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Latent Membrane Protein 2A of Epstein-Barr Virus Binds WW
Domain E3 Protein-Ubiquitin Ligases That Ubiquitinate B-Cell
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The latent membrane protein (LMP) 2A of Epstein-Barr virus (EBV) is implicated in the maintenance of
viral latency and appears to function in part by inhibiting B-cell receptor (BCR) signaling. The N-terminal
cytoplasmic region of LMP2A has multiple tyrosine residues that upon phosphorylation bind the SH2 domains
of the Syk tyrosine kinase and the Src family kinase Lyn. The LMP2A N-terminal region also has two conserved
PPPPY motifs. Here we show that the PPPPY motifs of LMP2A bind multiple WW domains of E3 protein-
ubiquitin ligases of the Nedd4 family, including AIP4 and KIAA0439, and demonstrate that AIP4 and
KIAA0439 form physiological complexes with LMP2A in EBV-positive B cells. In addition to a C2 domain and
four WW domains, these proteins have a C-terminal Hect catalytic domain implicated in the ubiquitination of
target proteins. LMP2A enhances Lyn and Syk ubiquitination in vivo in a fashion that depends on the activity
of Nedd4 family members and correlates with destabilization of the Lyn tyrosine kinase. These results suggest
that LMP2A serves as a molecular scaffold to recruit both B-cell tyrosine kinases and C2/WW/Hect domain E3
protein-ubiquitin ligases. This may promote Lyn and Syk ubiquitination in a fashion that contributes to a block
in B-cell signaling. LMP2A may potentiate a normal mechanism by which Nedd4 family E3 enzymes regulate

B-cell signaling.

In the course of infection, replication or persistence, viral
gene products frequently interact with proteins that regulate
signaling pathways in the host cell. This capacity to modify host
cell signal transduction is typified by Epstein-Barr virus (EBV),
a human herpesvirus that infects lymphoid and epithelial cells
and causes infectious mononucleosis (32). EBV is also associ-
ated with a variety of human proliferative disorders, including
Burkitt’s lymphoma (40), undifferentiated nasopharyngeal car-
cinoma (24), and X-linked lymphoproliferative syndrome (10).

Following B-cell infection, EBV establishes a lifelong latent
state in which the viral episome is maintained in the absence of
replicative gene expression. Three types of latency have been
defined, based on the expression of subsets of viral genes that
appear important for maintaining the virus in a latent form (44,
45). The latent membrane proteins (LMP) 1, 2A, and 2B are
membrane-spanning polypeptides that are commonly ex-
pressed in latency, in concert with EBNA1, and intersect with
both CD40/tumor necrosis factor-receptor signaling pathways
(LMP1) and protein-tyrosine kinases (LMP1 and LMP2A) (19,
20, 27, 30, 34).

LMP2A has an N-terminal cytoplasmic region of ~119 res-
idues, which is predicted to be followed by 12 membrane-
spanning regions and a short C-terminal cytoplasmic tail. A
variety of data suggest that LMP2A can modify signaling from
the B-cell antigen receptor (BCR) through the ability of its
N-terminal cytoplasmic region to bind the SH2 domains of
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B-cell tyrosine kinases (30). The N terminus of LMP2A be-
comes phosphorylated on Tyr residues and contains multiple
Tyr-based motifs that can serve as docking sites for specific
SH2-containing proteins (4, 14-16). In particular, Tyr residues
74 and 85 lie in a consensus ITAM motif [YXXL/I (X, g)
YXXL/] characteristic of the signaling subunits of antigen and
Fc receptors, including the immunoglobulin alpha (Ig o) and B
nonpolymorphic chains of the BCR (42). Phosphorylated
ITAM:s bind selectively to the tandem SH2 domains of the Syk
or ZAP-70 tyrosine kinases (8, 12, 18). Indeed, Syk, which
binds the phospho-ITAMs of the Ig o/ BCR subunits and is
required for B-cell development (9, 11, 56), becomes physically
associated with LMP2A in EBV-positive lymphoblastoid cell
lines (LCLs) (15) and with chimeric proteins containing the
LMP2A N-terminal cytoplasmic region (1, 2). In addition,
Tyr112 of LMP2A is located within a YEEA motif that, in its
phosphorylated form, binds the SH2 domain of Src family
tyrosine kinases, notably Lyn in B cells (16, 34).

Normal BCR signaling is initiated by a Src family kinase
(SFK) which phosphorylates the Ig o/ ITAM motifs, leading
to the recruitment and activation of Syk. In turn, Syk stimu-
lates cytoplasmic enzymes, such as phospholipase C-y2, and
scaffolding proteins, such as Blnk (13, 17, 26). Since LMP2A
binds both Lyn and Syk, it might be expected to perturb BCR
signaling. Indeed, LMP2A impairs the ability of the cross-
linked BCR to stimulate Syk and Lyn tyrosine kinase activity,
induce tyrosine phosphorylation of substrates, such as phos-
pholipase C-y2, and mobilize calcium in B lymphocytes (32,
34). Furthermore, the inhibitory effect of LMP2A appears to
require Tyr residues 74 and 85 in the ITAM motif and Tyr 112,
which binds the Lyn SH2 domain (15, 16). These data suggest
a model in which Lyn phosphorylates LMP2A on Tyr112, to
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which it binds through its SH2 domain, and then phosphory-
lates the ITAM motif, which subsequently engages Syk. By
sequestering these tyrosine kinases away from the BCR,
LMP2A may antagonize the normal process of B-lymphocyte
activation and thereby represses the expression of immediate
early viral genes required for replication.

However, the physiological situation may be more complex.
Since LMP2A can engage SFKs and Syk in a manner very
similar to that of the BCR itself, it is possible that LMP2A
might, under some circumstances, function as an activator of
B-cell signaling, rather than as a repressor. Indeed, a chimeric
protein in which the N-terminal cytoplasmic region of LMP2A
is fused to the CD8 ectodomain is able to activate B-cell sig-
naling and induce calcium mobilization (1, 2), and transgenic
expression of LMP2A induces the aberrant expression of Ig-
negative cells in mice, apparently by supplanting pre-BCR sig-
nals (5). These results suggest that additional cellular factors
may modulate the effects of LMP2A on lymphoid function.
Indeed, LMP2A can also associate with the mitogen-activated
protein kinase (36) and with the Csk tyrosine kinase in epithe-
lial cells (49). Examination of the N-terminal cytoplasmic re-
gion of LMP2A has revealed two highly conserved PPPPY
motifs, which characteristically bind a subset of WW domains
found in proteins such as YAP65 and Nedd4, an E3 protein-
ubiquitin ligase with a Hect catalytic domain (7, 43, 53, 55). We
have therefore probed for novel LMP2A-binding partners,
which recognize the LMP2A PPPPY motifs and might modify
B-lymphocyte signaling proteins. We find that the LMP2A
PPPPY motifs bind selectively to a subset of WW domain
proteins with E3 protein-ubiquitin ligase activity, which are
implicated as negative regulators of lymphoid signaling. Fur-
thermore, we find that these proteins are able to directly ubi-
quitinate Lyn and Syk. Our results suggest that LMP2A serves
as a molecular scaffold to recruit both tyrosine kinases and E3
protein-ubiquitin ligases, leading to ubiquitination and poten-
tial degradation of the B-cell tyrosine kinases.

