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Adaptor protein c-Abl SH3 domain-binding protein-2 (3BP2,
also referred to SH3BP2) regulates immune receptor-mediated
signal transduction. In this report we focused on the molecular
mechanism of 3BP2 function in B cell receptor (BCR) signaling.
Engagement of BCR induces tyrosine phosphorylation of 3BP2.
Genetic analysis demonstrated that Syk is critical for BCR-me-
diated tyrosine phosphorylation of 3BP2. Mutational analysis of
3BP2 revealed that both Tyr'®3 and Src homology 2 (SH2)
domain are necessary for 3BP2-mediated BCR-induced activa-
tion of nuclear factor of activated T cells (NFAT). Point muta-
tion of Tyr'®® or Arg*®® in the SH2 domain of 3BP2 diminished
BCR-mediated tyrosine phosphorylation of 3BP2. Endogenous
3BP2 forms a complex with tyrosine-phosphorylated cellular
signaling molecules. Peptide binding experiments demon-
strated that only phosphorylated Tyr'®3 in 3BP2 could form a
complex with the SH2 domain(s) of phospholipase Cy2 and
Vavl from B cell lysates. These interactions were represented by
using bacterial glutathione S-transferase-phospholipase Cy2 or
-Vavl SH2 domain. Furthermore, pulldown and Far Western
experiments showed that the 3BP2-SH2 domain directly binds
to B cell linker protein (BLNK) after BCR stimulation. These
results demonstrated that 3BP2 induces the protein complex
with cellular signaling molecules through phosphorylation of
Tyr'®? and SH2 domain leading to the activation of NFAT in B
cells.

Antigen-mediated cross-linking of BCR® triggers a series of
biochemical events in B cells by the activation of Src family
protein-tyrosine kinase (PTK) Lyn to phosphorylate tyrosine
residues on the immunoreceptor tyrosine-based activation
motif within the receptor subunits Iga and IgB. Phosphorylated
immunoreceptor tyrosine-based activation motif provides
docking sites to SH2 domain of Syk and then recruits and acti-
vates Syk in the plasma membrane to induce tyrosine phosphor-
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ylation of cellular signaling molecules including BLNK (also
known as BASH or SLP-65), which forms a complex with Btk
(1-3). Both Syk and Btk could phosphorylate and activate PLC-
v2, which catalyzes hydrolysis of phospholipids yielding inosi-
tol triphosphate and diacylglycerol (4). Inositol triphosphate
mobilizes Ca®* release from the intracellular store and leads to
the Ca®>" influx from the extracellular milieu. Ca>* mobiliza-
tion activates the transcriptional activation of NFAT.

Syk was originally isolated from porcine spleen and is known
to be activated through the immune receptor signaling in lym-
phocytes and myeloid lineage cells (5-7). Lack of Syk results in
the perturbation of the development and maturation of B lym-
phocytes, dysfunction in the high affinity IgE receptor (FceRI)-
mediated mast cell activation, and FcyR-mediated cellular
events (8 —14). Studies by using Syk-deficient DT40 B cells have
demonstrated that Syk is essential for BCR-mediated tyrosine
phosphorylation of PLC-vy2, production of inositol triphos-
phate, and Ca®" mobilization (15, 16). Recent findings demon-
strated that Syk has tumor suppressor function in breast cancer
and melanoma cells and is presumably involved in the patho-
genesis of rheumatoid arthritis and systemic lupus erythema-
tosus (17-20).

Several adaptor proteins are the substrates of PTKs. These
molecules lack catalytic activities but have tyrosine phos-
phorylation sites, multiple motifs, and domains that allow
binding to the other signaling molecules to connect the
receptor-activating PTKs to the downstream effectors and,
therefore, act as positive or negative regulators controlling the
immune receptor-mediated intracellular signaling (21, 22).
3BP2 was originally isolated as one of the c-Abl SH3 domain-
binding proteins of unknown function (23). 3BP2 is composed
of an N-terminal pleckstrin homology domain, central proline-
rich regions, and C-terminal SH2 domain (24, 25). Point muta-
tions in 3BP2 have been identified in human inherited disease
cherubism, which is characterized by excessive bone resorption
in the jaw bones (26, 27).

We and others have demonstrated the biological relevance of
3BP2 in immune system (27, 28). In mast cells 3BP2 is rapidly
tyrosine-phosphorylated by the aggregation of FceRl, and the
overexpression of the SH2 domain of 3BP2 results in the dra-
matic suppression of IgE-mediated tyrosine phosphorylation of
PLC-vy and Ca>* mobilization and degranulation (29). FceRI-
activating PTKs such as Lyn, Syk, and Btk could phosphorylate
3BP2 on Tyr'”*, Tyr'®, and Tyr**® (30). Phosphorylation of
Tyr** induces the binding to the SH2 domain of Lyn and
enhances its kinase activity (30). In B lymphocytes, engagement
of BCR triggers tyrosine phosphorylation of 3BP2 (25). Analysis

JOURNAL OF BIOLOGICAL CHEMISTRY 33719



Role of 3BP2 Tyrosine Phosphorylation in B Cells

of the tissue distribution of 3BP2 reveals the predominant
expression of 3BP2 mRNA in B cells (24). Suppression of the
3BP2 expression by small interfering RNA results in the inhibi-
tion of BCR and T cell receptor (TCR)-mediated activation of
NFEAT (25, 31). Analysis of 3BP2-deficient mice demonstrated
that 3BP2 is required for B cell proliferation and cell cycle pro-
gression (32, 33). Lack of 3BP2 results in the abnormal pheno-
type in splenic marginal-zone B cells and peritoneal B1 B cells
and diminished thymus-independent type 2 antigen response
(33). 3BP2 binds to CD19 through its SH2 domain in a tyrosine-
phosphorylated-dependent manner (33). This suggests that
3BP2 forms a co-stimulatory complex for the optimum BCR
signaling and plays an important role in innate immunity.

