JOURNAL OF VIROLOGY, Oct. 1998, p. 7796-7806
0022-538X/98/$04.00+0

Vol. 72, No. 10

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Tyrosine 112 of Latent Membrane Protein 2A Is Essential for
Protein Tyrosine Kinase Loading and Regulation
of Epstein-Barr Virus Latency

SARA FRUEHLING,' RACHEL SWART,' KRISTINE M. DOLWICK,' ELISABETH KREMMER,?
AND RICHARD LONGNECKER'*#

Department of Microbiology-Immunology, Northwestern University Medical School, Chicago,
Hllinois 60611," and GSF, Institut fiir Immunologie, D-81377 Miinchen, Germany*

Received 7 May 1998/Accepted 23 June 1998

Latent membrane protein 2A (LMP2A) of Epstein-Barr virus (EBYV) is expressed on the plasma membrane
of B lymphocytes latently infected with EBV and blocks B-cell receptor (BCR) signal transduction in EBV-
immortalized B cells in vitro. The LMP2A amino-terminal domain that is essential for the LMP2A-mediated
block on BCR signal transduction contains eight tyrosine residues. Association of Syk protein tyrosine kinase
(PTK) with LMP2A occurs at the two tyrosines of the LMP2A immunoreceptor tyrosine-based activation motif,
and it is hypothesized that Lyn PTK associates with the YEEA amino acid motif at LMP2A tyrosine 112 (Y112).
To examine the specific association of Lyn PTK to LMP2A, a panel of LMP2A ¢DNA expression vectors con-
taining LMP2A mutations were transfected into an EBV-negative B-cell line and analyzed for Lyn and LMP2A
coimmunoprecipitation. Lyn associates with wild-type LMP2A and other LMP2A mutant constructs, but Lyn
association is lost in the LMP2A construct containing a tyrosine (Y)-to-phenylalanine (F) mutation at LMP2A
residue Y112 (LMP2AY112F). Next, the LMP2AY112F mutation was recombined into the EBV genome to gen-
erate stable lymphoblastoid cell lines (LCLs) transformed with the LMP2AY112F mutant virus. Analysis of
BCR-mediated signal transduction in the LMP2AY112F LCLs revealed loss of the LMP2A-mediated block in
BCR signal transduction. In addition, LMP2A was not tyrosine phosphorylated in LMP2AY112F LCLs. Togeth-
er these data indicate the importance of the LMP2A Y112 residue in the ability of LMP2A to block BCR-mediated
signal transduction and place the role of this residue and its interaction with Lyn PTK as essential to LMP2A
phosphorylation, PTK loading, and down-modulation of PTKSs involved in BCR-mediated signal transduction.

In primary B lymphocytes, cross-linking the B-cell receptor
(BCR) leads to an intricate signal cascade including the re-
cruitment and activation of the Src family protein tyrosine ki-
nases (PTKs); subsequent activation and recruitment of other
kinases, phosphatases, or adaptor proteins; the hydrolysis of
phospholipids; mobilization of intracellular calcium; activation
of protein kinase C; activation of nuclear transcription factors;
and transcription of BCR signal-specific genes (1, 5, 10, 13, 44).
These signal cascades also occur in Epstein-Barr virus (EBV)-
negative transformed B-cell lines in vitro, but B-cell lines trans-
formed with EBV are blocked in the ability to transduce sig-
nals through the BCR. One EBV gene product, the latent
membrane protein 2A (LMP2A), has been demonstrated to be
responsible for this phenotype (26-28).

LMP2A is one of nine viral proteins expressed in B cells
latently infected with EBV in vitro. LMP2A contains a 119-
amino-acid amino-terminal cytoplasmic domain, 12 hydropho-
bic transmembrane domains, and a 27-amino-acid cytoplasmic
carboxyl domain and is expressed in aggregates in the plasma
membranes of latently infected B cells (Fig. 1) (21). The ami-
no-terminal domain of LMP2A includes eight tyrosine residues
(20), two of which form an immunoreceptor tyrosine-based
activation motif (ITAM) (4, 37). This amino-terminal domain
has been shown to be tyrosine phosphorylated and is necessary
for LMP2A association with the Src family PTKs and the Syk
PTK (3, 20, 26). Each phosphorylated tyrosine residue pro-
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vides a potential binding site for cellular proteins containing
Src homology 2 (SH2) domains. SH2 domains are noncatalytic
domains conserved among cytoplasmic signaling proteins
which bind tyrosine-phosphorylated proteins (34, 38).

LMP2A was first shown to block normal BCR signal trans-
duction in the EBV-negative B-cell line BJAB. In BJAB cells
expressing LMP2A and no other EBV gene products, intracel-
lular calcium was not mobilized following BCR cross-linking
(28). Studies using EBV-transformed lymphoblastoid cell lines
(LCLs), referred to as EBV+LMP2A+ LCLs, demonstrate a
similar block in calcium mobilization after BCR cross-linking
as well as a block in protein tyrosine phosphorylation and
nuclear gene transcription following BCR cross-linking (26—
28). In addition, BCR cross-linking failed to activate cellular
signal transducers such as Lyn, Syk, phosphatidylinositol
3-kinase (PI3-kinase), phospholipase Cy2, (PLCy2), Vav,
mitogen-activated protein kinase (MAPK), and Shc in the
EBV+LMP2A+ LCLs (26). In contrast, parallel BCR cross-
linking studies of LCLs with null mutations in LMP2A, re-
ferred to as EBV+LMP2A— LCLs, resulted in normal BCR
signal transduction, as measured by the induction of tyrosine
phosphorylation, mobilization of intracellular calcium, and in-
duction of lytic viral replication (26, 27). These results indi-
cated that the amino-terminal domain of LMP2A was sufficient
for the block in BCR-mediated signal transduction observed
in EBV+LMP2A+ LCLs.

The importance of the LMP2A amino-terminal domain in
blocking BCR signal transduction was confirmed by the anal-
ysis of EBV-infected LCLs with deletion mutations within the
LMP2A amino-terminal domain. We constructed three dele-
tions which removed amino acids 21 to 36, 21 to 64, or 21 to 85
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FIG. 1. LMP2A structure and amino acid sequence indicating important motifs of the LMP2A amino-terminal domain. (A) Schematic of the predicted structure
of LMP2A in the B-cell plasma membrane. LMP2A contains a 119-amino-acid amino-terminal cytoplasmic domain, 12 hydrophobic transmembrane domains, and a
27-amino-acid cytoplasmic carboxyl domain and is expressed in aggregates in the plasma membranes of latently infected B cells. Numbers denote the locations of the
eight tyrosine residues in the LMP2A amino-terminal domain. (B) Amino acid sequence of the LMP2A amino-terminal domain, with the eight tyrosine residues
(arrows), four proline-rich motifs (~~~~~ ), and DQSL motif (======) indicated. Each of the eight LMP2A amino-terminal Y residues was mutated to an F residue
in pLMP2A cDNA expression vector constructs, including a double Y-to-F mutation at LMP2A residues Y74 and Y85. Four LMP2A deletion mutations, lacking
LMP2A residues 21 to 36, 21 to 64, 21 to 85, and 80 to 112, were also incorporated into pLMP2A cDNA expression vector constructs. In addition, multiple LCLs

incorporating a Y-to-F mutation at LMP2A Y112 were generated.

from the LMP2A amino-terminal domain. Amino acids 21 to
36 were dispensable, whereas amino acids 37 to 85 were es-
sential for full LMP2A function (11). The importance of the
LMP2A ITAM in the LMP2A-mediated block in BCR signal
transduction was confirmed by the analysis of LCLs with ty-
rosine-to-phenylalanine point mutations in the LMP2A ITAM.
Mutation of either tyrosine restored normal BCR signal trans-
duction and prevented the binding of the Syk PTK to LMP2A
(12).

In this study, a tyrosine (Y)-to-phenylalanine (F) mutation
was engineered into the LMP2A gene at amino acid 112
(Y112F) and incorporated into both LMP2A cDNA expres-
sion vectors as well as the viral genome to generate LCLs
infected with LMP2AY112F recombinant virus (11, 12). The
LMP2AY112F LCLs were analyzed for the ability to transduce
signals through the BCR and the effect of the LMP2AY112F
mutation on the Lyn and Syk PTKs.