MATERIALS AND METHODS

Cell lines, expression constructs, and antibodies. The EBV-negative B-cell
lines DG75 and BJAB and EBV-positive LCLs CBM-RAL-STO and 1B4 were
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS) and 2 mM glutamine. The adherent cell lines Cos-1 and HEK 293 were
grown in Dulbecco’s modified Eagle medium with high glucose content and 10%
FBS. HEK 293-derived cell lines that stably express full-length LMP2A or a
chimeric protein containing the N-terminal 119 amino acids of LMP2A fused to
CD38 were generated by retrovirus infection and puromycin selection. A cDNA
clone, pSP64-23TP, carrying the LMP2A gene from the B95-8 strain of EBV, was
provided by P. J. Farrell (29). A retroviral vector, pPLXPOP, was used to express
LMP2A in HEK 293 cells. This was constructed from the pLNPOX vector (33)
through insertion of a puromycin resistance gene into the HindIII site adjacent
to the poliovirus 5" untranslated region. In addition, a BamHI site preceding the
5’ long terminal repeat was removed, and the Tn 5 aminoglycoside 3’ phospho-
transferase (Neo) gene was replaced with a multilinker of sequence 5'-GAATT
CACCGGTCGACGTACGGATCCTTAATTAAGCTTATTTAAATTCGAA
AGATCTGTTTAAACTCGAG-3' (G. Winberg and R. Reynolds, unpublished
data). An N-terminal FLAG epitope (DYKDDDDK)-tagged LMP2A expression
construct was prepared by subcloning the EBV terminal gene (LMP2A) cDNA
into pFLAG-CMV-2 (Eastman Kodak, New Haven, Conn.). A glutathione S-
transferase (GST) fusion protein containing amino acid residues 1 to 122 from
EBV LMP2A was generated by PCR amplification of the fragment from LMP2A
c¢DNA and cloning into the vector pGEX-KT. LMP2A derivatives containing
mutations in either or both PPPPY motifs were generated by PCR mutagenesis
and authenticated by DNA sequencing. Constructs allowing for expression of
individual AIP4 WW domains as GST fusion proteins in bacteria were prepared
by cloning into the vector pGEX-KT synthetic oligonucleotides corresponding to
the following amino acid residues: WW1, 286 to 317; WW2, 318 to 349; WW3,
398 to 429; and WW4, 438 to 469. A MYC epitope (EQKLISEEDL)-tagged
KIAA0439 expression construct was prepared by subcloning cDNA provided by
the Kazusa DNA Research Institute (Chiba, Japan) into pRK5-myc; this vector,
which contains a CMV promoter and N-terminal MYC tag, was a gift of
Jonathan Wood (Johns Hopkins University School of Medicine, Baltimore,
Md.). Mutation of the KIAA0439 Hect domain catalytic Cys to Ser (C962S) was
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accomplished by using PCR mutagenesis and was confirmed by DNA sequenc-
ing. A MYC-tagged AIP4 expression construct was generated in the pRK5-myc
vector by subcloning fragment AIP4.1, which contains the WW domain region
described by Wood et al. (57), and ATCC 1011774, which encodes the C-
terminal HECT domain and additional regions that overlap with AIP4.1. The
AIP4 N-terminal C2 domain, amino acid residues 1 to 113, was introduced by
chemical synthesis using oligonucleotides that encode the same amino acid
sequence found in the mouse ortholog Itchy (37). A derivative of AIP4 (C830A)
containing an inactive Hect domain was prepared by PCR mutagenesis and authen-
ticated by DNA sequencing. A hemagglutinin (HA) epitope (YPYDVPDY)-
tagged ubiquitin, T7 epitope-tagged Nedd4, and Nedd4 (C853S) expression
vectors have been described previously (53). Andre Veillette (McGill University,
Montreal, Canada) provided vectors that allow expression of Lyn and Syk and
antibodies to these proteins. Rat anti-LMP2A monoclonal antibody (MAb) 4E11
(14) was purchased from ITN GmbH (Neuherberg, Germany). The antibodies,
anti-v-H-ras rat MAb IgG1, anti-Lyn rabbit polyclonal antibody IgG, and anti-
MYC mouse MAb IgG1, were purchased from Santa Cruz Biotechnology (Santa
Cruz, Calif.). Mouse anti-FLAG and anti-T7 MAbs were purchased from Sigma-
Aldrich Canada Ltd., (Oakville, Ontario, Canada) and Novagen (Madison, Wis.),
respectively. Anti-phosphotyrosine MAb IgG2bk clone 4G10 was purchased
from Upstate Biotechnology (Lake Placid, N.Y.).

Peptide synthesis. Synthetic peptides were prepared on an Applied Biosystems
431 peptide synthesizer using 9-fluorenylmethoxy carbonyl solid-phase chemis-
try. Biotin was incorporated into each peptide as the N-terminal residue during
the synthesis. To allow for efficient coupling to streptavidin, an €-aminocaproic
acid (Aca) linker was added between the biotin moiety and the desired peptide
sequence. When required, phosphotyrosine was directly incorporated into the
peptide using the N-fluorenylmethoxy carbonyl-O-phosphono-L-tyrosine deriva-
tive. The peptides were isolated through a 90-min treatment of the peptide resin
at room temperature in a trifluoroacetic acid solution containing a scavenger
mixture of thioanisol, 1,2-ethanedithiol, and water (1.0:0.1:2.0% vol/vol). The
product, cleaved from the resin and deprotected, was precipitated with cold
t-butylethyl ether, collected by centrifugation, and purified using reverse-phase
high-pressure liquid chromatography. The authenticity of the peptides was con-
firmed by amino acid analysis and mass spectrometry.