The present study has demonstrated that tyrosine phosphor-
ylation of 3BP2 regulates BCR-mediated activation of NFAT.
Syk is responsible for tyrosine phosphorylation of 3BP2. Both
phosphorylation of Tyr'®® and SH2 domain are required for
BCR-mediated tyrosine phosphorylation of 3BP2 and activa-
tion of NFAT by associating specific signaling molecules. Phos-
phorylated Tyr'®? interacts with the SH2 domains of PLC-7y2
and Vavl, whereas the C-terminal SH2 domain binds to BLNK.
These 3BP2 signaling complexes may contribute to BCR-medi-
ated activation of NFAT.

EXPERIMENTAL PROCEDURES

Antibodies and cDNAs—Anti-phosphotyrosine (Tyr(P))
(4G10) and anti-glyceraldehyde-3-phosphate dehydrogenase
mAbs were purchased from Millipore (Bedford, MA). Anti-hem-
agglutinin epitope (HA) mAb was obtained from Covance
(Princeton, NJ). Anti-PLC-v2, anti-CD19, anti-Vavl, and anti-
BLNK antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Polyclonal anti-3BP2 antibody raised against an
amino acid sequence from Leu®*® to Ser**> of 3BP2, which is
capable for the immunoprecipitation of 3BP2, was a gift from
Dr. Raif S. Geha (Harvard Medical School) (32). Anti-glutathi-
one S-transferase (GST) mAb was from Nacalai (Kyoto, Japan).
Anti-phospho-PLC-v2 antibody was from Cell Signaling Tech-
nology (Danvers, MA). Anti-chicken IgM mAb M4 was kindly
provided by Dr. Tomohiro Kurosaki (RIKEN Research Center
for Allergy and Immunology). Anti-human IgM mAb was from
Zymed Laboratories Inc. (San Francisco, CA).

The HA-tagged expression constructs pMT3-HA-3BP2 cDNA
were kindly provided by Dr. Amnon Altman (La Jolla Institute,
La Jolla, CA) (24). All the other mutant forms of pMT3-HA-
3BP2 cDNAs were described previously (30). For the immu-
noprecipitation study, a Myc tag inserted form of pMT3 vec-
tor was generated and confirmed by the DNA sequencing.
Reporter plasmid pNFAT-luc was a gift from Dr. Gerald R.
Crabtree (Stanford University). Control plasmid phRL-TK
(Renilla-luc) was from Toyobo (Osaka, Japan).

Cell Culture and Transfection—DT40, Ramos B, and Daudi
cells were maintained in RPMI 1640 medium (Sigma), 100
units/ml penicillin, and 10% heat-inactivated fetal calf
serum. Lyn-deficient (Lyn~) and Syk-deficient (Syk™) DT40
cells were from Dr. Tomohiro Kurosaki (15). Ramos B cells
expressing simian virus 40 T antigen (Ramos T cells) were
provided by Dr. Hamid Band (Harvard Medical School, Boston,
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MA) and maintained in the same manner as the parental Ramos
B cells (34, 35).

For the transient transfection of DT40 cells, 10 ug of pMT3-
HA-3BP2 was transiently transfected into 5 X 10° of wild type,
Lyn—, or Syk™ DT40 cells by electroporation using Nucleofec-
tor device (Amaxa GmbH, Cologne, Germany). For the tran-
sient transfection of Ramos-T cells, 10 ug of pMT3-HA-3BP2
and its mutant forms of cDNAs were transfected into 107 cells
by electroporation (310 V, 950 microfarads) (35). After 24 h
cells were utilized for the experiments.

Cell Activation, Immunoprecipitation, and Immunoblotting—
Cultured B cells were washed twice with serum-free medium
and activated by 4 pg/ml anti-chicken IgM mAb (M4) (DT40
cells) or 10 ug/ml anti-human IgM mADb (Ramos-T and Ramos
B cells) in the same medium. For immunoprecipitation studies,
cells were washed twice with ice-cold phosphate-buffered
saline and then solubilized in 1% Triton lysis buffer (1% Triton
X-100, 50 mm Tris, pH 7.4, 150 mm NaCl, 10 mm EDTA, 100
mMm NaF, 1 mm Na;VO,, 1 mm phenylmethylsulfonyl fluoride,
and 2 pg/ml aprotinin) on ice. For the immunoprecipitation of
HA-3BP2 from Ramos-T cells, cells were solubilized in the
denature buffer (1% Triton lysis buffer containing 0.1% SDS and
0.5% deoxycholic acid). For the immunoprecipitation of endog-
enous 3BP2, 1% digitonin (Wako, Osaka, Japan) was used
instead of Triton in 1% Triton lysis buffer. Precleared cell
lysates were incubated with the indicated antibodies prebound
to protein A-agarose beads (Sigma) or anti-HA mAb prebound
to the beads (Anti-HA Affinity Matrix, Roche Applied Science).
After rotation for 90 min at 4 °C, the beads were washed 4 times
with the lysis buffer, and the immunoprecipitated proteins were
eluted by the heat treatment for 5 min at 100 °C with 2X sam-
pling buffer. Imnmunoprecipitated proteins and cell lysates were
separated by SDS-PAGE and electronically transferred to poly-
vinylidene difluoride transfer membrane (Millipore). After
blocking in 5% milk in TBST (25 mm Tris, pH 8.0, 150 mm NaCl,
and 0.1% Tween 20), the blots were reacted with the indicated
primary antibodies and then horseradish peroxidase-conju-
gated second antibodies in TBST. Proteins were visualized by
the enhanced chemiluminescence reagent (Western Lightning,
PerkinElmer Life Sciences) (29, 36).