MATERIALS AND METHODS

Cell lines and cell culture. All cell lines were maintained in RPMI 1640
medium containing 10% inactivated fetal bovine serum, 1,000 U of penicillin per
ml, and 1,000 pg of streptomycin (Sigma, St. Louis, Mo.) per ml (complete
RPMI). BJAB is an EBV-negative B-lymphoma cell line (24). B95-8 is an
EBV-infected marmoset cell line that is partially permissive for viral replication
(29, 30). HPB.ALL is an acute lymphoblastic leukemia T-cell line. The
HH514-16 subclone of the original EBV-infected P3HR1 (P3JHR1) Burkitt’s
Iymphoma cell line (a gift of George Miller) has EBV genomes with only a single
type of DNA, from which the segment encoding EBNA2 and the last two exons
of EBNALP are deleted (14). WT1 and WT4 are EBV+LMP2A+ LCLs, and
ES1 and ES4 are EBV+LMP2A— LCLs (27). Primary human mononuclear cells
were obtained from blood samples of healthy donors by centrifugation over a

cushion of Ficoll-Paque (Pharmacia, Piscataway, N.J.). For EBV-positive donors,
T lymphocytes were removed as previously described (23).

Antibodies. Whole goat anti-human immunoglobulin (Ig) for cross-linking
surface Ig (sIg) experiments was purchased from Southern Biotechnical Associ-
ates (Santa Cruz, Calif.), and goat anti-human F(ab'), was purchased from
Jackson ImmunoResearch Laboratories (West Grove, Pa.). The rat monoclonal
anti-human LMP2A antibody (14B7) has been previously described (11). The
mouse monoclonal antihemagglutinin (HAT) epitope antibody (12CAS5) was
obtained from BAbCO (Richmond, Calif.). The anti-Lyn mouse monoclonal
antibody was purchased from Transduction Laboratories (Lexington, Ky.), and
the anti-Lyn rabbit polyclonal antibody was purchased from Upstate Biotech-
nology Inc. (Lake Placid, N.Y.). The mouse monoclonal antibody to Syk (4D10)
and the antiphosphotyrosine (APT) antibody (PY20) were purchased from Santa
Cruz Biotechnology (Santa Cruz, Calif.). The mouse monoclonal antibody to the
BZLF1 protein (BZ1) has been described previously (48). All horseradish per-
oxidase (HRP)-linked secondary antibodies were purchased from Amersham
(Arlington Heights, Ill.) except for the NeutrAvidin-HRP, purchased from
Pierce (Rockford, Ill.). The donkey anti-rat secondary antibody Cy3 used for
immunofluorescence was purchased from Jackson.

Construction of plasmids. The LMP2A cDNA expression vectors were gen-
erated by a PCR-based strategy and incorporated into pLMP2A (20). All
LMP2A mutations were sequenced to confirm the presence of the desired mu-
tation and the absence of any mutations introduced by PCR. pSVNaeZ, used to
induce lytic EBV replication, and EcoRI-A, used to rescue the EBNA2 and
EBNALP mutations contained in the P3HR1 cell line, have been described
previously (23, 40). The genomic LMP2AY112F mutation was generated by
using a PCR-based strategy, and a unique PmiI restriction site adjacent to the
Y112 codon was also generated. The recombinant LMP2A fragment containing
both the tyrosine mutation and the PmlI site was incorporated into pRH6, which
contains a Kpnl (B95-8, bp 161097)-to-EcoRI (B95-8, bp 1) fragment from B95-8
EBV DNA. All recombinant LMP2A constructs were sequenced to confirm the
presence of the desired tyrosine-to-phenylalanine mutation, the incorporation of
the Pmll site, and the absence of any mutations introduced by PCR.

Transfection. DNA used for transfections was banded twice on CsCl density
gradients. Recombinant cell lines were generated by transfecting 107 P3HR1
cells in 0.4 ml of complete RPMI with 15 pg of pSVNaeZ, 7 pg of EcoRI-A, and
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25 p.g of recombinant LMP2A DNA. BJAB cells (107) were transfected similarly
with 50 pg of each pLMP2A ¢DNA and labeled with [*°S]methionine as de-
scribed previously (20). Cells were pulsed once with a Gene Pulser (Bio-Rad,
Hercules, Calif.) at 200 V and 960-pF capacitance in a 0.4-cm electrode gap
cuvette (Bio-Rad) and immediately diluted in 10 ml of complete RPMI. The
induction of lytic EBV replication in LCLs was performed similarly except that
these cells were pulsed at 230 V with 25 pug of pSVNaeZ and diluted in complete
RPMI containing 20 ng of 12-O-tetradecanolylphorbol-13-acetate per ml.

Generation of LMP2AY112F LCLs. PCR-mediated mutagenesis was used to
create an EBV DNA fragment encoding LMP2A with a tyrosine-to-phenylala-
nine point mutation at amino acid 112 of LMP2A. The recombinant LMP2A
construct was verified by sequencing and then incorporated into virus through a
strategy using the transformation-incompetent, replication-competent EBV de-
letion mutant, PZHR1. Recombinant virus was generated by the cotransfection
of the P3HRI cell line with pSVNaeZ DNA, to induce lytic viral replication;
EcoRI-A DNA, to rescue the EBNA2 and EBNALP deletions in the P3HR1
genome; and the recombinant LMP2A DNA fragment (22). The recombinant
P3HRI1 virus was used to infect primary blood mononuclear cells (PBMCs) or
purified B lymphocytes in culture as previously described (11). Clones emerged
3 to 5 weeks after initial plating and were screened by PCR for incorporation of
the LMP2AY112F point mutation at 6 to 8 weeks.

PCR and Southern blot verification of LMP2AY112F mutant LCLs. Genomic
DNA from LCLs was prepared (40) and amplified in a 25-pl volume for 40 cycles
as previously described (22). Primers 5'LMP1 (CTAGGCGCACCTGGAGG
TGG) and 3'LMP1 (AGTCAGTCAGGCAAGCCTAT) were used to screen
LCLs containing the 81-bp smaller LMP1 gene present in the EBV genomic
DNA fragment in which the LMP2A mutation was incorporated. The LMP1
gene is adjacent to the LMP2A gene within the EBV genome. After this ini-
tial screen, primers 5'LMP2A (CTGCTGCAGCTATGGGGTCC) and 3'112-
LMP2A (TCCTCTGCCCGCTTCTTCGA) were used to specifically amplify
DNA from LCLs incorporating the LMP2AY112F point mutation. Ethidium
bromide-stained PCR products were viewed after electrophoresis through 1.5%
EEO agarose (Fisher, Pittsburgh, Pa.) to determine the sizes of the amplified
products.

PCR-identified LMP2AY112F mutant LCLs and wild-type controls were fur-
ther verified by Southern blot hybridization. A 1,872-bp fragment, generated
from a Bg/I digest of pRLA49 (22), was isolated and used as a >*P-labeled hybrid-
ization probe. Genomic DNA was prepared by cell lysis, proteinase K treatment,
phenol extraction, and ethanol precipitation (43). Prepared DNAs from repre-
sentative LCLs were digested with Bg/I alone or with both Bg/l and Pmll. The
digested DNAs were separated by electrophoresis on a 1% agarose gel, trans-
ferred to a nylon membrane (GeneScreen; NEN, Boston, Mass.), and probed as
previously described (43). Both digests verified the correct restriction sites
present in the LMP2A wild-type and mutant LCLs, and the Bg/I-Pmlil double
digest verified the unique PmiI site present only in the LMP2AY112F mutants.

The verified LMP2AY112F mutant LCLs and wild-type controls were further
characterized for sIg expression by flow cytometry using a fluorescein isothio-
cyanate-linked goat anti-human Ig diluted 1:50 (Southern Biotech, Birmingham,
Ala.) as previously described (28).

Cellular activation and preparation of lysates. Tissue culture cells (cell num-
bers are indicated in figure legends) were resuspended and equilibrated in
serum-free RPMI for 15 min at 37°C. Cells were stimulated with 25 wg of goat
anti-human Ig (Southern Biotech) per ml for the indicated times, and cells were
immediately lysed in 1% Nonidet P-40 (NP-40) lysis buffer (1% NP-40, 50 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 2 mM EDTA, 10 pg each of pepstatin and
leupeptin per mL, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM sodium ortho-
vanadate). The insoluble materials were removed by centrifugation at 4°C, and
cleared supernatants were processed for immunoprecipitations or immunoblot-
ting.

Immunoprecipitations and immunoblotting. Cleared lysates were incubated
with the appropriate antisera for 1 h at 4°C; immune complexes were captured
with either protein A- or protein G-Sepharose (Pharmacia) for 1 h as indicated
in the figure legends and then washed four times with 1% NP-40 lysis buffer.
Immunoprecipitated proteins were then resuspended in 2X sodium dodecyl
sulfate (SDS) sample buffer, heated at 70°C for 5 min, and separated by elec-
trophoresis through SDS-polyacrylamide gels (percentages are indicated in the
figure legends) (SDS-PAGE).