Immunoprecipitation and immunoblotting. (i) Gene pulse electroporation of
vectors into B cells. For each electroporation, approximately 107 DG75 cells
were resuspended in 0.4 ml of RPMI 1640, supplemented with 10% (vol/vol) FBS
and glutamine that contained 20 ug of each vector, and transferred to a 0.4-cm
Gene Pulser cuvette (Bio-Rad Laboratories, Hercules, Calif.). The cells were
pulsed once with 210 V at 960 pF by using a Gene Pulser equipped with a
capacitance extender (Bio-Rad Laboratories). Following the pulse, the cells were
diluted in 10 ml of fresh RPMI 1640 medium containing 10% (vol/vol) FBS and
glutamine and were incubated at 37°C for 40 h prior to analysis. The cells were
then collected by low-speed centrifugation and lysed in 1 ml of 50 mM Tris-HCI,
150 mM NaCl, 2 mM EDTA, 1% (vol/vol) NP-40, 10-p.g/ml aprotinin, 10-pug/ml
leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 10-pug/ml pepstatin A
(NP-40 buffer) on ice. Cell lysate was obtained following a 15-min centrifugation
at 11,000 X g, and protein content was quantified using a bicinchoninic acid
protein reagent assay (Pierce, Rockford, Ill.). Immunoprecipitations were car-
ried out by incubating (for 18 h at 5°C) cell lysate containing approximately 1 mg
of total protein, with 1 pg of primary antibody in the presence of immobilized
secondary antibody. Immunoprecipitated proteins were washed three times with
NP-40 buffer (1 ml each time) and resuspended in sodium dodecyl sulfate (SDS)
sample buffer. Proteins were resolved using SDS-8% polyacrylamide gel elec-
trophoresis (PAGE) and transferred to an Immobilon-P filter (Millipore Corp.,
Bedford, Mass.) using a semidry Western transfer apparatus (Bio-Rad Labora-
tories). Western blotting was carried out by treating the protein filter with a 5%
skim milk powder solution in 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and
0.05% (vol/vol) Tween 20 (TBST) containing the required antibody at a concen-
tration of 3 pg/ml. Following a 60-min incubation at room temperature, each
protein filter was washed three times with excess TBST over a 15-min period and
then treated for 45 min with the appropriate horseradish peroxidase-conjugated
secondary antibody diluted in TBST. After being washed with TBST, the blots
were developed by using chemiluminescent detection (Supersignal; Pierce) with
image detection on dental film (XDBF-1 film; Eastman Kodak, Rochester,
N.Y.).

(ii) Protein expression in adherent cells. For transfection of DNA into Cos-1
cells, Lipofectin reagent (GIBCO BRL Life Technologies) was employed fol-
lowing the manufacturer’s protocols. To express proteins in HEK 293 cells and
cell lines derived from HEK 293, the calcium phosphate precipitation method
described by Tong et al. (55a) was performed. In each transfection, approxi-
mately 10 pg of each expression vector was used. Following transfection of either
Cos-1 or HEK 293 cells, the cells were grown for approximately 48 h and then
washed in cold phosphate-buffered saline (PBS). Cell lysates were prepared in
NP-40 buffer. Immunoprecipitation and Western blotting were performed as
described above. To inhibit protein synthesis, a dimethyl sulfoxide solution of
cycloheximide was added to a final concentration of 35 pM (10 pg/ml).

(iii) GST fusion protein binding assays. Immobilized GST-LMP2A fusion
proteins were prepared from BL21 bacterial cells that express each protein. Cell
lysates were prepared in 50 mM sodium phosphate (pH 7.5), 150 mM NacCl, 2
mM EDTA, 1% (vol/vol) Triton X-100, and 2 mM benzamidine (PBS-Triton)
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LMP2A N-TERMINAL REGION:
MGSLEMVPMGAGPPSPGGDPDGYDGGNNSQYPSASGSSGNTPTPP
NDEERESNEEPPPPYEDPYWGNGDRHSDYQPLGTQDQSLYLGLQHD
GNDGLPPPPYSPRDDSSQHIYEEAGRGS

FIG. 1. Amino acid sequence of the cytoplasmic N-terminal region of
LMP2A. The two PPPPY motifs are underlined in bold type. Also indicated in
bold type are the ITAM and YEEA motifs, which, when phosphorylated, become
ligands for the B-cell tyrosine kinases Syk and Lyn, respectively.

and treated with GST-agarose beads (Sigma) for 20 min at 5°C. Immobilized
proteins were isolated by collection of the beads by brief centrifugation, washed
with excess PBS-Triton buffer, and analyzed for the level of protein expression by
using SDS-9% PAGE with Coomassie blue staining. Equivalent amounts (ap-
proximately 10 pg) of immobilized fusion protein were incubated for 60 min at
5°C with Cos-1 cell lysates containing T7 epitope-tagged Nedd4 that were pre-
pared as described above. The beads were then washed three times with NP-40
buffer (1 ml each time), and associated Nedd4 protein was identified by SDS-8%
PAGE, followed by Western blotting using anti-T7 antibody. Similar procedures
were used to monitor the interaction of LMP2A with GST-AIP4 WW domain
fusion proteins. In these experiments, the presence of LMP2A was detected by
Western blotting using rat anti-LMP2A MAb 4E11.

COLT protein association screen. The synthetic peptide Biotin.Aca.S-
N.EEPPPPpY.EDPYWGN.G. was used in an expression screen of a
mouse 10-day embryo cDNA library (Novagen) following the protocol for clon-
ing of ligand targets (COLT) described by Sparks et al. (52).

Affinity chromatography and protein sequencing by quadrupole-time-of-flight
mass spectrometry. To probe for proteins that might associate with LMP2A,
the synthetic peptides Biotin.Aca.S.N.E.E.P.P.P.P.pY.E.D.P.Y.W.G.N.G, Bio-
tin.Aca.S.N.E.E.P.P.P.P.Y.ED.P.Y.W.G.N.G, and Biotin.Aca.G.D.R.H.S.D.pY
.QPLGTQSLpYLGLQHD.G were employed as affinity reagents to
probe the EBV-positive CBM-RAL-STO cell lysate. For each affinity reagent, a
100-pl-bed volume of streptavidin-agarose resin (Sigma) capable of binding 10
nmol of biotin was washed with 20 mM sodium phosphate buffer (pH 7.0)
containing 150 mM NaCl (PBS) and then resuspended in a twofold-molar excess
of biotinylated peptide. Following a 15-min incubation and mixing at room
temperature, the resin was washed three times with excess PBS. CBM-RAL-STO
cell lysate was prepared in NP-40 buffer and subjected to a 100,000 X g ultra-
centrifugation. For each affinity isolation, clarified cell lysate from 10° cells was
treated with 1.5 nmol (15 pl) of immobilized peptide resin for 90 min at 5°C. The
resin was washed three times with NP-40 buffer, and the isolated proteins were
resolved using SDS-8% PAGE. Proteins were visualized by silver staining, and
bands selected for mass spectrometric analysis were excised from the gel and
digested with trypsin as described by Shevchenko et al. (50). Mass spectrometric
measurements were carried out on a Q-Star quadrupole—time-of-flight apparatus
(MDS-Sciex, Concord, Ontario, Canada).

RESULTS

LMP2A PPPPY motif binds proteins of the Nedd4 family.
The N-terminal cytoplasmic region of EBV LMP2A has two
PPPPY motifs (Fig. 1), which might bind protein modules,
such as WW or SH3 domains. To assess the ability of the
LMP2A PPPPY motifs to bind cellular proteins, a COLT (52)
screen of a 10-day mouse embryo cDNA expression library was
performed using a biotinylated synthetic peptide based on the
more N-terminal proline-rich motif Biotin.Aca.S.N.E.E.P.P.P
P.Y.ED.P.YW.GN.G (PPPPY). This procedure identified
cDNA encoding fragments of Nedd4 (accession no. 2088623),
a Nedd4-related molecule (accession no. KIAA0439), and the
SH2/SH3 adapter Grb2, indicating that these proteins are ca-
pable of binding in vitro to the proline-rich LMP2A peptide.