Reporter Gene Assay—The NFAT-luc reporter (15 ug), Renilla-
luc reporter (1 ug), and pMT3-HA-3BP2 cDNAs (15 ug) were
transiently cotransfected into DT40 cells (10”) by electropora-
tion (300 V, 960 microfarads). 48 h after the transfection, cells
were stimulated without or with 4 ug/ml M4 for 6 h at 37 °C.
For the control experiments, cells were stimulated with the
mixture of 50 ng/ml phorbol 12-myristate 13-acetate and 1 um
of ionomycin for 6 h at 37 °C (37). The luciferase activities were
determined by the luciferase assay system (Promega, Madison,
W1I) using the universal plate reader (Packard Fusion, PerkinElmer
Life Sciences). The activities of NFAT reporter gene were nor-
malized by those of control Renilla-luc and expressed as -fold
increase compared to the activity in unstimulated control cells.
Total cell lysates were generated by the direct addition of 2X
sampling buffer, separated by SDS-PAGE, and analyzed by the
immunoblotting with anti-HA and anti-glyceraldehyde-3-
phosphate dehydrogenase mAbs.
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Affinity Purification by Peptide Binding Experiments—
For affinity purification of proteins specifically bound to
phosphorylated Tyr'”*, Tyr'®3, or Tyr**® of 3BP2, phosphor-
ylated and non-phosphorylated 3BP2 peptides 166182
(NH,-biotin-SYPMDNEDpYEHEDEDDS-COOH), 177-193
(NH,-biotin-EDEDDSpYLEPDSPGPMK-COOH), and 438-
453 (NH,-biotin-GEEDSDEDpYEKVPLPNS-COOH) (p indi-
cated phosphorylated) were synthesized, respectively. All these
peptides were biotinylated. 1 nmol of each peptide was bound
to streptavidin beads (Pierce, Thermo Fisher Scientific, Rock-
ford, IL) and incubated with Daudi cell lysate (equivalent to 5 X
10° cells, solubilized in 1% Triton lysis buffer). The beads were
washed 4 times with the same buffer, and proteins interacting
with synthesized peptides were eluted by heat treatment for 5
min at 100 °C with 2X sampling buffer, separated by SDS-
PAGE, and analyzed by the immunoblotting.

For further analysis, 1 nmol of phosphorylated and non-
phosphorylated 3BP2 peptides were bound to streptavidin
beads and incubated with each 2.5 ug of GST, GST-PLC-vy2-
SH2 domains (N-terminal and C-terminal SH2 domains: N+C)
or GST-Vavl-SH2 domain solubilized in 1% Triton lysis buffer.
The cDNA for PLC-y2-SH2 (N+C) (Gly>?® to Leu”®®) were
isolated by reverse transcription-PCR from Ramos B cells using
gene-specific primer (GSP1) (5'-TAGAGGGAGTTTATATC-
TCTTTCC-3'), GSP2, (5'-CCGGAATTCCGGGGAGAAAT-
GGTTCCACAAG-3'), and GSP3 (5'-GGCCGCTCGAGCTC-
GGGGGTCACGGGGTA-3'). GSP1 was used as a primer for
reverse transcription, and nested GSP2 and GSP3 were used as
primers for PCR. The resulting PCR fragment was subcloned
into pGEX4T.3 (GE Healthcare). The pGEX4T.3-Vavl-SH2
was described previously (38). GST fusion proteins were
expressed in bacteria and purified by glutathione-Sepharose 4B
beads (GE Healthcare). Preparation of GST fusion proteins was
confirmed by the SDS-PAGE and Coomassie Brilliant Blue
staining. After the incubation, the beads were washed 4 times
with the same buffer, and co-precipitated proteins were sepa-
rated by SDS-PAGE and analyzed by the immunoblotting.

Pulldown Assay—The cDNA for mouse 3BP2-SH2 (Ser***-
Arg®>’) was amplified by PCR using two primers, 5'-CGGGATC-
CTCGGTGTTTGTCAACACGACA-3" and 5'-CGGAATTCT-
CACCTGGGCCCAGCGTAGCC-3', from template pMT3-HA
3BP2 wild type and subcloned into the pGEX-4T.3 (GE Health-
care). The point mutation of Arg**® of pGEX-4T.3—-3BP2-SH2 to
Lys (R486K) was prepared by the site-directed mutagenesis kit
from Stratagene (La Jolla, CA) using two primers, 5'-TGGGCTG-
TATTGCATTAAGAACTCCTCTACCAAG-3' and 5'-CTTG-
GTAGAGGAGTTCTTAATGCAATACAGCCCA-3'. Prepara-
tion of GST fusion proteins from bacteria was confirmed by the
SDS-PAGE and Coomassie Brilliant Blue staining. Ramos B
cells (10%) were either unstimulated or stimulated with 10
pg/ml anti-IgM for 3 min at 37 °C and then solubilized in the
binding buffer (1% Nonidet P-40, 25 mm Hepes, pH 7.5, 150 mm
NaCl, 10 mm MgCl,, 1 mm EDTA, 2% glycerol, 1 mm phenyl-
methylsulfonyl fluoride, and 2 pg/ml aprotinin). After the cen-
trifugation the resulted supernatants were reacted with 20 ug of
GST fusion proteins (GST, GST-3BP2-SH2, or GST-3BP2-SH2
R486K) prebound to glutathione-Sepharose 4B beads for 90
min at 4 °C. The beads were washed 4 times with the binding
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FIGURE 1.Syk phosphorylates 3BP2 in B cells. A and B, HA-tagged 3BP2 was
transiently expressed in DT40 wild type (DT40), Lyn-deficient (Lyn~), or Syk-
deficient (Syk) cells. 24 h after transfection cells were unstimulated (—) or
stimulated with anti-lgM mAb for 3 min (+). A, detergent-soluble lysates were
separated by SDS-PAGE and analyzed by immunoblotting with anti-phos-
photyrosine (pTyr) and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mAbs. B, anti-HA immunoprecipitates (/P) were separated by SDS-
PAGE and analyzed by immunoblotting with anti-Tyr(P) mAb (top panel). The
membrane was stripped and reprobed with anti-HA mAb (bottom panel).
Molecular size markers are indicated at the left in kilodaltons. The results are
representative of three independent experiments.

