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2B4 is a SLAM-related receptor expressed on natural killer (NK) cells and cytotoxic T cells. It can regulate
killing and gamma interferon secretion by NK cells, as well as T-cell-mediated cytotoxicity. There are con-
flicting data regarding the mechanism of action of 2B4. In these studies, we attempted to understand better the
nature and basis of 2B4 signaling. Our studies showed that engagement of 2B4 on NK cells triggered a tyrosine
phosphorylation signal implicating 2B4, Vav-1, and, to a lesser extent, SHIP-1 and c-Cbl. Structure-function
analyses demonstrated that this response was defined by a series of tyrosine-based motifs in the cytoplasmic
region of 2B4 and was not influenced by the extracellular or transmembrane segment of 2B4. In addition, the
2B4-induced signal was absolutely dependent on coexpression of SAP, a Src homology 2 (SH2) domain-
containing adaptor associating with SLAM-related receptors and mutated in X-linked lymphoproliferative
disease. It was also observed that 2B4 was detectably associated with the Src-related protein tyrosine kinase
FynT in an immortalized NK cell line. Mutation of arginine 78 of SAP, a residue critical for binding of SAP
to FynT, eliminated 2B4-mediated protein tyrosine phosphorylation, implying that SAP promotes 2B4 signal-
ing most probably by recruiting FynT. Finally, despite the similarities in the signaling modalities of 2B4 and
its relative SLAM, the natures of the tyrosine phosphorylation signals induced by these two receptors were
found to be different. These differences were not caused by variations in the extent of binding to SAP but rather
were dictated by the tyrosine-based sequences in the cytoplasmic domain of the receptors. Taken together, these
data lead to a better understanding of 2B4 signaling. Furthermore, they provide firm evidence that the signals
transduced by the various SLAM-related receptors are unique and that the specificity of these signals is defined
by the distinctive arrays of intracytoplasmic tyrosines in the receptors.

2B4, also named CD244, is a member of the SLAM family of
immune cell-specific receptors that also includes SLAM,
CD84, Ly-9, NTB-A/Ly-108, and CRACC (12, 23, 32, 34). It is
expressed in natural killer (NK) cells, cytotoxic CD8� T cells,
�� T cells, and mast cells. Like its relatives, 2B4 possesses
immunoglobulin (Ig)-like domains in its extracellular region, a
single transmembrane domain, and an intracellular segment
bearing several tyrosine-based motifs. The ligand for 2B4 is
CD48, a glycosylphosphatidylinositol-linked receptor ex-
pressed on diverse types of immune cells (5, 16). While an
analysis of mice lacking 2B4 has yet to be reported, engage-
ment of 2B4 by anti-2B4 antibodies or CD48 was shown to
promote cytotoxicity and gamma interferon (IFN-�) secretion
by NK cells (24). Furthermore, it augments antigen-induced
IFN-� secretion by activated CD8� T cells (14, 21).

Like most other members of the SLAM family, 2B4 interacts
through its cytoplasmic domain with SAP (or SH2D1A), a
small intracellular Src homology 2 (SH2) domain-containing
adaptor expressed in T cells, NK cells, and some B cells (8, 12,
19, 26, 28, 29). In the case of SLAM, a member of the family

regulated by homotypic self-associations, the binding of SAP
enables SLAM to mediate an intracellular tyrosine phosphor-
ylation signal implicating SLAM, the 5� inositol phosphatase
SHIP-1, and the adaptor molecules Dok-1, Dok-2, and Shc
(17). SAP expression also appears to be critical for the ability
of SLAM-SLAM homotypic interactions to inhibit IFN-� se-
cretion during T-cell activation (17). Accumulating data show
that SAP promotes SLAM signaling by recruiting the Src-
related protein tyrosine kinase FynT. This reflects the capacity
of SAP to bind directly to FynT by way of a second binding
surface in the SAP SH2 domain and the FynT SH3 domain (7,
18). Whether a similar function is provided by SAP for the
other SLAM family members is not known.

Confusing data exist regarding the mechanism by which 2B4
regulates immune cell functions. An early report indicated that
2B4 engagement triggered tyrosine phosphorylation of several
polypeptides, including 2B4, the guanine nucleotide exchange
factor Vav-1, and phospholipase C-�1 (35). In subsequent
studies, it was suggested that 2B4 signaling was dependent on
the capacity of 2B4 to interact with the lipid raft-associated
transmembrane adaptor molecule LAT by way of a dicysteine
motif (CxC) located in the transmembrane portion of 2B4 (3,
15). It was also reported that the ability of 2B4 to undergo
tyrosine phosphorylation in response to treatment with the
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protein tyrosine phosphatase inhibitor pervanadate was only
minimally reduced in cells lacking SAP, suggesting that SAP
may not be required for 2B4 signaling (27).