For immunoblotting, immune complex materials were electrophoresed and
transferred to either nitrocellulose or Immobilon, as indicated in the figure
legends. Membranes were blocked in 3 to 5% milk for 1 h at room temperature
and then incubated in primary antibody, diluted in Tris-buffered saline-Tween
(TBST), for 1 h at room temperature. Membranes were washed three times in
TBST, incubated with a HRP- or biotin-linked secondary antibody for 30 min at
room temperature, and washed four times in TBST, and proteins were detected
by enhanced chemiluminescence (ECL; Pierce, Rockford, IlL.).

In vitro kinase assays. Lyn and Syk immunoprecipitation reactions were done
as described above, and the immune complexes were washed four times with 1%
Triton X-100 lysis buffer. Immune complexes were further washed twice with
kinase buffer (50 mM Tris [pH 7.4], 10 mM MgCl,, 10 mM MnCl,). After
washing, the immune complexes were resuspended in a 25-pl volume of kinase
buffer labeled with 10 wCi of [y-*P]JATP per sample and incubated at room
temperature for 20 min. Reactions were stopped with the addition of 2X SDS
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sample buffer; the samples were heated at 70°C for 5 min and loaded onto
SDS-6% polyacrylamide gels. The *?P-labeled products were visualized by au-
toradiography of the dried gels.

Calcium mobilization. Tissue culture cells (3 X 10°) were resuspended in
loading buffer (145 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 10 mM
glucose, 10 mM HEPES, 1% bovine serum albumin, 2.5 mM probenicid) and
loaded with 2 mM calcium-binding dye (fluo-3-acetoxymethyl ester [fluo-3];
Molecular Probes, Eugene, Oreg.) for 30 min at room temperature. After load-
ing, the cells were washed twice and resuspended in loading buffer. The prepared
cells were then measured for fluorescence after BCR cross-linking with goat
anti-human Ig F(ab'), antibody (Jackson) in a Perkin-Elmer (Norwalk, Conn.)
LS-5B luminescence spectrometer. Excitation and emission values for fluo-3 are
505 and 530 nm, respectively. Autofluorescence (or F,,,;, [minimal fluorescence])
for each LCL was also determined by performing the above procedure without
adding fluo-3 dye. Baseline fluorescence (F) was recorded for 1 min, and max-
imal fluorescence (F,,) was measured by addition of digitonin (40 pM).
Calcium concentration (nanomolar) was calculated according to the formula
[Ca?*] = 400 (F — Fpin)/(Fnax — F) (18, 25).

Immunofluorescence. Immunofluorescence of LCLs was performed as previ-
ously described (21). In brief, LCLs were fixed to glass slides with acetone at
—20°C for 5 min, blocked with 20% normal goat serum for 10 min at room
temperature, incubated with the anti-LMP2A rat monoclonal antibody 14B7
diluted 1:1,000, incubated with a goat anti-rat secondary antibody Cy3 diluted
1:1,000 (Jackson) for 30 min, washed in phosphate-buffered saline and viewed
with a Zeiss Axioscope fluorescence microscope.

RESULTS

Site-specific cDNA mutation of the LMP2A amino-terminal do-
main. PCR-mediated mutagenesis was used to create LMP2A
cDNA expression vector constructs with point mutations and
deletion mutations in the LMP2A amino-terminal domain.
Each of the eight Y residues located within this 119-amino-
acid domain was changed to an F residue, including a double
Y-to-F mutation at LMP2A residues Y74 and Y85. The
LMP2A deletion mutations eliminated LMP2A residues 21 to
36, 21 to 64, 21 to 85, and 80 to 112. In addition, an 11-amino-
acid peptide from the influenza virus HA1 protein that is
reactive with monoclonal antibody 12CAS was added to the
carboxyl terminus of each LMP2A cDNA construct to facil-
itate analysis of the cDNA mutants. All of the recombinant
LMP2A constructs were verified by sequencing (data not shown)
and then incorporated into the expression vector pLMP2A
(20). Figure 1 shows the amino acid sequence of the LMP2A
amino-terminal domain, with the eight tyrosine residues high-
lighted.

Loss of LMP2A phosphorylation and Src family PTK associa-
tion in the Y112 LMP2A mutant. To determine which sequences
of the LMP2A amino-terminal domain were responsible for
LMP2A associations with cellular proteins and necessary for
LMP2A phosphorylation, the epitope-tagged wild-type and mu-
tant LMP2A cDNA expression vectors were transfected into
the EBV-negative B-lymphoma cell line BJAB, labeled with
[*°S]methionine, lysed in NP-40, and immunoprecipitated with
the anti-HA1 antibody 12CAS. One-half of the immunopre-
cipitated proteins were separated by SDS-PAGE, and the im-
munoprecipitated **S-labeled LMP2A proteins were visualized
by autoradiography (Fig. 2B). As expected, no **S-labeled
LMP2A was immunoprecipitated in vector control (pSG5)-
transfected cells (Fig. 2B, lane 11), while approximately equal
amounts of LMP2A were detected in each of the LMP2A
transfections (Fig. 2B, lanes 2 to 10 and 12 to 16). The LMP2A
protein in the deletion mutants migrated more rapidly than
wild-type LMP2A, reflecting the size of each deletion.

In vitro immune complex kinase reactions were performed
with the other half of the LMP2A immunoprecipitated pro-
teins, and the resulting *?P-labeled proteins were separated by
SDS-PAGE and visualized by autoradiography (Fig. 2A). Only
the **P-labeled proteins were visualized, because the S signal
was blocked by two sheets of film. As expected, no phospho-
proteins were detected in the in vitro kinase reaction of the
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FIG. 2. LMP2A expression and LMP2A phosphoprotein immune complexes in transfected BJABs. Results of in vitro immune complex kinase reactions and
35S-labeled proteins from BJAB cells transfected with wild-type pPLMP2A and pLMP2A deletion and point mutants are shown. BJABs cells (107) were transfected with
the influenza virus (Flu) HA1 epitope-tagged LMP2A expression vectors, labeled with [*>S]methionine, lysed in 1% NP-40, immunoprecipitated (i.p.) with anti-HA1
antibody 12CAS, and captured with protein G-Sepharose, and the immunoprecipitates were divided equally. The first half was separated by SDS-PAGE (7% gel) and
transferred to nitrocellulose, and the 3°S-labeled LMP2A protein was visualized by autoradiography (B). LMP2A expression was detected in all of the LMP2A-
transfected cells (B, lanes 2 to 10 and 12 to 16), while no LMP2A was detected in the control pSGS transfected cells (B, lane 11). The other half of each immune complex
was *?P labeled in vitro by an immune complex kinase reaction and separated by SDS-PAGE (7% gel), and the resulting **P-labeled proteins were visualized by
autoradiography (A) after blocking of the 3>S-labeled proteins by two sheets of film. A number of phosphorylated proteins complex with both wild-type and mutant
pLMP2A proteins (A, lanes 1 to 10 and 12 to 16), including LMP2A (arrow), 72-kDa Syk, and 53- to 60-kDa Src family PTKs, as well as unidentified proteins of 96,
104, 110, and 112 kDa. The pY112 and p2AA80-112 mutants demonstrate a complete reduction of total phosphorylation (A, lanes 2 and 16). No proteins were detected
in the control pSGS5-transfected cells (A, lane 11). Protein standards are indicated at the left in kilodaltons.