buffer. Proteins interacting with GST fusion proteins were sep-
arated by SDS-PAGE and analyzed by the immunoblotting.

Far Western Experiments— Anti-BLNK immunoprecipitates
from unstimulated or anti-IgM-stimulated Ramos B cells (3 X
107) were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes. After blocking, the mem-
branes were incubated with 2.5 ug/ml GST, GST-3BP2-SH2, or
GST-3BP2-SH2 R486K for 60 min at 4 °C. After extensive
washing, membranes were reacted with anti-GST mAb and
then horseradish peroxidase-conjugated mAb and subjected to
ECL detection (39).

RESULTS

Syk Phosphorylates 3BP2 after BCR Stimulation—Recently,
Foucault et al. (25) demonstrated that stimulation of BCR
causes rapid tyrosine phosphorylation of 3BP2. We previously
demonstrated that adaptor protein 3BP2 is tyrosine-phosphor-
ylated by a non-receptor type of PTKs, Syk, Lyn, or Btk, which
are known to be activated after BCR stimulation (30). Among
those PTKs, Syk predominantly phosphorylates 3BP2 in COS
cells (30). Moreover, Syk phosphorylates 3BP2 on Tyr'’*,
Tyr'®3, and Tyr**°, and those residues are located within the
sequence preferred to be phosphorylated by Syk (30). Point
mutation of Tyr'®® or Tyr**® resulted in the suppression of
TCR-induced 3BP2-mediated activation of NFAT in T cells
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FIGURE 2. Structural and functional analysis of 3BP2-mediated activation
of NFAT in B cells. A, shown is a schematic diagram of 3BP2 wild type (WT)
and mutants used in this study. Tyr'”* was substituted for phenylalanine
(Y174F), Tyr'83 was substituted for phenylalanine (Y183F), and Tyr**® was sub-
stituted for phenylalanine (Y446F), respectively. Arg*®® in the SH2 domain of
3BP2 was substituted for lysine (R486K) (30). The HA tag (HA), N-terminal
pleckstrin homology domain (PH), and three proline-rich regions (Pro-rich)
were represented. B and C, shown is a luciferase assay. NFAT-luc reporter,
Renilla-luc reporter, and various pMT3-HA-3BP2 cDNAs were transiently
cotransfected into wild type DT40 cells (B) or Lyn™ and Syk ™ cells (C).48 h after
the transfection, cells were unstimulated (—) or stimulated with anti-igM
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(31). These findings suggested that tyrosine phosphorylation of
3BP2 may occur in the early events in BCR signaling pathway.
Thus, first we examined the essential PTK required for BCR-
mediated tyrosine phosphorylation of 3BP2 using chicken
DT40 B cells lacking Lyn or Syk (Fig. 1). Because anti-3BP2
antibodies could not precipitate endogenous chicken 3BP2,
HA-tagged mouse 3BP2 was transiently transfected into wild-
type, Lyn-deficient (Lyn™), or Syk-deficient (Syk™) DT40 cells
and utilized for the experiments. Patterns of protein tyrosine
phosphorylation by the engagement of BCR in these cells are
shown in Fig. 1A. A BCR-mediated increase in protein-tyrosine
phosphorylation was partially reduced in Lyn ™ cells and almost
completely abrogated in Syk™ cells compared to that in wild
type DT40 cells. Tyrosine phosphorylation of 3BP2 was ana-
lyzed by immunoprecipitation experiments. BCR stimulation
caused tyrosine phosphorylation of 3BP2 in DT40 wild type and
Lyn™ butnotin Syk™ cells (Fig. 1B). Therefore, this result dem-
onstrated that Syk is critical for BCR-mediated tyrosine phos-
phorylation of 3BP2. Lyn is the upstream PTK that phosphor-
ylates immunoreceptor tyrosine-based activation motif of Iga
and IgB to recruit and activate Syk. BCR-mediated tyrosine
phosphorylation of 3BP2 was reduced in Lyn™ cells (Fig. 1B).
Thus, Lyn might be required for the optimum activation of Syk
and, therefore, tyrosine phosphorylation of 3BP2 after BCR
stimulation. Tyrosine phosphorylation of 3BP2 in Lyn™ cells
suggested that some other Src-family PTKs bypasses the acti-
vation of Syk. However, those Src-family PTKs could not phos-
phorylate 3BP2 in Syk™ cells (Fig. 1B).