Full-length rat Nedd4 has an N-terminal C2 domain in-
volved in membrane targeting (39), followed by three WW
domains and a C-terminal Hect domain that mediates the
transfer of ubiquitin to target proteins. Important for cata-
lyzing the transfer of ubiquitin is a Cys residue within the Hect
domain, which undergoes a transient covalent attachment to
ubiquitin via a thioester linkage (46, 47, 54) (Fig. 2). Nedd4 is
the prototype for a family of related proteins conserved from
yeast to vertebrates (23) that includes KIAA0439. Of the in-
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FIG. 2. Domain organization of mouse Nedd4, KIAA0439, and AIP4. Also
illustrated are the protein fragments of Nedd4 (WW1, WW3, WWS5) and
KIAA0439 (WW2) that were isolated from a COLT screen of a 10-day mouse
embryo expression library probed with the LMP2A-derived synthetic peptide
Biotin.Aca.S.N.E.E.P.P.P.P.Y.E.D.P.Y.W.G.N.G.

dividual Nedd4 and KIAA0439 cDNA clones isolated (Fig. 2),
each encoded two or more complete WW domains, consistent
with the possibility that the LMP2A proline-rich motifs might
serve as ligands for specific interaction domains of host cell
proteins. To investigate further the ability of this peptide to
interact with Nedd4-like proteins, rabbit polyclonal antibodies
to KIAA0439 were prepared and used to detect proteins pre-
cipitated from lysates of Cos-1 cells with the PPPPY peptide
immobilized on streptavidin-agarose beads. We also tested a
phosphotyrosine-containing (pY) peptide derivative, Biotin
.Aca.S.N.EE.P.PPPpY.ED.P.Y.W.G.N.G (PPPPpY), which
was immobilized in a similar fashion. Specific binding of
KIAA0439 was detected to the nonphosphorylated peptide,
but no association was observed with the corresponding phos-
photyrosine-containing peptide, indicating that phosphoryla-
tion of the PPPPY motif inhibits KIAA0439 binding (data not
shown). Only a single Grb2 cDNA, which encoded the SH2
domain and C-terminal SH3 domain, was isolated. Its identi-
fication in the screen was most likely due to recognition of the
PPPPY peptide by the C-terminal Grb2 SH3 domain. At-
tempts to confirm the Grb2 association through probing of
Cos-1 lysates with the immobilized PPPPY and PPPPpY pep-
tides were not successful, suggesting that the binding of the
Grb2 to the PPPPY motif is likely to be of low affinity and of
questionable physiological significance.

These results suggest that the PPPPY motifs of LMP2A
potentially bind host proteins with WW domains. To extend
these observations to a more relevant cell type, we investigated
which proteins from EBV-positive human B-cell lines might
associate with the LMP2A proline-rich sequence by using af-
finity chromatography and quadrupole—time-of-flight mass
spectrometry protein identification. Figure 3 shows a silver-
stained gel of proteins from the EBV-positive CBM-RAL-STO
cell line that precipitate with the immobilized peptides PPPPY,
PPPPpY (included as a control which should not bind WW
domain proteins), and a diphosphotyrosine peptide corre-
sponding to the ITAM sequence found in LMP2A, Biotin
.Aca.G.D.RH.S.D.pY.Q.P.L.G.T.Q.S.LpY.L.G.L.QHD.G
(ITAM). Only the PPPPY and ITAM affinity matrices precip-
itated specific proteins in high abundance. The PPPPY peptide
selectively bound protein species of 97 and 115 kDa, whereas
the ITAM phosphopeptide bound primarily to a protein of
approximately 70 kDa. These polypeptides were digested with
trypsin, and the resulting peptides were analyzed by mass spec-
trometry. This unambiguously identified the human B-cell pro-
teins that bind the EBV LMP2A PPPPY peptide as members
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FIG. 3. Specific B-cell proteins bind to affinity reagents derived from ligand
motifs found in LMP2A. Immobilized LMP2A-derived synthetic peptides based
on PPPPY, PPPPpY, and ITAM motifs were treated with clarified lysates from
a CBM-RAL-STO B-cell line. Associated proteins were resolved by SDS-9%
PAGE, visualized by silver staining, and identified by quadrupole-time-of-flight
(mass spectrometry) (Table 1). Numbers are for molecular mass markers (kilo-
daltons).

of the Nedd4 family of proteins, namely, KIAA0439, AIP4 (37,
57), AIP2/WWP2 (38), and Nedd4 (23, 28) (Table 1). In con-
trast, the polypeptide that specifically associated with the
ITAM motif was identified as the Syk tyrosine kinase.
LMP2A shows selective association with the AIP4 and
KIAA0439 C2/WW/HECT domain proteins. To investigate
whether the identified C2/WW/Hect domain proteins associate
with the full-length LMP2A protein, we electroporated a mam-
malian protein expression vector encoding LMP2A into a hu-
man B-cell line (DG75), with a FLAG-tagged epitope at its N
terminus, along with either Myc-tagged AIP4 or KIAA0439
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FIG. 4. The E3 ubiquitin-ligase proteins KIAA0439 and AIP4 associate with
LMP2A when overexpressed in the B-cell line DG75. A FLAG epitope-tagged
LMP2A mammalian expression vector was gene pulsed into DG75 cells with
either a MYC epitope-tagged KIAA0439 C962S or AIP4 C830A expression
vector. Control experiments using a derivative of LMP2A unable to bind WW
domain proteins, due to mutation of both PPPPY motifs to PPPPA, are also
shown. Following the gene pulse, the cells were grown for 40 h and then lysed in
NP-40 buffer. Lysates were split equally and immunoprecipitated with either
anti-MYC or anti-FLAG for 18 h at 5°C. Proteins were resolved by SDS-8%
PAGE and subjected to Western blotting for detection of the associated FLAG
or MYC epitope-tagged protein. WT, wild type; Mut, mutant; IP, immunopre-
cipitation; WB, Western blotting; WCL, whole-cell lysak.

expression vectors. In preliminary experiments that used wild-
type AIP4 or KIAA0439, protein expression levels were below
our detection limits. However, variant forms of these proteins,
each containing an Ala or Ser substitution of the Cys residue
critical for Hect domain activity, were readily detected and
coimmunoprecipitated with LMP2A (Fig. 4), regardless of
which partner was subjected to immunoprecipitation.