Nonetheless, an important role for SAP in 2B4 function was
shown by analyses of NK cells from patients with X-linked
lymphoproliferative (XLP) disease, a severe immunodeficiency
characterized by an abnormal immune response to Epstein-
Barr virus infection (2, 25, 27, 30). Patients with XLP disease
carry inactivating mutations or deletions in the sap gene and
consequently either lack SAP expression or express nonfunc-
tional SAP proteins. Importantly, NK cells from these individ-
uals were revealed to display a marked reduction in 2B4-

mediated cytotoxicity. Thus, it seems likely that SAP is
involved in critical aspects of 2B4 signaling.

In this report, we clarify the mechanism of 2B4-mediated
signal transduction. The results of our studies show that liga-
tion of 2B4 on NK cells evokes a specific protein tyrosine
phosphorylation response involving 2B4, Vav-1, and, to a lesser
extent, SHIP-1 and c-Cbl. This signal is absolutely dependent
on coexpression of SAP and correlates with the capacity of
SAP to associate with the Src-related protein tyrosine kinase
FynT. Experiments with chimeric and mutated forms of 2B4
indicated that the 2B4-mediated signal is defined solely by the
tyrosine-based motifs in the cytoplasmic domain of 2B4. It is

FIG. 1. Engagement of 2B4 on YT cells induces intracellular protein tyrosine phosphorylation. (A) Overall intracellular protein tyrosine
phosphorylation. YT cells were left unstimulated or stimulated for 10 min at 37°C with mouse anti-human 2B4 MAb C1.7 or an irrelevant antibody
(mouse anti-Tac MAb 7G7), followed by RAM IgG. Unstimulated controls were incubated with RAM IgG alone. The accumulation of
phosphotyrosine-containing proteins was determined by immunoblotting of total cell lysates with anti-P.tyr antibody. (B) Tyrosine phosphorylation
of 2B4 and its association with SAP. This experiment was performed in parallel with that shown in panel A. After lysis in detergent-containing
buffer, lysates were immunoprecipitated (I.P.) with the indicated antibodies and probed by immunoblotting with anti-P.tyr antibody (first part). The
abundance of 2B4 in the immunoprecipitates was verified by reprobing of the immunoblot membrane with rabbit anti-human 2B4 serum (second
part). The association of 2B4 with SAP was ascertained by probing of parallel 2B4 immunoprecipitates with polyclonal rabbit anti-human SAP
antibody (third part). Lastly, the abundance of SAP was monitored by immunoblotting of total cell lysates with anti-SAP antibody (fourth part).
(C) The cytoplasmic domain of 2B4 is sufficient to mediate intracellular protein tyrosine phosphorylation. Parental YT cells and YT derivatives
expressing the indicated Tac-2B4 chimeras were left unstimulated or stimulated with anti-2B4 MAb C1.7 or anti-Tac MAb 7G7, as described for
panel A. Changes in protein tyrosine phosphorylation were monitored by anti-P.tyr antibody immunoblotting (top). The abundance of the Tac-2B4
chimeras was verified by reprobing of the membrane with a polyclonal rabbit serum recognizing the extracellular segment of Tac (bottom). All cells
expressed equivalent amounts of SAP (data not shown). The values to the right of panels A and C are molecular sizes in kilodaltons.
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not appreciably influenced by the transmembrane and extra-
cellular segments of 2B4. Finally, a comparative analysis of 2B4
and SLAM signaling revealed that each receptor transduces a
unique SAP-dependent signal, which is specified by the dis-
tinctive array of tyrosines located in the cytoplasmic domain of
the receptor.