Pretreatment of DT40 cells with a pan-Src family PTKs
pharmacological inhibitor PP2 (4-amino-5-(4-chlorophe-
nyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) (40) suppressed
BCR-mediated tyrosine phosphorylation of 3BP2 but not com-
pletely (data not shown). Therefore, we could not exclude the
possible involvement of some other PTKs on 3BP2 tyrosine
phosphorylation in B cells.

3BP2 Promotes BCR-mediated Transcriptional Activation of
NFAT through Tyr'®? and the SH2 Domain—In the TCR-sig-
naling pathway, a point mutation of Tyr'®® or Tyr**® or in the
SH2 domain of 3BP2 results in the suppression of 3BP2-medi-
ated activation of NFAT (31). Therefore, next we examined
whether these candidate tyrosine phosphorylation sites and the
SH2 domain of 3BP2 could regulate the activation of NFAT in
BCR signaling pathway. The schematic diagram of 3BP2 wild
type and its mutant forms used in this experiment is shown in
Fig. 2A. BCR-mediated activation of NFAT was increased by
the transient expression of wild type 3BP2 (Fig. 2B). Among
three tyrosine phosphorylation sites, BCR-mediated activation
of NFAT was suppressed by the point mutation of Tyr'®® only
but not Tyr*”* or Tyr**®. Point mutation of Arg*®®, a critical
residue for the function of SH2 domain, also suppressed the

mAb for 6 h (+). The normalized luciferase activities were expressed as -fold of
increase compared with that in unstimulated pMT3 vector (Vec)-transfected
cells. The results are the mean values = S.D. from three independent experi-
ments. Cell lysates were separated by SDS-PAGE and analyzed by immuno-
blotting with anti-HA and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mAbs (bottom panels). Molecular size markers are indicated at
the left in kilodaltons. The results are representative of three independent
experiments.
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FIGURE 3. Analysis of BCR-mediated tyrosine phosphorylation of 3BP2.
Ramos-T cells were transiently transfected with pMT3 vector (Vec), HA-3BP2
wild type (WT), and HA-3BP2-Y183F (Y183F) (A), HA-3BP2-R486K (R486K) (B),
HA-3BP2-Y174F (Y174F), and HA-3BP2-Y446F (Y446F) (C). After 24 h cells were
unstimulated (—) or stimulated with anti-lgM mAb for 3 min (+). Anti-HA
immunoprecipitates (IP) were separated by SDS-PAGE and analyzed by
immunoblotting with anti-Tyr(P) (upper panels) and anti-HA mAbs (bottom
panels). Molecular size markers are indicated at the /eft in kilodaltons. The
results are representative of three independent experiments.

activation of NFAT. Phorbol 12-myristate 13-acetate plus iono-
mycin-mediated activation of NFAT was not affected by the
expression of various 3BP2 (data not shown). Fig. 2B, bottom
panel, shows the level of 3BP2 protein expression. Thus, this
result demonstrated that Tyr'®* and the SH2 domain of 3BP2
positively regulate 3BP2-mediated activation of NFAT in BCR
signaling. Similar results were obtained when human B cell line
Daudi cells were analyzed by the same experiment (data not
shown).

Previously, it was reported that Syk-dependent activation of
NFAT is elevated in Lyn™ DT40 B cells (41). As reported, BCR-
induced activation of NFAT was elevated in Lyn~ cells com-
pared to that in wild type DT40 cells. Overexpression of 3BP2
moderately increased NFAT activity in the resting cells but not
in BCR-stimulated Lyn™ cells (Fig. 2C). Thus, the effect of over-
expression of 3BP2 was limited in Lyn™ cells. More impor-
tantly, BCR-induced NFAT activation was completely abro-
gated in Syk™ cells, and overexpression of 3BP2 could not
mimic the activation of NFAT (Fig. 2C). This clearly demon-
strated that Syk-dependent tyrosine phosphorylation of 3BP2 is
required for BCR-induced activation of NFAT.
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FIGURE 4. Interaction of endogenous 3BP2 with signaling molecules.
Ramos B cells were unstimulated (—) or stimulated with anti-lgM mAb for 3
min (+) and then solubilized with 1% digitonin lysis buffer (A) or 1% Triton
lysis buffer (B). Detergent-soluble lysates and anti-3BP2 (A) and normal rabbit
serum (NRS) and anti-BLNK (B) immunoprecipitates (IP) were separated by
SDS-PAGE and analyzed by immunoblotting with anti-Tyr(P), anti-PLC-vy2,
anti-CD19, anti-Vav1, anti-3BP2, and anti-BLNK antibodies, as indicated.
Molecular size markers are indicated at the left in kilodaltons. The results are
representative of three independent experiments.
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Both Tyr'®* and the SH2 Domain of 3BP2 Are Required for
BCR-mediated Tyrosine Phosphorylation of 3BP2—To address
the role of Tyr'®? and SH2 domain of 3BP2, we examined BCR-
mediated tyrosine phosphorylation of 3BP2 by immunopre-
cipitation experiments using human Ramos B cells expressing
SV40virus T antigen (Ramos-T) for transient expression exper-
iments (Fig. 3). Point mutation of Tyr'®? to Phe (Y183F) in 3BP2
resulted in the suppression of BCR-mediated tyrosine phos-
phorylation of 3BP2 (Fig. 3A). It suggested that Tyr'®? is the
major phosphorylation site of 3BP2 in BCR signaling. The SH2
domain of 3BP2 was shown to interact with Syk (24). Syk is
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necessary for tyrosine phosphoryla-
tion of 3BP2 (Fig. 1). A point muta-
tion of Arg*®® to Lys (R486K) also
suppressed BCR-mediated tyrosine
phosphorylation of 3BP2 (Fig. 3B).
Therefore, Tyr'®* and the SH2 do-
main of 3BP2 are necessary for
BCR-mediated tyrosine phosphor-
ylation of 3BP2. Unlike chicken
pro-B DT40 cells, there was some
phosphorylation of 3BP2 before
the stimulation in human Ramos-T
cells. This could be due to the differ-
ence of animal (chicken or human)
or the stage of the differentiation of
cultured B cells.