To further probe the interaction between C2/WW/Hect do-
main proteins and LMP2A, we cotransfected Cos-1 cells with
FLAG-tagged LMP2A and either Myc-AIP4, Myc-KIAA0439,
or T7-tagged Nedd4. As observed in the DG75 B cells, the

TABLE 1. Proteins identified by quadrupole-time-of-flight mass spectrometry

Protein Accession no. (M + 2H)>" peak” Peptide identified (peptide position, amino acid residue)
KIAA0439 043165 535.3 EWFFLLSK (686—693)
561.3 LLQFVTGTSR (918-927)
796.9 LLMAVENAQGFEGVD (981-995)
829.5 SLSSPTVTLSAPLEGAK (466-482)
AIP4 AAC04845 423.2 LDLPPYK (711-717)
483.7 TTTYIDPR (339-346)
522.8 ITQWEDPR (299-306)
568.3 FIAMALFHGK (480-489)
702.4 SALDNGPQIAY VR (350-362)
717.4 FIDTGFSLPFYK (490-501)
Nedd4 P46934 535.3 EWFFLISK (618-625)
561.3 LLQFVTGTSR (850-859)
573.3 AVLMMDSEKR (838-847)
590.8 LWIEFDGEK (600-608)
641.3 LLFEVFDENR (114-123)
WWP2 ACC51325 466.3 AGVALPFEK (9-17)
Syk P43405 416.2 LLTLEDK (369-375)
433.7 ISDFGLSK (510-517)
540.8 GSEVTAMLEK (578-587)
554.8 ELGSGNFGTVK (376-386)
647.3 YLEESNFVHR (484-493)

“(M + 2H)?**, observed mass of the doubly charged parent ion.
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FIG. 5. The LMP2A PPPPY motifs are essential for binding E3 ubiquitin-
ligase proteins KIAA0439 and AIP4. Wild-type and PPPPY motif mutants (Y'Y,
wild type; AA, YO60A/Y101A; YA, Y101A; AY, Y60A) of a FLAG epitope-
tagged LMP2A mammalian expression vector were transfected into Cos-1 cells
with either MYC epitope-tagged KIAA0439 or AIP4 expression vectors. Lysates
were then subjected to anti-FLAG immunoprecipitations (IP), and associated
proteins were identified by SDS-8% PAGE with Western blotting for MYC
epitope-tagged protein. WB, Western blotting; WCL, whole-cell lysate.

level of C2, WW, and Hect domain protein expression was
much higher for Hect mutants than for the wild-type proteins.
Using the Hect Cys-to-Ala mutant proteins, LMP2A was found
to coimmunoprecipitate with AIP4 or KIAA0439 (Fig. 5) but
did not detectably interact with Nedd4 (Fig. 6A). In this assay
we investigated the specificity of the interaction of LMP2A
with AIP4 or KIAA0439 and analyzed the role of the PPPPY

A LMP2A
YY AA YA AY
T7-Nedd4 IP: anti-FLAG; WB: anti-T7
T7-Neddd  —=—=—— WCL; WB: anti-T7

FLAG-LMP2A  acqmemes WCL; WB: anti-FLAG

B GST-LMP2A
WCL GST YY YA AA AY

T7-Nedds @D M~ wB:ani-T7

FIG. 6. Nedd4 can be precipitated with N-terminal LMP2A GST fusion
protein but does not associate with full-length LMP2A when both proteins are
overexpressed in Cos-1 cells. (A) Wild type (YY) and PPPPY motif (AA, Y60A/
Y101A; YA, Y101A; AY, Y60A) mutants of a FLAG epitope-tagged LMP2A
mammalian expression vector were transfected into Cos-1 cells with the T7
epitope-tagged Nedd4 expression vector. Lysates were then subjected to anti-
FLAG immunoprecipitations (IP), and associated protein was identified by
SDS-8% PAGE with Western blotting (WB) for T7 epitope-tagged protein. (B)
Cos-1 cell lysates containing T7 epitope-tagged Nedd4 protein were treated with
immobilized GST or GST fusion proteins containing the N-terminal 122 amino
acid residues of wild-type LMP2A or PPPPY mutants. Associated Nedd4 was
identified by SDS-9% PAGE with Western blotting (WB) for the T7 epitope-
tagged protein. WCL, whole-cell lysate.
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FIG. 7. Individual AIP4 WW domains can precipitate LMP2A. Immobilized
GST fusion proteins of individual AIP4 WW domains were tested for their ability
to precipitate from lysates of wild-type LMP2A (LMP2A WT) or Y60A/Y101A,
Y101A, or Y60A LMP2A mutant proteins expressed transiently in DG75 B cells.
Western blotting (WB) with anti-LMP2A antibody identified precipitated
LMP2A. The numerical designation of each AIP4 WW domain corresponds to
its position from the N terminus of the protein. WCL, whole-cell lysate.

WB: anti-LMP2A
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motifs in the formation of these complexes by expressing en-
gineered LMP2A derivatives that contained tyrosine-to-ala-
nine substitutions in either or both PPPPY motifs. These sub-
stitutions were based on previous biochemical and structural
data demonstrating that the corresponding tyrosine is critical
for the recognition of PPXY sites by a subclass of WW do-
mains (7). The LMP2A mutant proteins containing PPPPA
substitutions were stably expressed in Cos-1 cells. However, no
interaction between LMP2A and the Nedd4 family proteins
was observed in transfected cells when both PPPPY sites were
changed to PPPPA (Y60A/Y101A). The single substitution of
Tyr60 in the more N-terminal PPPPY site (Y60A) strongly
reduced the extent of complex formation but did not entirely
abrogate binding of LMP2A to AIP4 or KIAA0439. Substitu-
tion of Tyr101 alone in the C-terminal PPPPY motif (Y101A)
resulted in a more modest decrease in LMP2A binding to
Nedd4 family members. These results suggest that both PP-
PPY motifs can contribute to the association of LMP2A with
AIP4 and KIAA0439 in vivo and that together they are essen-
tial for complex formation. Furthermore, the more N-terminal
PPPPY motif appears to be more efficient in binding to AIP4
and KIAA0439 in cells than is the more C-terminal PPPPY
site.

To investigate which of the four WW domains of AIP4 has
the potential to interact with LMP2A, GST fusion proteins
containing individual WW domains were tested for their ability
to associate with wild-type or mutant forms of LMP2A in cell
lysates (Fig. 7). Each of the four AIP4 WW domains bound to
wild-type LMP2A but not to the Y60A/Y101A mutant lacking
both Tyr60 and Tyr101 in the two PPPPY motifs. WW domains
1 to 3 also bound to the LMP2A Y101A mutant, but binding of
this mutant to WW domain 4 was markedly reduced. WW
domains 1 and 2 still bound to the Y60A LMP2A mutant but
less efficiently than to the wild-type protein or to the Y101A
mutant, consistent with the in vivo data that the N-terminal
PPPPY motif is more effective in binding AIP4 than is the
C-terminal motif. Furthermore, WW domain 3 bound poorly
to the Y60A mutant, and binding by WW domain 4 was barely
detectable. These results indicate that all four of the AIP4 WW
domains have the capacity to interact with wild-type LMP2A
and that WW domains 1 and 2 can recognize both PPPPY
motifs. WW domain 3 bound preferentially to the N-terminal
PPPPY motif, and WW domain 4 showed only weak binding to
the individual sites. Thus, it is likely that a single AIP4 mole-
cule can simultaneously interact with both PPPPY motifs on an
individual LMP2A chain through two distinct WW domains.
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We cannot exclude the possibility that the two PPPPY motifs
within a single chain of LMP2A could bind independently to
two separate AIP4 molecules, but it seems probable that a
bidentate interaction would be favored. In either case, the
remaining WW domains might engage additional LMP2A mol-
ecules or contact other ligands, potentially leading to the for-
mation of a larger complex. It is interesting to note that AIP4
WW domain 4 lacks the more C-terminal of two conserved Trp
residues, which is replaced by a Tyr in AIP4 WW domain 4.
Since this Trp forms part of the ligand-binding surface of other
WW domains, its absence in WW domain 4 might influence the
efficiency or specificity of ligand recognition. Regardless, our
data indicate that there are some differences in the ligand-
binding properties of the four AIP4 WW domains.