vector control (pSGS5)-transfected cells (Fig. 2A, lane 11). The in vitro kinase reactions of the four LMP2A deletion
Multiple phosphorylated proteins coimmunoprecipitated with mutants supported the associations of the same specific pro-
pLMP2A and mutant pLMP2A proteins (Fig. 2A), including teins with regions of LMP2A as was seen with the LMP2A
72-kDa Syk and the 53- to 60-kDa Src family PTKs, as well as tyrosine point mutants. The p2AA21-36 deletion mutant, which
unidentified proteins of 96, 104, 110, and 112 kDa. In addition, lacks LMP2A residues Y23 and Y31, appeared to contain the
phosphorylated LMP2A was clearly evident migrating at 54 same immunoprecipitating proteins as the pY23F and pY31F
kDa (Fig. 2A, arrow) or decreasingly less according to the point mutant immune complexes, and all three mutants ap-
size of each LMP2A deletion. The level of LMP2A phos- peared to contain the same proteins as seen in immunopre-
phorylation decreased in the LMP2A deletion mutant con- cipitates with wild-type LMP2A (Fig. 2A, lane 13). Therefore,
structs: p2AA21-64 showed reduced LMP2A phosphorylation, the loss of residues 21 to 36, or specifically Y23 or Y31, did not
p2AA21-85 showed even less phosphorylation, and LMP2A seem to affect LMP2A associations with cellular proteins. The
phosphorylation in p2AA80-112 was nearly undetectable (Fig. in vitro kinase reaction of the p2AA21-64 deletion mutant,
2A, lanes 14 to 16). The pY112F mutant also had nearly un- which lacks Y23, Y31, Y60, and Y64, was missing the same
detectable levels of LMP2A phosphorylation, as seen in the 112-kDa protein as observed in the pY60F immunoprecipitate
p2AA80-112 mutant (Fig. 2A, lanes 2 and 16). In addition, (Fig. 2A, lane 14). The p2AA21-85 deletion mutant, which
fewer phosphorylated proteins were immunoprecipitated in lacks Y23, Y31, Y60, Y64, Y74, and Y85, lost the associations
the pY112F-transfected cells, and the level of phosphorylation of both the 72-kDa (Syk) and 112-kDa proteins (Fig. 2A, lane
was less than in the other in vitro kinase reactions (Fig. 2A), 15). The lost LMP2A association with the 112-kDa protein
although all reactions were carried out with similar **S-labeled was consistent with the loss of LMP2A residue Y60, and the
LMP2A protein levels (Fig. 2B). The Src family PTKs, which missing 72-kDa (Syk) protein was consistent with the loss of
migrate just above LMP2A, and a protein with a molecular LMP2A residues Y74 and Y85, as was demonstrated in the
mass of approximately 96 kDa appeared to be reduced or in vitro kinase reactions of the pY60F, pY74F, and pYS85F
absent from the pY112F LMP2A immune complex. The in LMP2A point mutant-transfected cells. The in vitro kinase
vitro kinase reactions of the cells transfected with pY74F, reaction of the p2AA80-112 deletion mutant, which lacks
pY85F, and pY7485F did not contain the 72-kDa Syk PTK. Y112, Y101, and Y85, contained fewer *?P-labeled proteins
These results are in agreement with previous work that iden- than observed in wild-type LMP2A immunoprecipitates (Fig.
tified the LMP2A ITAM, LMP2A residues Y74 and Y85, as 2A, lanes 12 and 16), although both samples contained similar
the site of Syk binding to LMP2A (12). The in vitro kinase levels of LMP2A protein in the immunoprecipitates (Fig. 2B,
reaction of the pY60F-transfected cells appeared to be missing lanes 12 and 16). The Src family PTKs, which migrated as a
a protein of approximately 112 kDa (Fig. 2A, lane 8). three bands of approximately 53, 56, and 60 kDa, were clearly
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FIG. 3. Lyn binds to Y112 of LMP2A. BJAB cells (107) were transfected with HA1 epitope-tagged LMP2A expression vectors, labeled with [**S]methionine, lysed
in 1% NP-40, immunoprecipitated (i.p.) with the anti-HA1 antibody 12CAS5, captured with protein G-Sepharose, separated by SDS-PAGE (7% gel), and transferred
to nitrocellulose, and the immunoprecipitated LMP2A protein was visualized by autoradiography (B). LMP2A expression within the transfected BJAB cells was
detected in all of the LMP2A-transfected cells (B, lanes 23 to 32 and 34 to 38), while no LMP2A was detected in the control pSG5-transfected cells (B, lanes 22 and
33). The membrane was then immunoblotted with a polyclonal Lyn antiserum and incubated with an HRP-conjugated secondary antibody, and proteins were detected
by ECL (A). Lyn coimmunoprecipitated with LMP2A in BJAB cells transfected with the wild-type pLMP2A expression vector (A, lanes 4 and 17) and not with control
pSGS vector (A, lanes 3 and 16). Lyn also coimmunoprecipitated with pPLMP2A constructs containing tyrosine-to-phenylalanine point mutations at LMP2A tyrosine
residues (Y101F, Y7485F, Y85F, Y74F, Y64F, Y60F, Y31F, and Y23F [A, lanes 6 to 13]), as well as pLMP2A deletion mutants that lack LMP2A residues 21 to 36,
21 to 64, and 21 to 85 (A, lanes 18 to 20). However, Lyn did not coimmunoprecipitate with LMP2A in the Y112F point mutant (A, lane 5) or the deletion mutant lacking
residues 80 to 112 (lane 21). BJAB and HPB.ALL cellular lysates were included as positive and negative controls for Lyn expression, respectively (A, lanes 1, 2, 14,

and 15). Protein standards are indicated at the left in kilodaltons.

absent from both p2AAS80-112 and pY112F in vitro kinase
reaction (Fig. 2A, lanes 2 and 16). The presence of the Src
family PTKs was clearly evident in the LMP2A deletion mu-
tant constructs p2AA21-64 and p2AA21-85, where the smaller
LMP2A protein no longer comigrated with the Src PTKs (Fig.
2A, lanes 14 and 15). In summary, these data indicate that
LMP2A residue Y60 is important for LMP2A association with
a 112-kDa phosphorylated protein, Y74 and Y85 are important
for 72-kDa Syk association with LMP2A as previously shown
(12), and Y112 is critical for the 53- to 60-kDa Src family PTK
association with LMP2A.

Mutation of Y112 in the LMP2A amino-terminal domain
prevents the association of the Lyn PTK with LMP2A. To in-
vestigate the tyrosine-specific association of the Lyn PTK with
LMP2A, HA1 epitope-tagged LMP2A cDNA expression vec-
tors were transfected into BJAB cells, labeled with [*>S]meth-
ionine, lysed in NP-40, and immunoprecipitated with the
anti-HA1 antibody 12CAS. Autoradiography of the trans-
ferred proteins confirmed that similar amounts of LMP2A
immunoprecipitated from each LMP2A-expressing transfec-
tion (Fig. 3B, lanes 23 to 32 and 34 to 38), and no LMP2A
expression was detected in the control pSGS5-transfected
BJABs (Fig. 3B, lanes 22 and 33). The membranes were then
immunoblotted with an anti-Lyn polyclonal antiserum to de-
tect Lyn coimmunoprecipitation with LMP2A (Fig. 3A). Lyn is
the most abundant Src family PTK expressed in BJAB cells (2).
Both p56 and p53 forms of Lyn readily coimmunoprecipitated
with wild-type LMP2A in BJABs transfected with a wild-type
pLMP2A cDNA construct (Fig. 3A, lanes 4 and 17). The two
forms of Lyn are derived from alternative splicing by utilizing
an internal splice donor site in the Lyn mRNA (47). Lyn was
not detected in pSG5 control immunoprecipitates (Fig. 3A,
lanes 3 and 16). Lyn also coimmunoprecipitated with pLMP2A
constructs containing LMP2A tyrosine point mutations (pY101F,
pY7485F, pY8SF, pY74F, pY64F, pY60F, pY31F, and pY23F
[Fig. 3A, lanes 6 to 13]), as well as with pPLMP2A deletion
mutants (p2AA21-36, p2AA21-64, and p2AA21-85 [Fig. 3A, lanes

18 to 20]). However, Lyn coimmunoprecipitation with LMP2A
was barely detectable in pY112F-transfected BJABs (Fig. 3A,
lane 5) or the p2AA80-112-transfected BJABs (Fig. 3A, lane
21). Both forms of Lyn were readily detected in control cellular
lysates from BJAB cells (Fig. 3A, lanes 1 and 14), while no Lyn
expression was detected in cellular lysates from the T-cell line
HPB.ALL (Fig. 3A, lanes 2 and 15). A more detailed analysis,
performed by titrating BJAB cell lysates and comparing levels
of immunoprecipitating p56 and p53 with levels of Lyn bound
to LMP2A in immune complexes, demonstrated that the two
forms of Lyn bound equally well to LMP2A in amounts similar
to their relative abundance in BJAB cells (data not shown).
These data indicate that LMP2A tyrosine 112 is the location
of Lyn PTK association with LMP2A. Without the tyrosine
residue at 112, Lyn does not associate with LMP2A.

Generation of LCLs infected with LMP2AY112F EBV. The
LMP2AY112F mutation was incorporated into the EBV ge-
nome through a strategy previously described (22). The gen-
erated LMP2AY112F recombinant virus was used to infect
PBMCs to generate LCLs as previously described (11). The
generated LCLs were screened by PCR to identify the pres-
ence of the LMP2AY112F mutation within the infecting
EBV genome, and each LMP2AY112F LCL was further ver-
ified for correct incorporation of the recombinant LMP2A
DNA fragment by Southern blot hybridization (data not shown).
Multiple cell lines were transformed by the LMP2AY112F
recombinant virus, and these EBV+LMP2AY112F LCLs are
characterized in this study.