Analysis of the residual tyrosine
phosphorylation sites in 3BP2 showed
that BCR-stimulation induces tyro-
sine phosphorylation of 3BP2-Y174F
and 3BP2-Y446 mutants, although
the degrees of their tyrosine phos-
phorylation were lower than that of
wild type (Fig. 3C). The inducible
tyrosine phosphorylation of 3BP2-
Y174F and 3BP2-Y446F may be suf-
ficient for BCR-induced activation
of NFAT (Fig. 2B).

BCR Stimulation Induces the Com-
plex Formation of Signaling Mol-
ecules with 3BP2—To address the
biological function of 3BP2, we
examined the proteins complexed
with endogenous 3BP2 in B cells.
Ramos B cells were solubilized
with digitonin lysis buffer and im-
munoprecipitated with polyclonal
anti-3BP2 antibody, which was
capable for the immunoprecipitation
of 3BP2 (32). Endogenous 3BP2 was
tyrosine-phosphorylated by BCR
stimulation (arrows) and appeared to
be complexed with other tyrosine-
phosphorylated proteins in Ramos B
cells (Fig. 4A). Immunoblotting ex-
periments showed that 3BP2 associ-
ated with PLC-vy2, CD19, and Vavl in
unstimulated cells, and these associa-
tions were slightly increased after
BCR stimulation. Because 3BP2 was
shown to associate with the linker
for activation of T cells (LAT) in T
cells and in mast cells, we next
examine whether 3BP2 could inter-
act with BLNK in B cells (24, 29).
Immunoblotting experiments dem-
onstrated that 3BP2 associated with
BLNK (Fig. 44, bottom panel). This
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association was reconfirmed by immunoblotting BLNK immu-
noprecipitates with anti-3BP2 antibody. 3BP2 inducibly associ-
ates with BLNK in BCR-stimulated B cells (Fig. 4B).
3BP2-Tyr"®? Directly Binds to PLC-vy2 and Vavi—To char-
acterize 3BP2-binding proteins, affinity purification by peptide
binding experiments were carried out. A sequence of synthe-
sized biotinylated 3BP2 peptides along with the sequence
around Tyr'”*, Tyr'®3, or Tyr**® of 3BP2 is shown in Fig. 5A.
Either phosphorylated or non-phosphorylated peptide was
reacted with Daudi cell lysates, and proteins interacted with
these peptides were analyzed by immunoblotting (Fig. 5B).
Among them, only the phosphorylated Tyr'®** (phospho-
Tyr'®3) peptide of 3BP2 could react with PLC-y2 and Vavl in B
cell lysates. These signaling molecules could not react with
either phospho-Tyr'”* or phospho-Tyr**® peptide, suggesting
that this interaction was specific. Prediction of SH2 domain
binding sequence by degenerated peptide library showed that
the sequence after phospho-Tyr'®® matched the preference of
binding sequence of the SH2 domains of PLC-vy1 (isozyme of
PLC-v2) and Vavl (42). Therefore, next we tested whether
these interactions were direct or not, because we could not
exclude the possibility that PLC-y2 and Vavl can interact with
some other 3BP2-associating proteins and indirectly complex
with 3BP2. To address this issue, bacterial GST, GST fusion
proteins of PLC-y2-SH2 domains (N+C), or GST-Vav1-SH2
domain was reacted with each synthesized 3BP2 peptide, and
the interaction of these molecules was analyzed by the immu-
noblotting (Fig. 5C). Precipitation of both SH2 domains was
still observed in phospho-Tyr'®® peptide. Thus, this result
strongly suggests that phospho-Tyr'®? in 3BP2 directly binds to
the SH2 domains of PLC-y2 and Vavl. Similar studies were
examined by using COS cells. Either 3BP2 wild type or Y183F
was cotransfected with Syk, and cell lysates were reacted with
GST-PLC-y2-SH2 domains. As expected, a point mutation of
Tyr'®® abrogated the association with GST-PLC-y2-SH2
domains (data not shown). Alternatively, these results recon-
firmed that 3BP2-Tyr'®® is required for interaction with PLC-
v2-SH2 domains. Further co-immunoprecipitation experi-
ments by using B cells demonstrated that 3BP2-Y183F
mutation impairs the interaction of 3BP2 with tyrosine-phos-
phorylated PLC-v2 after BCR stimulation (Fig. 5D).
Phosphorylated Tyr'”* could interact with GST-Vav1-SH2
atlower magnitude (Fig. 5C). This peptide (Tyr(P)*”*) could not
react with the intact Vavl in B cell lysates even in the long
exposure (data not shown). However, it reacted with Vavl in
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FIGURE 6. Interaction of 3BP2 with BLNK. A, in vitro interaction of 3BP2-SH2
domain with cellular proteins in B cells is shown. Ramos B cells were unstimu-
lated (—) or stimulated with anti-lgM mAb for 3 min (+) and solubilized with
the binding buffer. Cell lysates were reacted with GST, GST-3BP2-SH2, or GST-
3BP2-SH2-R486K immobilized on glutathione-Sepharose 4B beads. Inter-
acted cellular proteins were analyzed by SDS-PAGE and immunoblotting with
anti-Tyr(P) mAb. The membrane was stripped and then reprobed with the
indicated antibodies. B, interaction of the SH2 domain of 3BP2 with BLNK is
direct. BLNK was immunoprecipitated from unstimulated (—) or anti-lgM
stimulated Ramos B cell lysates (+) with anti-BLNK mAb. Anti-BLNK immuno-
precipitates (IP) were separated by SDS-PAGE and transferred to polyvinyli-
dene difluoride membrane. Membrane was blocked with milk and incubated
with GST, GST-3BP2-SH2, or GST-3BP2-SH2 R486K. Membranes were then
reacted with anti-GST mAb and horseradish peroxidase-conjugated mAb for
visualization. A and B, molecular size markers are indicated at the /left in kilo-
daltons. The results are representative of three independent experiments.