Although we were unable to detect a complex between
Nedd4 and LMP2A in a cotransfection assay, a GST fusion
protein which contained the N-terminal 122 amino acids of
LMP2A was able to precipitate Nedd4 from a lysate of trans-
fected Cos-1 cells (Fig. 6B). Using this approach, we investi-
gated the specificity of Nedd4 towards individual LMP2A
PPPPY sites and found a selectivity for intact LMP2A similar
to that observed with AIP4 and KIAAO0439. However, the
failure to identify Nedd4 in association with LMP2A in trans-
fected cells suggests that the WW domains of Nedd4 are likely
to have a lower affinity for the LMP2A PPPPY motifs than are
the WW domains of AIP4 or KIAA0439. Alternatively, it is
possible that Nedd4 is less accessible to LMP2A in vivo, for
example through localization to a distinct subcellular compart-
ment. These data provide evidence for selective binding of
specific C2/WW/Hect domain proteins to LMP2A.

An endogenous complex between LMP2A and C2/WW/Hect
domain proteins. To investigate whether an endogenous com-
plex can form between EBV LMP2A and the Nedd4 family of
proteins in human B cells, we raised a polyclonal rabbit anti-
serum to the AIP4 protein, which cross-reacts with the closely
related KIAA0439 polypeptide (data not shown). We then
investigated whether these proteins could coimmunoprecipi-
tate with LMP2A, using either the EBV-negative BJAB B-cell
line as a control or the EBV-positive CBM-RAL-STO line.
Cell lysates were immunoprecipitated using a rat monoclonal
antibody directed against LMP2A, and the precipitated pro-
teins were separated and blotted with anti-AIP4 antiserum.
This assay identified complexes between endogenous LMP2A
and both AIP4 and KIAA0439, which were specifically de-
tected in the EBV-positive CBM-RAL-STO B-cell line (Fig.
8A). As shown in Fig. 8B, whereas LMP2A antibody was able
to coprecipitate AIP4 from EBV-positive CBM-RAL-STO and
IB4 cell lines, a control rat monoclonal antibody directed
against v-Ras was not. This evidence lends further support to
the hypothesis that a constitutive complex between LMP2A
and C2/WW/Hect domain proteins exists in EBV-infected B
cells.

The N-terminal cytoplasmic region of LMP2A is sufficient to
bind AIP4 in cells. The data presented above suggest that AIP4
and related E3 protein-ubiquitin ligases form an endogenous
complex with LMP2A in a fashion that is mediated by the AIP4
WW domains and the PPPPY motifs of LMP2A. To investi-
gate whether the N-terminal region of LMP2A containing the
PPPPY sequences is sufficient to bind AIP4 in cells, we made
use of a chimeric protein in which the extracellular and trans-
membrane regions of the type II transmembrane protein CD38
are fused to the N-terminal 177 amino acids of LMP2A. In this
chimeric protein, the N-terminal region of LMP2A should
adopt its normal orientation with respect to the membrane.
Although the CD38-LMP2A chimera is expressed at the cell
surface of HEK 293 cells (L. Matskova and G. Winberg, un-
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FIG. 8. LMP2A associates with endogenous AIP4 in EBV-positive B-cell
lines. (A) LMP2A immunoprecipitations, using rat anti-LMP2A MADb 4E11 from
cell lysates of either an EBV-negative (—) cell line, BJAB, or an EBV-positive
(+) B-cell line, CBM-RAL-STO, were probed for the presence of AIP4 by
Western blotting using anti-AIP4 antibodies. (B) LMP2A immunoprecipitations
and control immunoprecipitations using an irrelevant anti-rat MAb IgG1 from
cell lysates of two EBV-positive B-cell lines, CBM-RAL-STO and IB4, were
probed for AIP4. IP, immunoprecipitation; WB, Western blotting, WCL, whole-
cell lysate. Numbers are molecular mass in kilodaltons.

published results), it is not significantly tyrosine phosphory-
lated until it is cross-linked with anti-CD38 antibodies (Fig. 9).
Nonetheless, the CD38-LMP2A protein coprecipitated with
AIP4 from a lysate of HEK 293 cells even prior to cross-
linking. These data indicate firstly that the N-terminal region
of LMP2A is both necessary and sufficient for binding to AIP4
and secondly that this interaction is not dependent on tyrosine
phosphorylation.

3Tm
clustered 3Tm C4 CD38 293P

a —116  |P:anti-LMP2A
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—84
ITm— - L _sg IPanti-LMP2A
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FIG. 9. The N-terminal cytoplasmic region of LMP2A is sufficient to bind
AIP4. Four HEK 293 cell lines that stably express full-length LMP2A (C4), a
CD38-LMP2A chimeric molecule (3Tm), a control vector expressing the CD38
portion of the chimeric molecule (CD38), or vector alone (293P) were tested for
their ability to form LMP2A-AIP4 complexes with endogenous AIP4. Clustering
CD38-LMP2A, through treatment of the cells with anti-CD38 antibody, shows
little effect on association with AIP4. However, clustering dramatically increases
the level of tyrosine phosphorylation, as determined by immunoblotting with
anti-phosphotyrosine (anti-PY) 4G10 antibody. Full-length LMP2A is also ty-
rosine phosphorylated when expressed in HEK 293 cells. IP, immunoprecipita-
tion; WB, Western blotting; wt, wild type. Numbers are molecular mass in
kilodaltons.
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Ubiquitination of Lyn and Syk in LMP2A-containing cells.
These results suggest that LMP2A serves as a scaffold to re-
cruit not only cytoplasmic tyrosine kinases through SH2-medi-
ated interactions but also E3 protein-ubiquitin ligases through
the binding of PPPPY motifs to specific WW domain proteins.
Thus, LMP2A may function not only to physically recruit sig-
naling proteins involved in BCR signaling but may potentially
target such proteins for ubiquitination and degradation. In an
effort to establish a functional role for the formation of a
complex between LMP2A and the Nedd4 class of E3 protein-
ubiquitin ligases, we investigated the possibility that the other
proteins known to associate with LMP2A might undergo ubig-
uitination. We focused our attention on the Src family tyrosine
kinase Lyn, since previous work has indicated that the level of
Lyn is reduced in LMP2A-positive B-cell lines (34). Further-
more, recent data have suggested that SFKs are prone to
ubiquitin-mediated degradation in the activated state (21, 22,
35). In addition, we tested the B-cell tyrosine kinase Syk for
ubiquitination. The assay for ubiquitination involved cotrans-
fection of HEK 293 cells with the relevant kinase and a vector
encoding hemagglutinin (HA)-tagged ubiquitin and monitor-
ing for ubiquitinated species by blotting of either anti-Lyn or
Syk immunoprecipitates with anti-HA antibody. As shown in
Fig. 10A and B, both Lyn and Syk are polyubiquitinated in this
assay. These higher-molecular-weight species were not ob-
served in the absence of transfected HA-tagged ubiquitin or
substrate kinase.

