDS-PAGE (21), transfer to polyvinylidene difluoride
(PVDF) filters, and detection of LMP2A and hDIg proteins on the filters using
specific antibodies followed standard procedures (18).

Antibodies, i fluorescence, i precipitations, and immunoblots.
The rat anti-LMP2A MAbs 8C3, 14B7, and 4E11 (14) were purchased from ITN
GmbH, Neuherberg, Germany. The anti-rat CD2 hybridoma OX34 was pur-
chased from American Type Culture Collection, and the MAb was purified from
culture supernatant by Protein G Sepharose (Amersham Pharmacia Biotech)
chromatography. For use in immunoprecipitation, the LMP2A and CD2 MAbs
were covalently coupled to CNBr-activated Sepharose CL-4B (Pharmacia Am-
ersham Biotech) as previously described (18). Immunoprecipitations and immu-
noblotting were performed using standard techniques, with radioimmunoprecipi-
tation assay (RIPA) buffer (18), for solubilizing of cellular proteins. In short, 10
ul of a 10% suspension of antibody beads was added to 1 ml of lysate from 107
transfected or stably antigen-expressing cells. After three washes in RIPA buffer,
captured antigens were released from the beads by boiling in SDS sample buffer
and separated by SDS-PAGE as described above. Peroxidase-labeled anti-rat
immunoglobulin G (IgG) (heavy plus light chains [H+L]) (P0450; Dako A/S,
Glostrup, Denmark), anti mouse IgG (H+L) (PI-2000), anti-goat IgG (H+L)
(P1-9500), and anti-rabbit IgG (H+L) (PI-1000) conjugates were from Vector
Laboratories (Burlingame, Calif.). Transferrin receptor (sc-7088), hDlg-1 (sc-
9961), and caveolin (sc-894) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, Calif.).

Insolubilized antibodies to LMP2A and rat CD2 were used in excess over the
antigens in immunoprecipitations, since reprecipitation did not yield detectable
protein on immunoblots. PVDF filters (Millipore Corporation, Bedford, Mass.)
were used throughout for immunoblotting, and detection was done using a
luminol-based detection kit (ECL; Amersham Life Science, Little Chalfont,
Buckinghamshire, United Kingdom).

Metabolic labeling of LMP2A- and CD2-LMP2 CT-expressing cells with
['*C]palmitate or [*H]palmitate. HEK 293 cells expressing LMP2A (clone C4),
CD2-LMP2 C-terminal chimera (clone 3-5), and vector control cells (293P) were
grown to 60 to 70% confluency in 10-cm-diameter dishes with Iscove’s modified
Eagle’s medium and 5% fetal bovine serum. Labeling was in fresh medium with
the addition of 0.37 MBq of [**C]palmitic acid per ml for 6 h at 37°C, 5% CO,.
In total, each plate received 3 ml of medium with a total of 1.11 MBq of
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[U-'*C]palmitic acid (CFB37; Amersham Pharmacia Biotech). Labeling with
[*H]palmitic acid was performed for 4 h at 37°C in 2 ml of medium using a total
of 37 MBq per plate of [9,10(n)->H]palmitic acid (TRK 909; Amersham Phar-
macia Biotech). After labeling, cells were lysed on ice in RIPA buffer and
subjected to immunoprecipitation (18) using immobilized 8C3, 14B7, and 4E11
rat anti-LMP2A MAbs for lysates from LMP2A-expressing cells and using im-
mobilized anti-CD2 MAb OX34 for the CD2-LMP2 CT-expressing 3-5 cells.
Caveolin was immunoprecipitated with the sc-894 antibody (Santa Cruz Biotech-
nology), while the hDlg protein was specifically precipitated from labeled control
293 cells using the GST-ETQV fusion protein (as described above). The immu-
noprecipitates were separated by SDS-PAGE. The proteins were transferred to
PVDF membranes, and the specific proteins were detected by immunoblotting.
Following this, radiolabeled proteins were detected by autofluorography on
preflashed film. The dry filters were immersed for 10 min in 22% (wt/vol)
2,5-diphenyloxazole in dimethyl sulfoxide. After precipitating the 2,5-dipheny-
loxazole in water, the filters were dried and exposed to X-ray film at —70°C as
described previously (18).