FIGURE 5. Interaction of 3BP2 with PLC-y2 and Vav1. A, shown is a schematic diagram of biotinylated synthesized 3BP2 peptides used in this experiment.
Phosphorylated or non-phosphorylated 3BP2 peptides Ser'®®-Ser'®, Glu'”’-Lys'®3, and Gly**4-Ser*>® are shown. Positions of phosphorylation sites are
indicated with asterisks. Tyr'”4, Tyr'®3, or Tyr**® was phosphorylated in each phosphorylated 3BP2 peptide, respectively. These tyrosine residues were not
phosphorylated in non-phosphorylated 3BP2 peptides. B, affinity purification by peptide binding experiments is shown. Daudi cell lysates were reacted with
either phosphorylated or non-phosphorylated biotinylated synthesized 3BP2 peptides prebound to streptavidin beads. Interactions of these peptides with
PLC-y2 and Vav1 were analyzed by SDS-PAGE and immunoblotting with anti-PLC-y2 and anti-Vav1 antibodies. C, interaction of 3BP2 peptides with GST-SH2
domain fusion proteins is shown. Bacterial GST, GST fusion proteins of PLC-y2-SH2 (N+C), or Vav1-SH2 was reacted with each 3BP2 peptide prebound to
streptavidin beads. Interactions of these peptides with SH2 domains were analyzed by SDS-PAGE and immunoblotting with anti-GST mAb. The last two lanes
show the positive controls of GST and GST-SH2 fusion proteins of PLC-y2 (N+C) and Vav1. D, shown is a co-immunoprecipitation experiment. Ramos-T cells
were transiently transfected with HA-Myc-3BP2 wild type (WT) and HA-myc-3BP2-Y183F (Y183F). After 24 h cells were unstimulated (—) or stimulated with
anti-lgM mAb for 3 min (+). Anti-HA immunoprecipitates (/P) were separated by SDS-PAGE and analyzed by immunoblotting with anti-phospho-PLC-y2 (upper
panel) and anti-HA antibodies (bottom panel). Molecular size markers are indicated at the left in kilodaltons. The results are representative of three independent
experiments.
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cultured osteoclasts.> The biological relevance of the interac-
tion of phosphorylated Tyr'”* and Vavl-SH2 domain remains
unclear.

3BP2-SH2 Domain Directly Binds to BLNK—To characterize
the functional requirement of the SH2 domain of 3BP2 in BCR-
mediated signaling, pulldown experiments were carried out.
Incubation of the GST-3BP2-SH2 domain with unstimulated
or BCR-stimulated Ramos B cell lysates resulted in coprecipi-
tation of tyrosine-phosphorylated proteins in a BCR stimulation-de-
pendent manner (Fig. 6A4). Immunoblotting experiments dem-
onstrated that the 3BP2-SH2 domain inducibly bound to CD19
and BLNK after BCR stimulation and constitutively bound to
PLC-vy2 (Fig. 6A). It is important to note that the point muta-
tion of Arg*®® in the SH2 domain completely abrogated the
interaction with these signaling molecules (Fig. 6, A, lanes 3 and
4 versus 5 and 6). Recently, Foucault et al. (25) demonstrated
that 3BP2-SH2 inducibly interacts with Vavl, PLC-vy2, and Syk
in Daudi cells after BCR stimulation. Presumably, the discrep-
ancy of the inducibility of the 3BP2-SH2 domain with PLC-y2 is
due to the difference of cell line used in the experiments (25). In
addition to their findings, we identified that 3BP2-SH2 domain
associates with BLNK. 3BP2-SH2 domain is predicted to bind
to the YEN motif when it is tyrosine-phosphorylated (42). In
fact, Tyr*®® and Tyr** in the cytoplasmic tail of CD19, both of
which are located within YEN motif, are capable of mediating
the interaction with 3BP2 (33). BLNK has 1 copy of the YEN
motif (Tyr”?). Therefore, next we examined whether the SH2
domain of 3BP2 can directly bind to BLNK or not. Far Western
experiments showed that GST-3BP2-SH2 domain directly
bound to immunoprecipitated BLNK from BCR-stimulated
Ramos B cells (Fig. 6B). The point mutation in the SH2 domain
of 3BP2 completely abrogated the direct interaction with
BLNK, suggesting that 3BP2-SH2 domain directly binds to
tyrosine-phosphorylated BLNK.