To test whether LMP2A might play a role in catalyzing Lyn
ubiquitination, we expressed Lyn either in a HEK 293 line that
stably expresses EBV LMP2A (C4) or in a control cell line
(293P). The results are shown in Fig. 10C. In the control 293P
cell line, Lyn was converted to higher-molecular-weight species
recognized by anti-HA antibodies, indicative of ubiquitination.
These higher-molecular-weight species were not observed in
the absence of HA-tagged ubiquitin. The abundance of ubi-
quitinated Lyn species identified by this assay was substantially
increased in the C4 cell line, which expresses LMP2A. These
results suggest that the Lyn tyrosine kinase has a propensity to
undergo ubiquitination in 293 cells, which is enhanced by the
coexpression of LMP2A.

As shown in Fig. 9, the HEK 293-derived cell line stably
expressing LMP2A (C4) contains endogenous E3 protein-
ubiquitin ligases, including AIP4 and KIAA0439, which are
potentially responsible for Lyn ubiquitination. To test this pos-
sibility, we expressed either wild-type AIP4 or the C830A AIP4
mutant (which removes a Cys essential for HECT domain
catalytic activity) in LMP2A-expressing C4 cells also trans-
fected with Lyn and HA-tagged ubiquitin (Fig. 11). Since the
C830A protein can readily bind to LMP2A through its WW
domains, it would be anticipated to have a dominant-negative
function. Although wild-type AIP4 did not significantly in-
crease Lyn ubiquitination, indicating that E3 activity is not
limiting in this assay, the C830A dominant-negative mutant
effectively blocked the appearance of ubiquitinated Lyn spe-
cies. These results are consistent with the notion that Nedd4
family members are responsible for LMP2A-mediated Lyn
ubiquitination in 293 cells.

To investigate whether LMP2A influences Lyn abundance,
we measured Lyn levels in lysates from C4 cells, which express
LMP2A, or control 293P cells transfected with Lyn cDNA (Fig.
12). When cycloheximide was used to block protein synthesis,
Lyn levels in the control 293P cells were decreased by 10%
following 12 h of cycloheximide treatment; however, in the C4
LMP2A-expressing cells, Lyn levels were decreased by 60%.
Similar results regarding Lyn stability were obtained when
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FIG. 10. Lyn and Syk undergo ubiquitination; Lyn ubiquitination is aug-
mented in an LMP2A-expressing cell line. (A) HEK 293 cells were cotransfected
with Lyn and HA-ubiquitin expression vectors along with control transfections
using each vector separately. Ubiquitinated Lyn species were isolated by immu-
noprecipitation with anti-Lyn antibody, resolved by SDS-8.3% PAGE, and de-
tected by Western blotting using anti-HA antibody. (B) Ubiquitination of Syk in
HEK 293 cells was monitored as described for panel A, with transfection of the
Syk expression vector and immunoprecipitation using anti-Syk antibody. (C) Lyn
was transfected into either a HEK 293 cell line stably expressing LMP2A (C4) or
a control cell line (293P) in the presence or absence of an HA-ubiquitin expres-
sion vector. Ubiquitinated Lyn species were isolated by immunoprecipitation
with anti-Lyn antibody and detected by Western blotting using anti-HA antibody.
Numbers are molecular mass in kilodaltons. IP, immunoprecipitation; WB,
Western blotting; Ub, ubiquitin; +, DNA vector added; —, DNA vector not
added.

both Lyn and Syk cDNAs were transfected. These results are
consistent with LMP2A acting to destabilize Lyn protein.

Previous work has suggested that the stability of Syk is not
affected by LMP2A expression in LCLs. Surprisingly, however,
we have found that Syk is also ubiquitinated in C4 cells co-
transfected with Syk and HA-ubiquitin expression vectors. In
addition, Syk ubiquitination is blocked in C4 cells expressing
the C830A AIP4 mutant (Fig. 11). Thus far, we have not
observed any effect of LMP2A on Syk stability, although it is
possible that ubiquitination has a subtle effect on a subset of
activated Syk molecules bound to LMP2A. Alternatively, Syk
ubiquitination may not lead to its destruction but could poten-
tially result in its functional inactivation.

DISCUSSION

The PPPPY motifs of LMP2A are highly conserved among
different EBV-related viruses, such as the rhesus monkey her-
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FIG. 11. An inactive HECT domain form of AIP4 reduces the level of Lyn
and Syk ubiquitination in LMP2A-expressing HEK 293 cells. A HEK 293-de-
rived cell line that stably expresses LMP2A (C4) was used for transfection of
HA-ubiquitin with either Lyn or Syk expression vectors. Also transfected was
wild-type ATP4 (WT) or an inactive form of AIP4 (C830A). The presence of
ubiquitinated Lyn (Ub-Lyn) or Syk (Ub-Syk) was detected by immunoprecipi-
tation (IP) with anti-Lyn or anti-Syk antibody, resolution of associated proteins
by SDS-8% PAGE, and Western blotting (WB) using anti-HA antibody. Num-
bers are molecular mass in kilodaltons.

pesvirus (cercopithecine herpesvirus 15), suggesting that they
are functionally important. Both by probing cDNA expression
libraries with biotinylated peptides corresponding to the
LMP2A PPPPY motifs and by using such peptides to isolate
LMP2A-binding proteins from B-cell lysates, we have identi-
fied a family of WW domain proteins that selectively bind the
LMP2A PPPPY motifs.

WW domains are small protein modules of ~30 amino acids
that form a three-stranded antiparallel B-sheet capable of
binding proline-rich motifs that adopt a polyproline type II
helix (31, 41, 55). The prototypic family of WW domains, which
includes the Nedd4 E3 protein-ubiquitin ligase, recognizes mo-
tifs with the consensus PPXY (6, 7, 53), although additional
WW domain families bind distinct proline-rich motifs, such as
PPPPLP in the case of formin-binding proteins (3). Nedd4 is
the founding member of a group of E3 enzymes with an N-
terminal C2 domain, involved in membrane localization, mul-
tiple WW domains, and a C-terminal Hect domain that serves
to transfer ubiquitin from an E2 enzyme to a target protein
bound to the WW domains (23). The WW domains of Nedd4,
for example, bind PY motifs in the B and vy subunits of the
epithelial Na™ channel (EnaC), leading to targeted proteolysis

293P (no LMP2A) C4 (+LMP2a)
NT 0 12 24 NT 0 12 24 HOURS
- - = IP: anti-Lyn
Lyn = . - WB: anti-Lyn
293P (no LMP2A) C4 (+LMP2a)
0 12 24 0 12 24 HOURS
: anti-Lyn
Lyn— - IP: anti-Ly
WB: anti-Lyn

FIG. 12. Lyn protein levels are reduced in the presence of LMP2A. (A) Lyn
c¢DNA was transfected into a HEK 293 cell line stably expressing LMP2A (C4)
or a control cell line (293P). Prior to isolation of lysate, cells were treated with
35 uM cycloheximide for the indicated period. The abundance of Lyn in lysates
of equal protein concentration was determined by immunoprecipitation (IP) with
anti-Lyn antibody followed by SDS-8.3% PAGE and detection by Western
blotting (WB) using anti-Lyn antibody. (B) Both Lyn and Syk cDNA were
transfected, and the experiment was performed as described above.
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of the channel. Mutations in the EnaC 8 and -y subunits which
abrogate this interaction cause a hypertensive disorder, Lid-
dle’s syndrome (48, 51).