MATERIALS AND METHODS

Cells. YT is a transformed human NK cell line. It expresses 2B4 and SAP but
does not express the SAP-related protein EAT-2 (R. Roncagalli and A. Veillette,
unpublished results). YT was propagated in RPMI 1640 medium supplemented
with 15% fetal bovine serum (FBS), glutamine, antibiotics, and, if necessary,
puromycin (2 �g/ml). BI-141 is an antigen-specific mouse T-cell line that does
not normally express 2B4, SAP, or SLAM (data not shown). BI-141 derivatives
expressing SAP alone or in combination with Tac-Tac-SLAM or SLAM were
described previously (17). BI-141 cells were grown in RPMI 1640 medium con-
taining 10% FBS, glutamine, antibiotics, and, if necessary, G418 (0.6 mg/ml)
and/or puromycin (2 �g/ml). Normal mouse NK cells were isolated from the
spleens of C57BL/6 mice (Harlan, Chicago, Ill.) by negative selection with an NK
cell isolation cocktail (Stem Cell Technologies, Vancouver, British Columbia,
Canada). About 90% of the purified cells were NK1.1� and CD3� (data not
shown). Cells were then propagated in RPMI 1640 medium supplemented with
10% FBS, antibiotics, �-mercaptoethanol, and interleukin-2 (IL-2; 1,000 U/ml)
and used for experimentation after 8 to 10 days. At that time, greater than 95%
of the cells were NK1.1�, 2B4�, DX-5�, and CD3� (data not shown). These cells
expressed both SAP and EAT-2 (Roncagalli and Veillette, unpublished). Human
NK cells were isolated from peripheral blood of a normal individual or from a
previously described XLP patient, as detailed elsewhere (1, 2, 11). This XLP
patient carries an arginine 55-to-leucine (R55L) mutation in the SAP protein.
While he has not yet developed severe clinical manifestations of XLP, three male
relatives carrying the same mutation died of the disease. After purification, cells
were grown in RPMI 1640 medium containing 10% human serum, antibiotics,
nonessential amino acids, �-mercaptoethanol, and human IL-2 (1,000 U/ml).
Before experimentation, cells were incubated for 6 h in AIM-V serum-free
medium (Invitrogen Canada, Burlington, Ontario). This human study was ap-
proved by the University of British Columbia Clinical Research Ethics Board,
and informed consent was obtained from all subjects before blood collection.

Antibodies. A rabbit antiserum directed against human 2B4 was kindly pro-
vided by Eric Long (National Institutes of Health, Rockville, Md.). An antiserum
recognizing mouse 2B4 was generated by immunizing rabbits with a TrpE fusion
protein encompassing the full cytoplasmic domain of mouse 2B4. This antiserum
recognizes mouse 2B4 and does not react with other SLAM-related receptors
such as SLAM, NTB-A/Ly-108, CD84, and CRACC (data not shown). C1.7 is a
mouse monoclonal antibody (MAb) reacting with human 2B4 (32). The hybrid-
oma producing this MAb was a generous gift from Giorgio Trinchieri (Schering-
Plough Research Institute, Dardilly, France). Mouse MAb 2B4 is directed
against mouse 2B4 and was purchased from BD Biosciences (Mississauga, On-
tario, Canada). Anti-Tac mouse MAb 7G7 reacts against the human IL-2 recep-
tor � chain and was purified from culture supernatant. In some experiments,
biotinylated MAb 2B4 or 7G7 was used. Biotinylated MAb F23.1 is a mouse
antibody directed against the T-cell receptor (TCR). Rabbit sera directed against
SAP, FynT, Vav-1, SHIP-1, phospholipase C-�1, c-Cbl, LAT, and phosphoty-
rosine were generated in our laboratory. Mouse MAb 4G10 is directed against
phosphotyrosine and was purchased from Upstate Biotechnologies Inc. (Lake
Placid, N.Y.). Rat MAb 12F12 is specific for mouse SLAM (6). It reacts against
the extracellular domain of SLAM. A rabbit anti-Tac serum that works in
immunoblots was purchased from Santa Cruz Biotechnology, Santa Cruz, Calif.
Phosphospecific antibodies recognizing FynT molecules phosphorylated at ty-
rosine 417 (activated FynT) or Vav-1 phosphorylated at tyrosine 160 were pur-
chased from Biosources (Camarillo, Calif.).

cDNAs, mutants, and constructs. A 2b4 cDNA (long form) from a C57BL/6
mouse was obtained from Marco Colonna (Washington University, St. Louis,
Mo.). The wild-type and arginine 78-to-alanine (R78A) sap cDNAs were de-
scribed elsewhere (18). cDNAs encoding chimeras possessing the extracellular
region of Tac fused to the transmembrane and cytoplasmic domains of mouse
2B4 (Tac-2B4-2B4), or to the transmembrane region of Tac and the cytoplasmic
domain of mouse 2B4 (Tac-Tac-2B4), were produced by PCR. A construct
coding for Tac-Tac-SLAM-2B4, in which the first 27 amino acids of the cyto-
plasmic region of 2B4 were replaced with those of SLAM, was also generated by
PCR. A variant of SLAM (SLAM-SLAM-2B4) in which the intracytoplasmic
domain of Tac-Tac-SLAM-2B4 was fused to the extracellular and transmem-

brane segments of SLAM was further produced by PCR. Mutant forms of
Tac-Tac-2B4 in which one or more cytoplasmic tyrosines were mutated to phe-
nylalanines were created by using the Stratagene PCR mutagenesis kit (Strat-
agene, La Jolla, Calif.). All constructs were verified by sequencing to ensure that
they contained no unwanted mutations (data not shown). For stable transfection
into YT or BI-141 cells, the various 2B4-based constructs were inserted into the
vector pSR�-puro, which contains the puromycin resistance gene. For retroviral
infection in BI-141 cells, the sap cDNAs were inserted into the retroviral vector
pMIG or pFB. Both vectors contain an internal ribosomal entry site and the gene
for green fluorescent protein (GFP).