DISCUSSION

In the present study we have demonstrated that the adap-
tor protein 3BP2 facilitates the activation of transcription
factor NFAT through tyrosine phosphorylation, which
forms a direct complex with PLC-y2 and Vavl, and SH2
domain binds to BLNK after BCR stimulation (Fig. 7).
Engagement of BCR triggers the activation of Lyn to phos-
phorylate tyrosine residues in the immunoreceptor tyrosine-
based activation motif, which then provides the docking sites
for Syk. Activated Syk phosphorylates Tyr'®® of 3BP2 to
interact with the SH2 domains of PLC-vy2 and Vav1l. The SH2
domain of 3BP2 is required for tyrosine phosphorylation of
3BP2 as the 3BP2-SH2 domain could bind to Syk (24). Our
preliminary results showed that c-Abl, another member of
non-receptor type PTK, could phosphorylate 3BP2 on Tyr**®
but not Tyr'®% in COS cells.* Thus, phosphorylation of spe-
cific tyrosine residues might be determined by the substrate
specificity of PTKs. Simultaneously, the SH2 domain of 3BP2
directly binds with BLNK, which then recruits Btk to phos-
phorylate PLC-y2 after BCR stimulation. Genetic analysis

3 K. Nakashima, T. Hatani, and K. Sada unpublished observations.
4T. Hatani and K. Sada, unpublished observations.
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has demonstrated that both Btk and PLC-vy2 are required for
Ca®>* mobilization and the transcriptional activation of
NFAT by BCR engagement (4, 43, 44). These 3BP2-mediated
signaling complexes lead to the activation of NFAT. BLNK is
a central adaptor protein that connects BCR-stimulating
PTKs and effector molecules. Tyrosine phosphorylation of
BLNK allows inducible association with a number of signal-
ing molecules and is required for BCR-mediated Ca?" mobi-
lization and NFAT activation (45). In addition to our find-
ings, 3BP2-SH2 domain was shown to interact with PLC-vy2
and Vavl (25). Our results demonstrated that 3BP2 facili-
tates the function of BLNK by connecting Syk and effector
molecules such as PLC-vy2 and Vavl.

There is a difference in the function of 3BP2 tyrosine phos-
phorylation between B cells and T cells. The point mutation of
Tyr**® results in the suppression of TCR-mediated NFAT acti-
vation (31) but not BCR (Fig. 1B). Phosphorylation of Tyr**®
allows 3BP2 to act as a positive regulator for Lyn, an upstream
PTK of Syk (30). In addition, Tyr**® is required for the interac-
tion with Lck-SH2 domain (31). Proline-rich regions and phos-
phorylated Tyr**® associate with the SH3 and SH2 domains of
Lyn to lead to the possible conformational change of Lyn to
activate its kinase activity (30). In T and natural killer cells,
another member of Syk family PTK ZAP-70 was expressed.
Unlike Syk, the mechanism of ZAP-70 activation is different.
Src family PTK Lck activates ZAP-70 by phosphorylating
Tyr®'? in the linker region and Tyr**? in the activation loop of
the kinase domain (46 —48). ZAP-70 could not catalyze phos-
phorylation on these tyrosine residues, whereas Syk could
phosphorylate corresponding tyrosine residues by autophos-
phorylation (49). Therefore, requirement of Tyr**® in TCR-me-
diated NFAT activation might be explained by the fact that
activation of ZAP-70 requires the activation of upstream Src-
family kinase (31). Phosphorylation of Tyr**® may trigger the
activation of Lck to induce the activation of ZAP-70. Initial
tyrosine phosphorylation of 3BP2 could be catalyzed by some
other receptor-associating PTKs in T cells. All together, phos-
phorylation of Tyr**® is required for the activation of NFAT in
signaling from TCR but not BCR.

asEie
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Point mutations in 3BP2 cause human inherited disease
cherubism (26). To understand the pathological role of 3BP2 in
cherubism, Ueki et al. (50) generated “cherubism” mice in
which the most common mutation found in cherubism
patients, Pro™® to Arg (Pro*'® to Arg in mouse), was inserted
into the mouse 3bp2 gene. Analysis of cherubism mice demon-
strated that mutant myeloid cells showed increased responses
to macrophage-colony-stimulating factor and RANKL (RANK
(receptor activation of NF-«B ligand) and enhanced differenti-
ation to macrophages and osteoclasts. These findings suggested
that point mutations of 3BP2 in cherubism patients result in the
gain of function in macrophage lineage cells. Then, how does
cherubism 3BP2 become “active”? 3BP2 does not possess the
catalytic activity. Therefore, the substitution of amino acids
of 3BP2 may increase the signaling complex formation or
decrease the association with the negative regulators. Tyrosine
phosphorylation of cherubism 3BP2 might be increased
because expression of the mutant form of 3BP2 increased phos-
phorylation of Tyr®*® of Syk (in the mouse protein) in oste-
oclasts, suggesting that the kinase activity and/or expression
amount of Src-family PTK was up-regulated (50). This may
enhance the kinase activity of Syk and tyrosine phosphorylation
of 3BP2. Alternatively, constitutive association of 3BP2 with
14-3-3 in B cells® might be decreased as we demonstrated pre-
viously in COS cells (38). A lack of the negative regulator may
result in the enhancement of the 3BP2-mediated signaling
pathway by the increase in the association with signaling mol-
ecules or change of the intracellular localization of 3BP2.

The present study demonstrated that Syk-mediated tyrosine
phosphorylation and function of SH2 domain in 3BP2 regulate
NFAT activation in BCR signaling. 3BP2 is the putative sub-
strate of Syk. Mutational analysis has revealed that both Tyr'#?
and the SH2 domain are necessary for NFAT activation. These
contribute to the formation of an inducible complex of signal-
ing molecules in B cells. Detailed analysis of the role of 3BP2
tyrosine phosphorylation could provide the evidence to de-
velop the immune regulatory drugs.

Acknowledgment—We are grateful to Satomi Nishibata for
assistance.
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