LMP2A protein expression in EBV+LMP2AY112F LCLs.
Expression of LMP2A in the generated EBV+LMP2AY112F
LCLs was confirmed by immunoblot analyses using the LMP2A-
specific antibody 14B7. Representative data are shown in Fig.
4. LMP2A expression in two EBV+LMP2A+ LCLs was clear-
ly evident (Fig. 4, lanes 1 and 2), while no LMP2A was detect-
ed in the negative control EBV+LMP2A— LCL, ES1 (Fig. 4,
lane 3), or the EBV— cell line BJAB (Fig. 4, lane 4). LMP2A
expression in four representative EBV+LMP2AY112F LCLs
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FIG. 4. LMP2A expression in EBV+LMP2A+ and EBV+LMP2AY112F
LCLs. NP-40 lysates of LCLs (5 X 10° cells/lane) were separated by SDS-PAGE
(8% gel), transferred to Immobilon, immunoblotted with anti-LMP2A antiserum
14B7, and incubated with an HRP-conjugated secondary antibody, and proteins
were detected by ECL. The levels of LMP2A expression were similar in two
wild-type EBV+LMP2A+ LCLs (lanes 1 and 2) and four EBV+LMP2AY112F
LCLs (lanes 5 to 8). LMP2A expression was not detected in an EBV+LMP2A—
LCL (lane 3) or the EBV— cell line BJAB (lane 4). LCL clone numbers are
indicated above each lane, and protein standards are indicated at the left in
kilodaltons.

(Fig. 4, lanes 5 to 8) was similar to the LMP2A expression in
EBV+LMP2A+ LCLs. Immunofluorescence microscopy us-
ing anti-LMP2A antibodies verified that the LMP2A subcellu-
lar protein localization within the EBV+LMP2AY112F LCLs
was similar to LMP2A subcellular localization in EBV+
LMP2A+ LCLs (data not shown). These data demonstrate the
similar expression levels and subcellular localization of LMP2A
protein in EBV+LMP2A+ and EBV+LMP2AY112F LCLs.

LMP2A is not phosphorylated in EBV+LMP2AY112F LCLs.
To verify the phosphorylation state of LMP2A in response to
BCR cross-linking, unstimulated and stimulated cellular ly-
sates of EBV+LMP2A+, EBV+LMP2A—, and EBV+
LMP2AY112F LCLs were immunoprecipitated with an anti-
LMP2A antibody, divided equally, and separated by dupli-
cate SDS-PAGE. Two parallel immunoblot analyses were per-
formed to detect immunoprecipitated LMP2A (Fig. 5A) and
tyrosine-phosphorylated LMP2A (Fig. 5B). Equivalent levels
of LMP2A were immunoprecipitated from all LMP2A-ex-
pressing LCLs: the two EBV+LMP2A+ LCLs (Fig. 5A, lanes
1 to 6) and two EBV+LMP2AY112F LCLs (Fig. 5A, lanes 10
to 15), while no LMP2A was detected in the control EBV+
LMP2A— LCL (Fig. 5A, lanes 7 to 9). In the APT blot, LMP2A
was constitutively phosphorylated in the two EBV+LMP2A +
LCLs (Fig. 5B, lanes 1 to 6), while LMP2A in the two EBV+
LMP2AY112F LCLs was not phosphorylated before or after
BCR cross-linking (Fig. 5B, lanes 10 to 15). As expected, no
phosphorylated LMP2A was detected in the control EBV+
LMP2A— LCL (Fig. 5B, lanes 7 to 9). These data demon-
strate the complete loss of LMP2A tyrosine phosphorylation
in EBV+LMP2AY112 LCLs.

EBV+LMP2AY112F LCLs demonstrate high levels of con-
stitutive Lyn phosphorylation and kinase activity and the in-
duction of Syk phosphorylation and kinase activity similar to
those of EBV+LMP2A— LCLs following BCR cross-linking.
To investigate the effect of the LMP2AY112F point mutation
on the phosphorylation state and kinase activities of the Lyn
and Syk PTKSs, parallel anti-Lyn and anti-Syk immunoprecipi-
tations were performed on cellular lysates from representative
EBV+LMP2A+, EBV+LMP2A—, and EBV+LMP2AY112F
LCLs. The Lyn and Syk immunoprecipitations were divided
equally and were either analyzed for autokinase activities by in
vitro immune complex kinase assays or probed for Lyn, Syk, or
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APT reactivities on immunoblots. The Lyn immunoprecipita-
tion and Lyn immunoblot revealed similar Lyn protein expres-
sion levels in all LCLs, although the EBV+LMP2A+ LCL
demonstrated slightly less protein than either the EBV+
LMP2A— or EBV+LMP2AY112F LCLs (Fig. 6A, lanes 1 to
9). This observation was reproducible in other Lyn immuno-
precipitation experiments of EBV+LMP2A+ LCLs (data not
shown) and was consistent with observations previously de-
scribed (26). The parallel APT immunoblot of the same Lyn
immunoprecipitates revealed phosphorylation differences be-
tween the wild-type and mutant LCLs (Fig. 6B). The EBV+
LMP2A+ LCL demonstrated undetectable Lyn phosphoryla-
tion levels both before or after BCR cross-linking (Fig. 6B,
lanes 1 to 3), while constitutive Lyn phosphorylation was clear-
ly evident in the EBV+LMP2A— and EBV+LMP2AY112F
mutant LCLs both before and after BCR cross-linking (Fig.
6B, lanes 4 to 9). Finally, in vitro autophosphorylation kinase
assays were performed on the same Lyn immunoprecipitates
(Fig. 6C). The representative EBV+LMP2A+ LCL demon-
strated low Lyn kinase activity (Fig. 6C, lanes 1 to 3), while the
EBV+LMP2A— and EBV+LMP2AY112F LCLs demonstrat-
ed greater Lyn kinase activities (Fig. 6C, lanes 4 to 9). These
data demonstrate that unlike the down-modulation of Lyn
phosphorylation and kinase activity characteristic of EBV+
LMP2A+ LCLs, the EBV+LMP2AY112 LCL demonstrated
both the increased Lyn phosphorylation and kinase activity
characteristic of an EBV+LMP2A— LCL.

The Syk immunoprecipitation and Syk immunoblot demon-
strated similar Syk protein expression levels in all LCLs before
and after BCR cross-linking (Fig. 6D, lanes 1 to 9). However,
the paralle]l APT immunoblot of the same Syk immunoprecipi-
tates revealed phosphorylation differences between the wild-
type and mutant LCLs (Fig. 6E). The representative EBV+
LMP2A+ LCL demonstrated a low level of constitutive Syk
phosphorylation that was not induced by BCR cross-linking
(Fig. 6E, lanes 1 to 3), while both the EBV+LMP2A— and
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FIG. 5. LMP2A is not phosphorylated in EBV+LMP2AY112F LCLs. LCLs
were untreated (—) or treated at 3 X 107 cells per ml with anti-BCR antibodies
for the indicated times (1 or 5 min), lysed in NP-40, immunoprecipitated (i.p.)
with anti-LMP2A 14B7 antiserum, captured with protein G-Sepharose, sepa-
rated by duplicate SDS-PAGE (6% gel), and transferred to Immobilon. Parallel
immunoblots were probed with anti-LMP2A (14B7-biotin) antiserum (A) or
APT antibody PY20 (B), incubated with HRP-conjugated secondary antibodies,
and detected by ECL. (A) LMP2A expression levels in two EBV+LMP2A+
LCLs (A, lanes 1 to 6) and two EBV+LMP2AY112F LCLs (A, lanes 10 to 15)
were similar in all four LCLs during the time course. No LMP2A was detected
in the EBV+LMP2A— LCL included as a negative control (A, lanes 7 to 9). (B)
LMP2A was constitutively phosphorylated in two EBV+LMP2A+ LCLs which
did not change after BCR cross-linking (B, lanes 1 to 6). In contrast, LMP2A was
not phosphorylated in the two EBV+LMP2AY112F LCLs even after BCR
cross-linking (B, lanes 10 to 15). No phosphorylated LMP2A was detected in the
negative control EBV+LMP2A— LCL (B, lanes 7 to 9). LCL clone numbers are
indicated above each group of lanes, and protein standards are indicated at the
left in kilodaltons.