Membrane fractionation in Triton X-100 flotation gradients. Cell lysis was in
1 ml of TXNE (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100), with 10 g of pepstatin A (Sigma) per ml and protease inhibitors
(Complete; Roche Diagnostic Systems, Mannheim, Germany) at 4°C for a 10-
cm-diameter plate of HEK293, essentially as described previously (6). Optiprep
(Nycomed A/S, Oslo, Norway) gradients were made in three steps: the bottom
step, containing the cell lysate, was 35% Optiprep (1.2 ml); the middle step was
30% Optiprep (3.1 ml); and the top step was 0.5 ml of TXNE. Gradients were
centrifuged at 40,000 rpm for 20 h at 4°C in the SW50Ti rotor (Beckman). Three
fractions were harvested: 1 ml from the top fraction, 1 ml from the middle
fraction, and 1 ml from the bottom fraction. To ensure quantitative recovery of
proteins, the fractions were precipitated with 10% trichloroacetic acid in the
presence of 200 wg of insulin per ml as described previously (33). The protein
pellets were washed by vortexing with 1 ml of —20°C acetone to remove traces
of trichloroacetic acid, before being dissolved in SDS sample buffer (21).

RESULTS

Association between LMP2A and heterologous transmem-
brane molecules depends on the presence of a clustering signal
in the CT of LMP2A. Previously, no functional role was defined
for the CT of the LMP2 proteins; however, it contains a num-
ber of amino acid motifs that have similarity to functional
motifs in other proteins. The cysteine-rich repeat (RCCRYC
CYYC) near the membrane could be a target for acylation or
could mediate protein-protein interactions through metal che-
lates; the C-terminal valine motif (NTV) is reminiscent of
motifs that bind PDZ domains; and the glutamic acid- and
proline-rich motif (ESEERPPTPY) is reminiscent of a similar
motif in the N-terminal exon of LMP2A (EERSNEEPPPPY),
which was shown by us and others to mediate binding to a WW
domain from several members of a HECT protein family of E3
ubiquitin ligases (20, 43).

To search for functional properties of the CT, we made
chimeric expression plasmids where the 27-aa C-terminal do-
main shared between LMP2A and LMP2B was fused to the
transmembrane and extracellular domains of rat CD2 (42).
The two cysteines on the cytoplasmic side of the 25-aa CD2
transmembrane domain were not included in the construct.
The CD2 chimeric protein was highly expressed in 293 cells.

Expressing these CD2 chimeric proteins in the LMP2A-
expressing cell line C4, we noticed that the CD2 chimera was
coimmunoprecipitated with LMP2A. Our initial hypothesis
was that this might be mediated either by protein-protein in-
teractions mediated by the cysteine-rich motif or by the bind-
ing of a scaffolding protein containing PDZ domains to the
C-terminal valine motif.

To resolve this question, we created a set of mutants in the
CD2 C-terminal chimera and investigated whether they would
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FIG. 1. Coimmunoprecipitation of CD2-LMP2 CT mutant chime-
ras with LMP2A. All CD2-LMP2A chimeras were transiently trans-
fected into the stably LMP2A expressing C4 cell line and lysates were
immunoprecipitated with the three rat-anti-LMP2A MAbs 8C3, 14B7
and 4E11 coupled to Sepharose beads (see M&M). Captured antigens
were electrophoretically separated, transferred to PVDF membranes
and probed with the OX34 anti-CD2 MAD (A), to detect the presence
of the chimeric proteins in the LMP2A immunoprecipitates. (B)
Whole cell lysates from the transfected C4 cells were probed with the
0OX34 antibody to determine the relative expression of the chimeric
CD2 proteins in the transfected C4 cells. The structure of the 27-aa
C-terminal sequence in each wt and mutant CD2 chimera, as well as
the nomenclature of the mutants, is explained in Table 1. Each lane
contains lysate from 10° cells. (C) Filters with the LMP2A immuno-
precipitates were probed with a mixture of the three LMP2A-reactive
MADbs to demonstrate that the immunoprecipitates from the C4 cells
contained LMP2A. Lane 1 in the three panels is lysate from the
LMP2A-negative, CD2 LMP2A CT-expressing cell line 3-5, to show
that CD2 is not precipitated unspecifically with the LMP2A MAbs.