Transfections. YT and BI-141 cells were transfected by electroporation in
accordance with a previously described protocol (20). After selection in the
presence of puromycin (2 �g/ml for YT and 1 �g/ml for BI-141), monoclonal cell
lines were generated by limiting dilution. Clones expressing the various Tac
chimeras were identified by flow cytometry with anti-Tac MAb 7G7. In some
cases, polyclonal populations in which greater than 85% of the puromycin-
resistant cells were positive for Tac were also used for experimentation. The
YT-derived cell lines that were used in our experiments had unchanged amounts
of human 2B4 at the surface, while the BI-141 derivatives expressed unaltered
levels of TCR, CD3, CD45, and Thy-1 (data not shown).

Retroviral infections. BI-141 derivatives were infected by “spinfection” with
retroviruses encoding GFP alone or in combination with the indicated polypep-
tides. Following 4 to 5 days in culture, GFP� cells were isolated by cell sorting
and tested as described later in the text.

Cell stimulation. For stimulation of human 2B4, YT cells (20 	 106/ml) or ex
vivo human NK cells (20 	 106/ml) were incubated for the indicated periods of
time at 37°C with mouse anti-2B4 MAb C1.7 and either rabbit anti-mouse
(RAM) IgG or sheep anti-mouse (SAM) IgG. For ligation of Tac chimeras, YT
cells (20 	 106/ml) or BI-141 derivatives (20 	 106/ml) were triggered for the
indicated times at 37°C, either with biotinylated mouse anti-Tac MAb 7G7 and
avidin or with MAb 7G7 and RAM IgG. Ex vivo normal mouse NK cells were
ligated either with biotinylated mouse anti-2B4 MAb 2B4 and avidin or with
MAb 2B4 and RAM IgG. After stimulation, cells were lysed in modified radio-
immunoprecipitation assay buffer (1	 modified radioimmunoprecipitation assay
buffer is 50 mM HEPES [pH 7.4], 1% Triton X-100, 1% sodium deoxycholate,
0.2% n-dodecyl-�-D-maltoside, 2 mM EDTA, 150 mM NaCl, 10 mM sodium
pyrophosphate, and 10% glycerol) supplemented with protease and phosphatase
inhibitors, and postnuclear lysates were subjected to immunoprecipitation and/or
immunoblot assays.

Immunoprecipitation and immunoblot assays. Immunoprecipitation and im-
munoblot assays were performed as described in earlier reports (10, 33). Immu-
noreactive products were detected with either 125I-labeled protein A, horserad-
ish peroxidase-coupled protein A, 125I-labeled RAM IgG, or horseradish
peroxidase-coupled SAM IgG. All secondary reagents were purchased from
Amersham Biosciences, Baie d’Urfé, Québec, Canada. Radioactive signals were
quantitated with a Phosphorimager (BAS2000; Fuji).

NK cell-mediated cytotoxicity assays. Human NK cell-mediated cytotoxicity
was assayed as described elsewhere (1), by using the indicated cell lines as target
cells. Briefly, 51Cr-labeled target cells were incubated for 4 h with NK cells at the
indicated effector cell/target cell ratio, in the presence or absence of anti-2B4
MAb C1.7. The release of 51Cr was then measured in a � counter and repre-
sented as outlined elsewhere (1).

IFN-� production assays. BI-141 cells were stimulated at 37°C with the indi-
cated concentrations of anti-CD3 MAb 145-2C11, which were used to coat
96-well plastic plates. After 24 h, supernatants were harvested and assayed for
IFN-� production with an enzyme-linked immunosorbent assay as specified by
the manufacturer (R&D Systems Inc., Minneapolis, Minn.). All assays were done
in duplicate and repeated at least five times.