7802 FRUEHLING ET AL.

EBV+LMP2A+ EBV+LMP2A- EBV+LMP2AY112F

WT.1 ES1 Cc3
sl - 1 6§ - 1. 6 - 1 5§
A. ;
Lyn blot
45-
B. "
ni.p.
TS| SS oo
45-
Lyni.p.

in vitro kinase

D.
—eamamtpaenenes ',
. Syk blot
E. o
- - Syk i.p.
. v e eses 00
F. 86
. Syk i.p.
w in vitro kinase

1 2 3 45 6 7 8 9

FIG. 6. Expression, phosphorylation, and kinase activities of Lyn and Syk in
EBV+LMP2A+, EBV+LMP2A—, and EBV+LMP2AY112F LCLs following
BCR cross-linking. LCLs were untreated (—) or treated at 5 X 107 cells per ml
with anti-BCR antibodies for the indicated times (1 or 5 min) and lysed in 1%
NP-40. Lysates were divided equally, immunoprecipitated (i.p.) in parallel with
either a Lyn monoclonal antibody (A to C) or a Syk monoclonal antibody (D to
F), and captured with protein A-Sepharose beads. One third of each immuno-
precipitation was further subjected to an in vitro kinase assay (C and F). All
immune complexes were separated in parallel by SDS-PAGE (6% gel). The
32P_labeled products were visualized by autoradiography of the dried gels (C and
F). The nonradioactive proteins were transferred to Immobilon and immuno-
blotted in parallel with monoclonal APT (B and E), anti-Lyn (A), or anti-Syk (D)
antibodies, followed by incubation with HRP-conjugated secondary antibodies
and ECL detection. (A) The level of p56/p53 Lyn expression did not change
following BCR cross-linking in the EBV+LMP2A+, EBV+LMP2A—, and
EBV+LMP2AY112F LCLs (A, lanes 1 to 9). (B) Lyn remained constitutively
phosphorylated before and after BCR cross-linking in the three LCLs, but the
level of p56/p53 Lyn phosphorylation was elevated in the EBV+LMP2A— and
EBV+LMP2AY112F LCLs (B, lanes 4 to 9) compared with the barely detect-
able Lyn phosphorylation in the EBV+LMP2A+ LCL (B, lanes 1 to 3). (C) Lyn
remained constitutively active in autophosphorylation assays before and after
BCR cross-linking in the three LCLs, but the level of p56/p53 Lyn activity was
increased in the EBV+LMP2A— and EBV+LMP2AY112F LCLs (C, lanes 4 to
9) compared with the barely detectable Lyn activity in the EBV+LMP2A+ LCL
(C, lanes 1 to 3). (D) The level of 72-kDa Syk expression was similar in the
EBV+LMP2A+, EBV+LMP2A—, and EBV+LMP2AY112F LCLs following
BCR cross-linking (D, lanes 1 to 9). (E) Syk remained constitutively phosphor-
ylated before and after BCR cross-linking in the EBV+LMP2A+ LCL (E, lanes
1 to 3), while Syk demonstrated no constitutive phosphorylation before BCR cross-
linking in the EBV+LMP2A— and EBV+LMP2AY112F LCLs (E, lanes 4 and 7)
and became rapidly phosphorylated within 1 min after BCR cross-linking in both
the EBV+LMP2A— and EBV+LMP2AY112F LCLs (E, lanes 5 to 6 and 8 to 9).
(F) Syk demonstrated a low level of constitutive activity before and after BCR
cross-linking in the EBV+LMP2A+ LCL (F, lanes 1 to 3), whereas Syk dem-
onstrated a higher level of constitutive activity that induced to even greater levels
following BCR cross-linking in the EBV+LMP2A— and EBV+LMP2AY112F
LCLs (F, lanes 4 to 9). LCL clone numbers are indicated above each group of
lanes, and protein standards are indicated at the left in kilodaltons.
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FIG. 7. Tyrosine phosphorylation following BCR cross-linking in EBV+
LMP2A+, EBV+LMP2A—, and EBV+LMP2AY112F LCLs. LCLs were un-
treated (—) or treated at 3 X 107 cells per ml for the indicated times (1 or 5 min)
with anti-BCR antibodies, lysed in 1% NP-40, immunoprecipitated with APT
antibody PY20, captured with protein A-Sepharose, separated by SDS-PAGE
(6% gel), transferred to Immobilon, and immunoblotted with HRP-conjugated
APT antibody PY20, and proteins were detected by ECL. There was no induc-
tion of tyrosine phosphorylation in an EBV+LMP2A+ LCL (lanes 1 to 3), in
contrast to the dramatic increase in phosphorylation in an EBV+LMP2A— LCL
(lanes 4 to 6) and three EBV+LMP2AY112F LCLs (lanes 7 to 15). LCL clone
numbers are indicated above each group of lanes, and protein standards are
indicated at the left in kilodaltons.

EBV+LMP2AY112 LCLs demonstrated the absence of Syk
phosphorylation before BCR cross-linking and the rapid in-
duction of Syk phosphorylation within 1 min after BCR cross-
linking (Fig. 6E, lanes 4 to 9). The APT studies were further
supported by an in vitro autophosphorylation kinase assay per-
formed on the same Syk immunoprecipitates (Fig. 6F). Syk
demonstrated a low constitutive kinase activity in the EBV+
LMP2A+ LCL that was not induced by BCR cross-linking
(Fig. 6F, lanes 1 to 3), while the EBV+LMP2A— LCL and
EBV+LMP2AY112 LCL demonstrated increased baseline
Syk activities that were further induced to greater activities
after BCR cross-linking (Fig. 6C, lanes 4 to 9). These data dem-
onstrate that unlike the down-modulation of Syk phosphor-
ylation and kinase activity characteristic of EBV+LMP2A+
LCLs, the EBV+LMP2AY112 LCL demonstrated the induc-
tion of both Syk phosphorylation and kinase activity as char-
acteristic of an EBV+LMP2A— LCL. The results of this study
are consistent with previous observations of Lyn and Syk pro-
tein expression, phosphorylation, and kinase activity levels in
EBV+LMP2A+ and EBV+LMP2A— LCLs (26).

Mutation of LMP2AY112F restores BCR-activated tyrosine
phosphorylation. To investigate the effect of the LMP2AY112F
mutation on the induction of APT activity, one of the earliest
known biochemical events after BCR cross-linking, EBV+
LMP2A+, EBV+LMP2A—, and EBV+LMP2AY112F LCLs,
matched for BCR expression by flow cytometry (data not
shown), were analyzed for induction of tyrosine phosphoryla-
tion following BCR cross-linking. An EBV+LMP2A+ LCL
demonstrated the constitutive phosphorylation of a number of
proteins in unstimulated LCLs (Fig. 7, lane 1), and this pattern
remained relatively unchanged after BCR cross-linking (Fig. 7,
lanes 2 to 3). As shown in Fig. 5, LMP2A was phosphorylated
in EBV+LMP2A+ LCLs, and its level of phosphorylation did
not change over time (Fig. 7, lanes 1 to 3, arrow). This phos-
phorylated protein was confirmed to be LMP2A by stripping
the blot and reprobing it with the LMP2A-specific antibody
14B7 (data not shown). In contrast, there was little constitutive
phosphorylation in untreated cellular lysates from EBV+
LMP2AY112F LCLs (Fig. 7, lanes 7, 10, and 13) or the control
EBV+LMP2A— LCL (Fig. 7, lane 4), but upon BCR cross-



VoL. 72, 1998

TABLE 1. Calcium mobilization in EBV+LMP2A+, EBV+
LMP2A—, and LMP2AY112F LCLs after
BCR cross-linking”

Cell line type Mean % increase in

and name® No£ calcium (range)
EBV+LMP2A+ LCLs
WT4 5 8 (3-11)
KC.WT.1 2 13 (10-16)
KC.WT.3 2 10 (7-12)
RLWT.C.12 2 5(0-10)
RLWT.G.2 5 6 (0-11)
EBV+LMP2A— LCL
ES1 5 411 (270-560)
EBV+LMP2AY112F LCLs
LMP2AY112.C.3 5 192 (139-276)
LMP2AY112.E.8 3 80 (56-123)
LMP2AY112.A.6 4 103 (69-149)
LMP2AY112.D.2 2 124 (88-159)
LMP2AY112.G.10 3 90 (41-149)
LMP2AY112.A.10 3 79 (65-93)
LMP2AY112.G.5 2 368 (181-554)
LMP2AY112.A.3 2 102 (75-128)
LMP2AY112.E.6 4 89 (46-173)
LMP2AY112.B.4 1 132
LMP2AY112.H.2 3 156 (92-222)
LMP2AY112.H.10 3 102 (69-137)

“LCLs (3 X 10°) were resuspended in loading buffer and loaded with 2 mM
fluo-3 for 30 min at room temperature. Following loading, LCLs were washed
twice and resuspended in loading buffer. The prepared cells were then measured
for fluorescence after slg cross-linking in a Perkin-Elmer LS-5B luminescence
spectrometer (see Materials and Methods).