coimmunoprecipitate with LMP2A after transfection in the
LMP2A-expressing cell line C4. The mutants used are shown
in Table 1, and the results obtained with these mutants are
shown in Fig. 1. In the experiment illustrated in Fig. 1A, im-
munoprecipitates from C4 cells coexpressing CD2 chimeras
with mutant LMP2 C termini were immunoblotted with the
0OX34 MAb against CD2. Surprisingly, both the cysteine-rich
repeat and the terminal valine motif were dispensable for co-
immunoprecipitation of the CD2 chimera with LMP2A (Fig.
1A, lanes 4 and 8). As shown in Table 1, the cysteine-rich motif
was replaced by the lysine and arginine-rich membrane anchor
of CD2, while the C-terminal amino acids NTV were simply
deleted.
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We also investigated whether binding of a putative PDZ-
domain protein might be regulated by phosphorylation of the
penultimate threonine (Fig. 1A, lanes 2 and 3) and whether
phosphorylation of the tyrosine in the context of the proline
motif PPTPY might be required for the association of CD2
chimeras with LMP2A (lane 6). Mutation of these hydroxy-
amino acids did not abolish binding to LMP2A, but substitut-
ing the three terminal amino acids NTV with KMN (lane 9)
did inhibit binding. Substituting consensus sequences for PDZ
proteins, one with terminal ETQV from the HPV16 E6 protein
and one with a terminal isoleucine instead of valine, gave two
mutants which were both active in binding LMP2A (lanes 5
and 10). In all experiments, the expressions of both LMP2A
and the CD2 chimeras were similar between samples, as dem-
onstrated for the CD2 chimeric proteins in Fig. 1B, showing
whole-cell lysates from the transfected cells immunoblotted
with the OX34 MADb against CD2, and for LMP2A in Fig. 1C,
which shows an immunoblot of immunoprecipitated LMP2A
from the CD2-transfected C4 cells. Lane 1 is a lysate from the
CD2-LMP2 CT-expressing cell line 3-5, showing that the CD2
chimera is not precipitated by the rat-anti LMP2A MAbs 8C3,
14B7, and 4E11 (14). In the coimmunoprecipitations shown in
Fig. 1, the CD2 constructs are expressed in excess over LMP2A
(see also the radioimmunoprecipitation experiment illustrated
in Fig. 4A). Moreover, LMP2A is quantitatively precipitated
from the cell lysates, while only a fraction of the available CD2
constructs was coimmunoprecipitated with LMP2A, since a
second round of immunoprecipitation with LMP2A antibodies
did not bring down additional LMP2A protein, while repre-
cipitation with CD2 antibodies recovered residual CD2 con-
struct.

The C-terminal clustering signal in the LMP2 C-terminal
domain does not require membrane association. To rule out
the possibility that association of CD2 chimeric constructs with
LMP2A might depend on interactions between the transmem-
brane domains of LMP2A and CD2, we decided to test wheth-
er LMP2A might also associate with a GST fusion protein
carrying the wt LMP2 CT domain. Figure 2 shows that this is
the case and, in addition, that the CT domain with deletion of
the terminal NTV motif is also active in the GST pull-downs of
LMP2A (Fig. 2A). Remarkably, the GST construct carrying
the mutation with terminal ETQV pulls down not only LMP2A
but also hDlg, in keeping with its function in the HPV16 E6
protein. Figure 2B shows that the ETQV construct pulls down
hDIg from control 293 cells while GST protein alone is inac-
tive. These experiments demonstrate that the association be-

FIG. 2. GST pull-downs of LMP2A and hDlIg. Lysates from LMP2A-
expressing C4 cells or control 293 cells were incubated with GST fusion
proteins containing the wt and two mutant LMP2 C termini. (A) GST
fusion proteins with the wt or A NTV mutant pull down LMP2A but
not hDIg from C4 cells, while the GST fusion protein with the HPV16
E6 C terminus (ETQV) pulls down both LMP2A and hDlg. (B) The
GST-ETQV CT construct is shown to pull down hDIlg from the
LMP2A negative control cell 293, while the GST protein alone pulls
down neither LMP2A nor hDIg from the C4 cell line. This shows that
the binding site for the PDZ protein is physically separate from that of
LMP2A. The two immunoblots in each panel were first blotted with
hDIg antibody, and then they were stripped and reblotted with the
anti-LMP2A MAbs.
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tween LMP2A and the C-terminal domain of LMP2 is inde-
pendent of hydrophobic effects from transmembrane domains.
This experiment also shows that the sequences required for
association of LMP2A with the LMP2 CT domain are separate
from those involved in binding a putative PDZ protein to the
C-terminal valine motif, since both proteins can bind to the C
terminus.