Although the WW domains of Nedd4 bind LMP2A in vitro,
we have been unable to detect an association between these
two proteins in cells. Rather, LMP2A appears to preferentially
bind the WW domains of related Hect domain proteins, nota-
bly AIP4 and KIAA0439. We have investigated the basis for
this interaction in a number of different ways. First, AIP4 and
KTAA0439 were initially isolated through their ability to bind
a PPPPY peptide derived from the LMP2A N-terminal region
and were identified by mass spectrometry. Using epitope-
tagged forms of AIP4 and KIAA0439 and LMP2A, we found
that the WW domains of these proteins bound to LMP2A both
in GST pull-down and coimmunoprecipitation experiments
with transfected Cos-1 cells. The ability of LMP2A to recog-
nize AIP4 or KIAA0439 was dependent on the LMP2A PP-
PPY motifs. Substitution of the Tyr residue in each PPPPY
motif with Ala caused a decrease in binding, whereas substi-
tution of both PPPPY Tyr residues entirely abrogated binding
of LMP2A to AIP4 and KIAA0439. Since LMP2A binds stably
to AIP4 and KTIAA0439 but not to the closely related Nedd4,
these data indicate that the PPPPY motifs of LMP2A may
contain residues that confer specificity for the AIP4 and
KIAA0439 WW domains. Furthermore, AIP4 can potentially
bind to LMP2A through multiple WW domains, raising the
possibility that these act cooperatively to bind LMP2A. Con-
sistent with the notion that the N-terminal cytoplasmic region
of LMP2A is both necessary and sufficient for binding to AIP4,
a CD38-LMP2A chimera, containing only the N-terminal 177
residues of LMP2A, associated with AIP4 in 293 cells. This
interaction was independent of clustering with anti-CD38 an-
tibodies, whereas tyrosine phosphorylation of CD38-LMP2A
required cross-linking. Thus, the binding of C2/WW/Hect do-
main proteins to LMP2A can be dissociated from recognition
by tyrosine kinases.

The association of AIP4 and KIAA0439 with LMP2A is
apparently of physiological significance, since coimmunopre-
cipitation experiments using LMP2A-positive B cells have
identified endogenous complexes of AIP4 and KIAA0439 with
EBV LMP2A. Furthermore, transfection of tagged LMP2A
and AIP4 into the EBV-negative B-cell line DG75 was suffi-
cient to elicit a stable complex between AIP4 and LMP2A.

These data strongly suggest that LMP2A recruits specific
C2/WW/Hect domain E3 protein-ubiquitin ligases, which may
then selectively target B-cell signaling proteins for ubiquitina-
tion and degradation. Of interest, recent results indicate that
SFKs are sensitive to ubiquitination by Hect domain E3 en-
zymes. Indeed, SFKs physically interact with E6AP, the pro-
totypic Hect domain protein (35), and activated forms of SFKs
are preferential substrates for ubiquitin-mediated degradation
(21, 22). Consistent with these observations, we find that Lyn
becomes ubiquitinated in HEK 293 cells in a fashion that is
markedly enhanced by the expression of LMP2A. Further-
more, Lyn ubiquitination is suppressed by a mutant form of
AIP4 with a substitution of a conserved Cys in the Hect do-
main, which forms a thioester linkage with ubiquitin. The
C830A AIP4 mutant likely acts as a dominant negative to
poison the protein complexes required for Lyn ubiquitination.
Consistent with a role for LMP2A in promoting Lyn degrada-
tion, Lyn was destabilized in HEK 293 cells transfected with
LMP2A, compared with wild-type cells.

Surprisingly, we also found that Syk could undergo ubiquiti-
nation in C4 293 cells, in a fashion that was blocked by expres-
sion of the C830A AIP4 mutant. Although Syk levels, unlike
Lyn, are not reported to decrease as a consequence of LMP2A
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expression in LCLs, it is nonetheless possible that LMP2A acts
to recruit a small subpopulation of activated Syk which is
targeted for destruction. Syk ubiquitination might also directly
impair Syk kinase activity.

While this study was in preparation, Ikeda et al. (25) also
reported the identification of AIP4 and WWP2/AIP2 in as-
sociation with LMP2A. Our results are generally consistent
with this observation. However, we extend their observations
by demonstrating that LMP2A binding partners include
KIAA0439. Furthermore, we show that AIP4 can potentially
interact with LMP2A through multiple WW domains. Impor-
tantly, we show that LMP2A is able to promote the ubiquiti-
nation of B-cell tyrosine kinases in a fashion that appears
dependent on the activity of Nedd4 family E3 protein-ubiquitin
ligases and correlates with destabilization of the Lyn tyrosine
kinase. Furthermore, we set these observations in a physiolog-
ical context by establishing that endogenous AIP4 and LMP2A
form a complex in EBV-positive B cells.

Taken together, these data suggest a modified view of
LMP2A function in regulating B-cell signaling. SFKs evidently
phosphorylate LMP2A at Tyr 112 and bind to this site through
their SH2 domain. In this form, the SFK must be in an enzy-
matically active state, since its SH2 domain is no longer avail-
able to make an intramolecular interaction with the inhibitory
pTyr site in its own C-terminal tail. The activated SFK then
phosphorylates the ITAM motif, resulting in Syk recruitment.
However, the LMP2A-bound SFK is still active and might
stimulate rather than antagonize BCR signaling. The recruit-
ment of C2/WW/Hect domain proteins to LMP2A may there-
fore serve to limit the pool of activated SFKs by promoting
their ubiquitination and degradation. It will be of interest in
the future to explore the consequences of Syk ubiquitination.
Clearly, there may be other, as yet unidentified, targets for
ubiquitination by AIP4 and related E3 enzymes that contribute
to the effects of EBV LMP2A.

This scheme suggests that the functional output of LMP2A
depends on the coordinate binding of multiple modular pro-
teins. LMP2A might therefore have different biological activ-
ities in distinct cell types or during different activation states of
the B cell, depending on the relative expression of its SH2 and
WW domain ligands.

The ability of LMP2A to promote AIP4-mediated ubiquiti-
nation of Lyn and Syk raises the question whether the viral
protein is simply potentiating an existing mechanism through
which antigen receptor signaling is negatively regulated. That
this might be the case is suggested by the phenotype of mice
with a loss-of-function mutation in the AIP4/Itch gene (37). On
a C57BL/6J background, such mice develop hyperplasia of
lymphoid, hematopoietic, and epithelial cells, leading to an
inflammatory syndrome which is ultimately lethal. This sug-
gests that AIP4 plays a physiological role in restraining signal-
ing in lymphoid cells, potentially through the targeted prote-
olysis of SFKs. In this vein, it will be of interest to identify
physiological binding partners for the AIP4 WW domains.
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