» WT4 and ES1 were previously described (27). All other LCLs were produced
in this study.

< Number of times calcium mobilization was determined for each LCL.

linking there was a dramatic increase in the number of proteins
which were tyrosine phosphorylated in all mutant cell lines
(Fig. 7,lanes 4 to 6, 7t0 9, 10 to 12, and 13 to 15). This increase
in tyrosine phosphorylated proteins in the EBV+LMP2AY112F
LCLs following BCR cross-linking was similar to the induction
of protein tyrosine phosphorylation observed in either EBV +
LMP2A— LCLs or an EBV— B-lymphoma cell line as previ-
ously described (26). As shown in Fig. 5, LMP2A was not
phosphorylated in any of the EBV+LMP2AY112F point mu-
tant LCLs either before or after BCR cross-linking, while
LMP2A phosphorylation in the EBV+LMP2A+ LCL was
clearly present before and after BCR cross-linking (Fig. 7,
lanes 1 to 3, arrow). These data indicate that the induction of
tyrosine phosphorylation following BCR cross-linking is not
blocked in EBV+LMP2AY112F LCLs. Interestingly, two pro-
teins with the approximate molecular masses of 60 and 57 kDa
were constitutively phosphorylated in the unstimulated lysates
of the LMP2AY112F LCLs and not present in the unstimulat-
ed lysate of the EBV+LMP2A— LCL (Fig. 7; compare lanes 4,
7, 10, and 13). Proteins of similar molecular masses are also
constitutively phosphorylated in the unstimulated lysate of the
EBV+LMP2A+ LCL (Fig. 7, lane 1).

Calcium mobilization in EBV+LMP2A+ and EBV+LMP2AY
112F LCLs following BCR cross-linking. To assess the effect of
the LMP2AY112F mutation on calcium mobilization, multiple
EBV+LMP2A+ and EBV+LMP2AY112 LCLs, derived in
parallel and matched for BCR expression by flow cytometry
(data not shown), were loaded with the calcium-binding dye
fluo-3 and monitored for fluorescence after BCR cross-linking.
Previously described EBV+LMP2A+ (Table 1, WT4) and

FUNCTION OF TYROSINE 112 OF LMP2A 7803

EBV+LMP2A— (Table 1, ES1) LCLs were included as con-
trols (27). EBV+LMP2A+ LCLs demonstrated a minimal cal-
cium flux after BCR cross-linking (5 to 13%) (Table 1). These
calcium flux values are small compared to the mean calcium
flux value of the control EBV+LMP2A— LCL (411%) (Table
1). Representative EBV+LMP2AY112F point mutant LCLs
were also tested and had an observed mean calcium flux of 80
to 368%, a mean greater than that for EBV+LMP2A+ LCLs (5
to 13%) (Table 1). These data demonstrate that the LMP2AY112
LCLs readily mobilize calcium following BCR cross-linking, un-
like EBV+LMP2A+ LCLs, which demonstrate a block in BCR
cross-linking induced calcium mobilization.

Induction of BZLF1 expression in EBV+LMP2AY112F mu-
tant LCLs following BCR cross-linking. The activation of lytic
viral replication was investigated in EBV+LMP2A+, EBV +
LMP2A—, and EBV+LMP2AY112 LCLs following BCR
cross-linking by analyzing the expression of BZLF1, the imme-
diate-early transactivator of EBV lytic replication. The BCR
was either untreated or treated with goat anti-human Ig anti-
body for 48 h in representative EBV+LMP2A+, EBV+
LMP2A—, or EBV+LMP2AY112F LCLs, and the cellular
lysates were monitored for BCR-induced expression of BZLF1
by immunoblotting with monoclonal antibody BZ1 (27, 48).
BZLF1 expression was evident after BCR cross-linking in the
two control EBV+LMP2A— LCLs (Fig. 8, lanes 4 and 6) and
the five representative EBV+LMP2AY112F LCLs (Fig. 8,
lanes 8, 10, 12, 14, and 16) but was not detected in any of the
EBV+LMP2AY112F LCLs before BCR cross-linking (Fig. 8,
lanes 7, 9, 11, 13, and 15) or in the two EBV+LMP2A— LCLs
(Fig. 8, lanes 3 and 5). BZLF1 expression was not detected in
the representative EBV+LMP2A+ LCL either before or after
BCR cross-linking (Fig. 8, lanes 1 and 2). The two different-
sized BZLF1 proteins reflect a variable number of repeat
sequences present within the BZLF1 gene of different viral
isolates. The BZLF1 proteins of both molecular weights spe-
cifically react with the BZ1 monoclonal antibody. These data
demonstrate that tyrosine 112 of LMP2A plays an important
role in the LMP2A-mediated inhibition of viral nuclear gene
transcription following BCR cross-linking and that loss of
LMP2A tyrosine residue 112 results in the induction of BZLF1
expression, one of the first events leading to EBV lytic repli-
cation.
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FIG. 8. Induction of BZLF1 expression in EBV+LMP2A— and EBV+
LMP2AY112F LCLs following BCR cross-linking. LCLs (4 X 10°) were un-
treated (—) or treated (+) with anti-BCR antibodies for 48 h. Whole-cell lysates
were separated by SDS-PAGE (8% gel), transferred to Immobilon, immuno-
blotted with anti-BZLF1 antibody BZ1, and incubated with an HRP-conjugated
secondary antibody, and proteins were detected by ECL. In five EBV+
LMP2AY112F LCLs, BZLF1 expression was induced after anti-BCR treatment
(lanes 8, 10, 12, 14, and 16), similar to the result for two EBV+LMP2A— LCLs,
included as positive controls (lanes 4 and 6). However, BZLF1 expression was
not induced after anti-BCR treatment in an EBV+LMP2A+ LCL, included as
a negative control (lane 2). Prior to BCR cross-linking, BZLF1 expression was
not detected in any of the LCLs (lanes 1, 3, 5, 7, 9, 11, 13, and 15). LCL clone
numbers are indicated above each pair of lanes, and protein standards are
indicated at the left in kilodaltons.
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FIG. 9. Model of LMP2A function. (A) The Src family PTK Lyn is recruited to LMP2A possibly by an interaction of the Lyn SH3 domain with the LMP2A
proline-rich regions or an interaction of the Lyn unique region (U) with the LMP2A DQSL sequence. WW domain-containing proteins may also be recruited to the
LMP2A nonphosphorylated PPPPY motifs. (B) LMP2A becomes phosphorylated at Y112 by the Lyn PTK or another unidentified cellular PTK, possibly the p57 or
p60 protein whose phosphorylation is observed in both wild-type and LMP2AY112F LCLs prior to BCR cross-linking. (C) Once Y112 is phosphorylated, the Lyn SH2
domain binds. Following Lyn binding to LMP2A Y112, the remaining LMP2A tyrosines, including the LMP2A ITAM, become phosphorylated. Binding of Lyn to
LMP2A and subsequent LMP2A phosphorylation are blocked in the Y112F mutants; thus, the Y112F mutants do not proceed to step C. (D) The presence of other
phosphorylated LMP2A motifs allows the binding of the Syk PTK, other SH2-containing proteins, and MAPK to phosphorylated LMP2A. Once bound to LMP2A, their
activities are reduced and they are no longer able to participate in BCR signal transduction. Binding of Syk to LMP2A is blocked in the LMP2A ITAM (Y74F and
Y85F) mutants, although LMP2A still demonstrates the phosphorylation of other tyrosines. The LMP2A ITAM mutants do not proceed fully to step D, due to the loss

of Syk binding to LMP2A.

DISCUSSION

The results reported in this study indicate that tyrosine 112
of LMP2A is essential for LMP2A-mediated down-modulation
of BCR signal transduction. The LMP2AY112F mutation re-
sults in the restoration of normal BCR signal transduction, as
demonstrated by the induction of tyrosine phosphorylation
(Fig. 7), the mobilization of intracellular calcium (Table 1), the
induction of nuclear gene transcription (Fig. 8), and the acti-
vation of cellular PTKs (Fig. 6) after BCR cross-linking. In
addition, the LMP2AY112F mutation results in the loss of Lyn
association with LMP2A (Fig. 3A) and the loss of LMP2A
tyrosine phosphorylation (Fig. 5B).