Molecular association between the C-terminal clustering
domains. To resolve the question as to what part of wt LMP2A
associates with the CD2- and GST-fusion proteins used in the
above experiments, we performed pull-down experiments with
the GST-LMP2CT fusion protein from lysates of the 3-4 cell
line, which constitutively expresses the CD2-LMP2CT con-
struct, from the C4 cell line expressing the wt LMP2A protein,
and from 293 cells stably expressing the chimeric CD38 trans-
membrane protein 3Tm (43), carrying the LMP2A N-terminal
exon in the appropriate orientation of a type II membrane
protein. Figure 3 shows that the C-terminal domain of LMP2A
can mediate association with another C-terminal domain, and
that no other sequences from LMP2A are required for this
interaction (Fig. 3A). It is conceivable that this association
between C-terminal domains is not a direct interaction but is
mediated by an as yet unidentified adapter protein.

While the wt LMP2A protein clearly associates with the
GST-LMP2CT construct (Fig. 3B), we were unable to detect
association between the GST construct and the N-terminal
exon of LMP2A in the background of the 3Tm construct. The
secondary structure of the LMP2A N-terminal domain in the
context of the chimeric 3Tm construct might, however, deviate
sufficiently from that of the wt LMP2A molecule to prevent its
association with the C-terminal sequence in the GST fusion
protein.

The C-terminal cysteine residues are the major target of
LMP2A palmitoylation. LMP2A is an integral transmembrane
protein of 497 aa with type III topology, with intracellular N
and C termini, tentatively assigned 12 transmembrane domains.
The C-terminal domain is merely 27 aa in length and has a
prominent cysteine repeat interspersed with tyrosines and
arginines located at the junction between the last transmem-
brane and the intracellular domain. The structure is highly
conserved between the LMP2A proteins of gammaherpesvi-
ruses EBV (human herpesvirus 4), herpesvirus papio (ba-
boon), and ceropithecine herpesvirus 15 (rhesus monkey).

A recent paper reports that LMP2A is palmitoylated (19). In
the experiments described above we established that the C-
terminal cysteine repeats are dispensable for protein-protein
association between LMP2A and CD2 chimeras carrying the
LMP2 CT domain (Fig. 1A, lane 4). To clarify whether the
C-terminal cysteine repeats are targets of this palmitoylation,
we performed metabolic labeling, with ['*C]palmitic acid or
[*H] palmitic acid, of 293 cells expressing wt LMP2A, LMP2A
A Cys (where the cysteine repeats in the CT were replaced with
the arginine- and lysine-rich membrane anchor from the CD2
molecule), and finally, a CD2-LMP2 CT chimera carrying the
wt LMP2A CT domain. The results of labeling experiments
using ['*C]palmitic acid or [*H]palmitic acid did not differ.

Figure 4A) shows an autofluorogram of a PVDF filter with
[*H]palmitic acid labeled immunoprecipitates from the labeled
cell lysates. The LMP2A A Cys and LMP2A wt 16 lysates were
from 293 cells, transfected with expression constructs in the
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FIG. 3. Interactions of the isolated C-terminal domain of LMP2
with membrane bound C- or N-terminal domains of LMP2A. (A)
Immunoblots with the OX34 MAD, directed against rat CD2. The top
panel shows GST pull-downs from lysates of the stable expressing cell
lines indicated above the figure, using the GST-LMP2 CT fusion pro-
tein, while the lower panel shows expression of proteins in whole-cell
lysates (WCL). Approximately 2% of each WCL was loaded on the gel.
(B) Immunoblots in panel A were stripped and reprobed with MAb
directed against the N-terminal domain of LMP2A to detect wheth-