Applying the data collected in this study with data from
previously published studies of LMP2 and studies of signal
transduction through the BCR, we have formulated a model of
LMP2A function in latently infected B lymphocytes (Fig. 9). In
this model, LMP2A is expressed in the plasma membranes of
EBYV latently infected B cells and forms aggregates resembling
ligated BCRs (Fig. 9). Previously, studies have shown that
the transmembrane domains of LMP2A are responsible for
LMP2A aggregation. Truncation of LMP2A after two or five
transmembrane domains result in the loss of LMP2A aggrega-
tion and a concomitant loss of LMP2A function (20, 27). Once
LMP2A is aggregated in a newly infected B cell, the Lyn PTK
may be recruited to the unphosphorylated LMP2A aggregates
through strategies similar to those used for the recruitment of

the nonactivated Src family PTKs to the unphosphorylated
BCR. The amino-terminal unique region of Lyn plays an im-
portant role in the association of Lyn with the unphosphory-
lated Ig « chain (Iga). The unique region of Lyn binds the
DCSM sequence located before the second conserved tyrosine
of the Iga ITAM (8, 35). Interestingly, LMP2A has a homol-
ogous DQSL sequence located adjacent to the LMP2A ITAM
which may play a similar role as the DCSM Iga sequence by
providing a docking site for the Lyn PTK on unphosphorylated
LMP2A (Fig. 9A). Alternatively, the Lyn SH3 domain may in-
teract with one of the four proline-rich regions in the LMP2A
amino-terminal domain (Fig. 9A). The small amount of the
Lyn PTK detectable in the pY112F- and p2AA80-112-trans-
fected immunoprecipitates is compatible with either of these
hypotheses (Fig. 3A).

Once Lyn is recruited to LMP2A by one or both of the mech-
anisms discussed above, Lyn phosphorylates LMP2A at Y112.
Alternatively, an unknown kinase, which may be one of the
proteins whose constitutive phosphorylation is induced in
LMP2AY112F LCLs as well as EBV+LMP2A+ LCLs (Fig.
7), may phosphorylate LMP2A at Y112 (Fig. 9B). Once Y112
is phosphorylated, Lyn binds at Y112 and subsequently phos-
phorylates the remaining LMP2A tyrosines, in particular the
two tyrosines of the LMP2A ITAM (Fig. 9C). The LMP2A
phosphotyrosine motif at LMP2AY112 is YEEA, similar to the
YEEI motif which is the SH2 domain binding motif preferred
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by the Src family PTKs (39). Interestingly, the BCR does not
contain a similar motif. The specificity of Lyn for the LMP2A
YEEA motif may confer preferential binding of Lyn to
LMP2A and provide LMP2A with the ability to block normal
BCR signal transduction. Data presented in this study provide
evidence of the essential role of the Lyn PTK for LMP2A
function. Without Lyn association with LMP2A at Y112 (Fig.
3A), LMP2A does not become phosphorylated (Fig. 5), and
BCR-mediated signal transduction events occur, as evidenced
by the induction of tyrosine phosphorylation (Fig. 7), mobili-
zation of intracellular calcium (Table 1), induction of BZLF1
transcription (Fig. 8), and induction of PTK activities (Fig. 6)
in the LMP2AY112F LCLs.

Following the phosphorylation of LMP2A, other SH2 do-
main-containing proteins may be recruited to LMP2A aggre-
gates, just as SH2-containing proteins are recruited to the BCR
upon BCR cross-linking. Specifically, the Syk PTK binds to the
phosphorylated LMP2A ITAM (12) (Fig. 9D), similar to the
binding of Syk to the ITAMs present in Iga and IgB het-
erodimers. Binding of Syk to the Iga and IgB heterodimer re-
quires complete phosphorylation of the ITAMs (17), similar to
the requirement of Syk binding only to a completely phos-
phorylated LMP2A ITAM. Mutation of either tyrosine in the
LMP2A ITAM resulted in the loss of Syk binding to LMP2A
(12). Although Syk is unable to bind to the LMP2A ITAM
mutants, LMP2A is still phosphorylated at other LMP2A ami-
no-terminal tyrosines (12). Once LMP2A is phosphorylated,
other unidentified SH2 domain-containing proteins involved
in normal BCR signal transduction may also be recruited to
LMP2A phosphotyrosines. In immunoprecipitation studies,
LMP2A associates with at least six unidentified cell proteins
(2). Candidate proteins are Shc, PI3-K, PLCy2, Abl, Crk, Nck,
and Csk. In addition, other proteins such as MAPK or WW
domain-containing proteins may also be recruited to LMP2A
aggregates (Figs. 9A and D). MAPK has been shown to bind
an LMP2A amino-terminal glutathione S-transferase fusion pro-
tein (33). Many of these same proteins (PI3-K, PLCy2, Vav,
Shc, and MAPK) failed to be activated by BCR cross-linking in
LMP2A-expressing LCLs (26), thus demonstrating further ev-
idence for LMP2A interaction with other cellular signal trans-
ducers and LMP2A down-modulation of their activities. Once
bound to LMP2A, the functional activity of these proteins may
be altered. Once recruited to LMP2A aggregates, the seques-
tered LMP2A-associated proteins would no longer be free to
participate in normal BCR signal transduction. Alternatively,
LMP2A may induce the desensitization of cellular signal trans-
ducers, thus preventing normal B-cell signal transduction. De-
sensitization may be mediated by Csk, a negative regulator of
the Src family PTKs, or possibly by protein phosphatases re-
cruited to LMP2A complexes. For example, SHP-1, when
recruited to the BCR complex by the Fc receptor, results in
down-modulation of BCR signal transduction (9). This type of
functional inactivation of cellular proteins by viral proteins has
been observed in other systems, such as the binding and inac-
tivation of the tumor suppressor protein Rb by the human
papillomavirus E7 oncoprotein (31).

Our studies of LMP2A function also highlight the central
importance of the Lyn and Syk PTKs in BCR signal transduc-
tion. The Src family PTKs and Syk associate with the BCR and
are activated following receptor activation (3, 6, 8, 16, 19, 36,
45, 46). A wealth of biochemical and genetic data has indicated
the importance of these PTKs in B-cell signal transduction.
Most relevant to studies of LMP2A function are the Lyn and
Syk gene knockouts in murine and chicken B cells (7, 15, 32,
41, 42). EBV+LMP2A+ LCLs demonstrate a BCR-mediated
signaling phenotype very similar to that of the Syk gene knock-
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out in chicken B cells that demonstrate total disruption of BCR
signal transduction (41). In the Lyn gene knockout in chicken
B cells, there is only a modest alteration in B-cell signal trans-
duction (41), presumably because of the replacement of Lyn
function with other Src family PTKs. These observations fur-
ther demonstrate the central importance of both the Lyn and
Syk PTKs in the progression of normal B-cell signal transduc-
tion and how the loss or inactivation of these PTKs drastically
alters the signaling pathways in B cells. The ability of LMP2A
to bind and down-modulate the activities of both of these PTKs
provides LMP2A with the means to efficiently block BCR-
mediated signal transduction.

The role of other LMP2A-associated proteins remains to be
determined. Proposed in our current model of LMP2A func-
tion is the binding of other cellular signaling proteins, contain-
ing modular SH2, SH3, or WW domains, to LMP2A phospho-
tyrosines or proline-rich regions. LMP2A may target proteins
which are directly or indirectly activated by BCR-induced PTK
phosphorylation events. Candidate proteins are the Shc, PI3-K,
PLCy2, Abl, Crk, Nck, and Csk proteins. Future functional anal-
ysis of the remaining LMP2A tyrosine residues and LMP2A
proline-rich regions will determine the potential roles of these
elements in the LMP2A-mediated block in BCR signal trans-
duction.

Applying the knowledge gained in these studies to the role
of LMP2A in vivo suggests an important role for LMP2A in
maintaining a latent EBV infection within the peripheral blood
B lymphocytes of an infected individual. In these cells, the
blockade of BCR-mediated signal transduction may allow
EBV-infected B cells to encounter BCR-specific signals with-
out undergoing lytic replication, thus maintaining a reservoir
of latent viral genomes within the infected host. However, lytic
replication may occur in certain circumstances such as the in-
teraction of an EBV-infected lymphocyte with epithelium-pro-
duced cytokines or with epithelial surfaces, using signal trans-
duction pathways that are not efficiently blocked by LMP2A.
This unique integration of a viral protein into the B-cell signal
transduction pathway to block normal B-cell function offers an
unusual opportunity to investigate the strategy that EBV has
evolved to persist in the human population. Our investigations
into this unusual interaction between LMP2A and cellular
proteins may provide insights into the regulation of EBV infec-
tion, suggesting novel therapies for the control or prevention
of EBV latency and latency-associated syndromes, and may
further our understanding of B-cell signal transduction.
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