er the C-terminal domain associates with the N-terminal domain of
LMP2A (see Materials and Methods).
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FIG. 4. Metabolic labeling of LMP2A and CD2-LMP2CT with
[>H]palmitate. (A) Autofluorogram of a PVDF filter with appropriate
immunoprecipitates from the labeled cell lysates. Lanes: 1 and 3,
immunoprecipitates of the LMP2A A Cys mutant and the wt LMP2A
after transient transfection into 293 cells; 2, LMP2A immunoprecipi-
tate from the constitutively LMP2A expressing cell line C4; 4, CD2
immunoprecipitate from the stable cell line 3-5, expressing the CD2-
LMP2 CT construct. The caveolin (lane 5) and hDIg1 (lane 6) immu-
noprecipitates represent expression of the respective endogenous pro-
teins in control 293 cells. (B) LMP2A immunoblot of the same filter as
in panel A, demonstrating that all three LMP2A constructs were ex-
pressed. (C) Same filter as in panel A, after stripping and reprobing
with hDlg antibody. Immunoblots of CD2 and caveolin immunopre-
cipitates on the filter in panel A are not shown, since the autofluoro-
gram shows that label was incorporated into these proteins.
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pBKCMYV-Sfv vector. The LMP2A wt C4 lysate was from the
C4 clone of 293 cells, stably expressing LMP2A. There was no
significant difference in palmitoylation between the two wt
LMP2A samples; however, the A Cys mutation showed no
labeling with palmitate, although the expressions of the three
full-length LMP2A constructs were found to be similar by
immunoblotting (Fig. 4B). The strong palmitoylation of the
CD2-LMP2 CT chimera (Fig. 4A, lane 4) is explained by a very
high expression level of this construct in the stably expressing
293 cell line 3-5. Palmitoylation of the raft protein caveolin is
shown in lane 5, and hDIgl was unlabeled, although its expres-
sion was detected by immunoblotting (Fig. 4C, lane 6), indi-
cating that the label was incorporated in the form of palmitate
and not as recycled '*C or *H from metabolized lipid. The
failure to detect palmitate label in the LMP2A A Cys construct
indicates that acylation of cysteine residues outside the C-
terminal domain of LMP2A must be low compared to the
C-terminal cysteines. The detection limit can be roughly esti-
mated by comparison to the endogenously expressed caveolin
(lane 5). Caveolin is irreversibly palmitoylated posttranslation-
ally (31) on at least two of the three juxtamembrane cysteines
in its C terminus (41) to allow its raft association and choles-
terol transport. Therefore, it is reasonable to assume that a
single acylated cysteine outside the C-terminal domain might
remain undetected. It is also worth mentioning that the two
juxtamembrane cysteines in the cytosolic part of the wt CD2
molecule were excluded from the constructs used here, so
palmitoylation of the CD2-LMP2A CT chimera depends solely
on palmitoylation of one or more of the five cysteines in the
LMP2 CT.

Localization of LMP2A in a Triton X-100-insoluble glyco-
lipid-rich membrane domain does not depend on C-terminal
palmitoylation. Since acylation is often a signal for apical sort-
ing into glycolipid-rich rafts, it was of interest to investigate
whether the raft localization of LMP2A (12) was dependent on
palmitoylation. It was also important to establish whether the
mutant CD2-CT chimeric constructs used to demonstrate as-
sociation between the CT domain and full-length LMP2A were
expressed in the same membrane compartment as LMP2A.
Figure 5 shows the results of Optiprep flotation gradients.
Endogenous transferrin receptor and caveolin in lysates of
293P vector control cells (Fig. 5C and D, respectively) were
used as markers for the solubilized and Triton X-100-insoluble
membrane compartments, respectively (6). The endogenous
CD2 in Jurkat T cells also serves as a control since CD2 is
located in rafts (45). In Fig. SA, wt and three LMP2A mutants
are shown. The A Cys mutant was of interest because it lacks
cysteines in the CT domain, and thus lacks C-terminal palmi-
toylation (Fig. 4, lane 1). The A NTV mutant, which lacks the
PDZ-like terminal valine motif, was included because it might
fail to localize to rafts if clustering by a PDZ protein would be
essential for apical sorting (28, 29). The KMN CT mutant was
investigated because its failure to cluster with other CT con-
structs (Fig. 1) might depend on inappropriate expression in
the membrane. In all cases, however, the full-length LMP2A
constructs were recovered from the Triton X-100-insoluble top
fraction of the gradients (Fig. 4A).

The CD2-CT chimeric constructs shown in Fig. 5B are also
located in the top fraction of the gradients, showing that they
are appropriately expressed in the same membrane compart-
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FIG. 5. Optiprep gradient fractionation of different membrane
compartments from HEK 293 cells expressing either LMP2A (A) or
CD2-LMP2 CT chimeric membrane proteins (B). Three fractions were
collected, one each from the top, middle, and bottom layers of the
gradient (indicated by the letters t, m, and b above the left gradient
shown in panel A). The direction of flotation of the lighter membrane
fraction, not solubilized in Triton X-100, is shown with an arrow,
pointing from the bottom to the top of the gradient at the top left of
panel A. Fractions were collected, treated as described in Materials
and Methods, and blotted on PVDF membranes for immunoblotting.
(A) Distribution of LMP2A protein in the gradients is shown for the
LMP2A wild type and the A Cys, A NTV, and KMN CT mutants in the
full-length LMP2A background. (B) Distribution of CD2-LMP2A CT
constructs between Triton X-100-soluble (bottom) and -insoluble (top)
membrane fractions is shown. A lysate from the human T-cell line
Jurkat was included, to demonstrate that the native CD2 molecule
distributes similarly to the chimeric constructs used in this study. (C
and D) Locations of two control proteins, endogenously expressed in
the 293 cells; caveolin which is a marker for the detergent-insoluble
glycolipid-enriched membranes (rafts) (C) and transferrin receptor,
which is known to distribute in the Triton X-100 soluble phosphatidyl-
etanolamine rich part of the membrane (D). Immunoblotting was
performed with the appropriate antibodies as described in Materials
and Methods.
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ment as LMP2A and that the failure of the CD2-LMP2 KMN
CT construct to associate with wt LMP2A (Fig. 1) is not a
result of expression in a separate membrane compartment.
The raft association of the CD2 constructs is likely to de-
pend on properties of the CD2 backbone in these constructs
(including the transmembrane domain), since the native CD2
molecule is located in rafts (Fig. 4B). A fine punctate mem-
brane-staining pattern in 293 cells expressing the CD2 con-
structs also supports the raft localization (data not shown).

DISCUSSION

It is known that molecular clustering is required for activa-
tion of the LMP2A N-terminal domain by tyrosine phosphor-
ylation. In the initial demonstration of signal transduction ac-
tivity by the LMP2A N-terminal domain (2), antibody ligation
of a CD8«a-LMP2A N-terminal chimera resulted in calcium
signals and interleukin 2 production by IIA1.6 lymphoma B
cells, while the nonligated chimeric molecule was inactive. In
addition, our demonstration that the E3 ubiquitin ligase binds
to nonphosphorylated tyrosines in the two PPPPY motifs in
the LMP2A N-terminal exon relied on the demonstration that
AIP4 binds to a CD38-LMP2A chimeric transmembrane con-
struct (3Tm), where all tyrosines remain in the unphosphory-
lated state as long as the construct is not clustered by antibody
to the CD38 exodomain (43). Since wt LMP2A is constitutively
phosphorylated on tyrosine 112 (16), it is reasonable to hy-
pothesize that LMP2A molecules spontaneously associate in
the membrane. This could be the result of direct interaction
between LMP2A molecules or be mediated by a scaffolding
protein (32) as described for the cystic fibrosis transmembrane
conductance receptor and many other ion channels (5). One
purpose of this investigation was to decide if and by what
mechanism association between LMP2A molecules might take
place. Our finding is that transmembrane chimeras carrying
the rat CD2 exodomain and transmembrane domain fused to
the LMP2 CT domain as well as GST fusion proteins carrying
the LMP2CT domain interact with wt LMP2A. Furthermore,
we show that the C-terminal domain is capable of association
with itself, since the CD2-LMP2CT chimera efficiently inter-
acts with the GST-LMP2CT fusion protein. Our mutation
analysis shows that neither the cysteine-rich repeat nor the
PDZ-like motif at the LMP2 C terminus is essential for this
protein-protein interaction.

If LMP2A molecules required a PDZ-containing scaffolding
protein for clustering, then such a protein would be likely to
bind to the terminal valine motif. However, this protein is not
hDIg, since hDlg cannot be detected on an immunoblot of the
GST-wt CT pull-down in Fig. 2A. On the other hand, the hDlg
binding to the GST-ETQV CT construct, shown in the same
immunoblot, would then block binding of the hypothetical
PDZ scaffolding protein that normally would cluster LMP2A
molecules. This would also prevent binding of LMP2A. Since
both hDlg and LMP2A bind to the ETQV construct, and since
LMP2A also binds to the GST A NTV construct, it is unlikely
that the terminal NTV motif is involved in LMP2A clustering.
Instead, it is probable that there is a protein interaction motif
located between the cysteine-rich repeat and the terminal NTV
tripeptide. This would correspond to all or part of the se-
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FIG. 6. Models of C-terminal interactions between LMP2 proteins.
(A) Association between LMP2A and the CD2 chimeric transmem-
brane proteins with the LMP2 C-terminal domain. (B) Interaction of
the GST-LMP2 CT constructs. (C) The interactions involve two C-
terminal domains, since the GST-LMP2A CT fusion protein can pull
down the CD2-LMP2A C-terminal chimera from cell lysates of 3-5
cells. While we show that these interactions occur as tail-tail interac-
tions, we cannot exclude that head-tail interactions might also occur.
(D) Hypothetical interaction between LMP2 proteins through their
shared C-terminal domains.

quence LTLESEERPPTPYR, located between the cysteine-
rich repeat and the terminal NTV tripeptide.

This prompted us to ask whether the cysteine-rich repeats
might have a different function. We demonstrate that LMP2A
and the corresponding CD2 chimera are palmitoylated, while
in a mutant LMP2A (A Cys), with an arginine- and lysine-rich
membrane anchor in place of the cysteine-rich repeat, palmi-
toylation was not detected. This shows that the C-terminal
cysteines are the major site of LMP2A palmitoylation. As
previously described, palmitoylation of membrane proteins
may regulate their rate of internalization (1), which may be
relevant in the context of recent studies indicating that LMP2A
interferes with internalization of antigen-activated B-cell re-
ceptor (12).

Our studies of LMP2A localization in rafts (38) also confirm
previous findings (12, 19) and demonstrate, additionally, that

J. VIROL.

C-terminal LMP2A palmitoylation is nonessential for the
localization of LMP2A in detergent-insoluble glycolipid-en-
riched membrane microdomains (rafts). These experiments also
verify that the molecular interactions between LMP2A and
C-terminal mutants in the CD2 chimeric background take
place between proteins that are expressed in the same mem-
brane compartment. This shows, specifically, that the failure of
the CD2-KMN CT mutant to associate with LMP2A is not due
to a defect in raft association.

Figure 6A, B, and C illustrate our findings regarding molec-
ular association of LMP2A molecules. In Fig. 6D, finally, we
show a model of the hypothetical interaction between LMP2
proteins suggested by our demonstration of a C-terminal as-
sociation motif. The demonstration of this interaction is bio-
logically meaningful only if the existence of the LMP2B pro-
tein can be shown in EBV-infected cells. We are currently
using the GST-LMP2CT fusion protein to isolate this protein
from B cells in latency III and from EBV-positive NPC cells in
culture.

Our present finding that a C-terminal motif, hypothetically
located between aa 481 and 494, is sufficient for the physical
association between LMP2A and heterologous transmem-
brane molecules or soluble GST fusion proteins carrying this
motif may help explain how LMP2A is normally kept in a
clustered, constitutively active state and may be of particular
importance for understanding the role of the LMP2B in reg-
ulating the latency state of EBV-carrying cells. Although the
existence of the LMP2B protein remains to be demonstrated,
it has been hypothesized that the stringent control of B-cell
phenotype maintained by LMP2A in type I latency might be
relaxed as the cell progresses through latency II and III, per-
haps in part as a result of LMP2B expression. The LMP2B
protein, which lacks the N-terminal exon of LMP2A, might
cocluster with LMP2A and reduce the local concentration of
cellular proteins binding to the N-terminal exon of LMP2A.
This would reduce the effects of LMP2A on signal transduction
in the B cell.
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