RESULTS

The cytoplasmic domain of 2B4 is sufficient to mediate 2B4-
induced protein tyrosine phosphorylation. To understand the
mechanism of 2B4 signal transduction, we began by examining
the impact of 2B4 engagement on intracellular protein tyrosine
phosphorylation (Fig. 1). The human NK cell line YT, which
expresses both 2B4 and SAP, was stimulated for 10 min at 37°C
with mouse anti-human 2B4 MAb C1.7 and RAM IgG. After
lysis, changes in protein tyrosine phosphorylation were moni-
tored by immunoblotting of total cell lysates with antiphospho-
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tyrosine (anti-P.tyr) antibodies (Fig. 1A). This analysis re-
vealed that 2B4 engagement (lane 2) induced prominent
tyrosine phosphorylation of an 
60- to 70-kDa substrate con-
sistent with 2B4. An enhancement of the tyrosine phosphory-
lation of polypeptides of 120 (p120) and 100 (p100) kDa was
also seen. In contrast, no response was noted in cells stimu-
lated with an irrelevant (anti-Tac) antibody (lane 4).

To verify the extent of tyrosine phosphorylation of 2B4, 2B4
was immunoprecipitated from these cell lysates and probed by
immunoblotting with anti-P.tyr antibody (Fig. 1B, first part).
While 2B4 lacked detectable phosphotyrosine content before
stimulation (lane 1), it became tyrosine phosphorylated after
engagement with anti-2B4 antibody (lane 2). No tyrosine-phos-
phorylated product was detected in immunoprecipitates ob-
tained with the irrelevant (anti-Tac) antibody (lanes 3 and 4).
The ability of 2B4 to associate with SAP was also tested in
parallel by immunoblotting of 2B4 immunoprecipitates with
anti-SAP antibody (third part). While little or no SAP was
detected in 2B4 immunoprecipitates from unstimulated cells
(lane 1), SAP was clearly associated with 2B4 in anti-2B4
antibody-stimulated cells (lane 2).

Next, we determined which domain(s) of 2B4 is needed for
the ability to mediate a protein tyrosine phosphorylation signal
(Fig. 1C). For this purpose, we created receptor chimeras
consisting of the human IL-2 receptor � chain (Tac) and 2B4.
A first chimera (Tac-2B4-2B4) contained the extracellular do-
main of Tac fused to the transmembrane and cytoplasmic
segments of 2B4. A second one (Tac-Tac-2B4) encompassed
the extracellular and transmembrane regions of Tac linked to
the cytoplasmic domain of 2B4. Note that this last chimera
lacked the two cysteines in the transmembrane portion of 2B4
that were proposed to mediate recruitment of 2B4 to lipid rafts
(15). Constructs were stably transfected into YT cells, and cells
expressing the chimeric proteins were selected by flow cytom-
etry with anti-Tac MAb 7G7 (data not shown). When stimu-
lated with anti-Tac antibody, either of the two 2B4 chimeras
(lanes 8 and 12) induced a pattern of protein tyrosine phos-
phorylation similar to that observed after stimulation of en-
dogenous 2B4 with anti-2B4 antibody (lanes 2, 6, and 10).
Importantly, the presence of the 2B4 transmembrane segment
had no appreciable influence on this signal (compare lanes 8
and 12). Likewise, it had no impact on the capacity of 2B4 to
associate with SAP (data not shown). Hence, these observa-
tions implied that the ability of 2B4 to trigger protein tyrosine
phosphorylation in YT cells was dependent exclusively on its
cytoplasmic domain.

Identification of 2B4-regulated protein tyrosine phosphory-
lation substrates. The substrates undergoing tyrosine phos-
phorylation in response to 2B4 stimulation were identified
(Fig. 2). YT cells expressing Tac-Tac-2B4 were stimulated with
biotinylated anti-Tac MAb 7G7 and avidin, and candidate sub-
strates were immunoprecipitated and probed by anti-P.tyr an-
tibody immunoblotting. This experiment showed that Vav-1
(lanes 5 and 6), which comigrates with p100 in cell lysates (lane
12), underwent an approximately fourfold increase in tyrosine
phosphorylation upon 2B4 stimulation. This was in keeping
with the earlier study of Watzl et al. (35). Ligation of 2B4 also
evoked tyrosine phosphorylation of the 150-kDa 5� inositol
phosphatase SHIP-1 (lanes 9 and 10), although this substrate
was not well seen in total cell lysates (lane 12). In addition, it

triggered a lesser, albeit consistent, induction of the phospho-
tyrosine content of the E3 ubiquitin ligase c-Cbl (lanes 7 and
8). This protein comigrates with p120 (lane 12). Unlike Watzl
et al. (35), we were unable to detect any tyrosine phosphory-
lation of PLC-�1 (lanes 3 and 4). Likewise diverging from
Bottino and colleagues (3), we saw no tyrosine phosphoryla-
tion of LAT (data not shown). A similar pattern of tyrosine
phosphorylation was identified after engagement of Tac-2B4-
2B4 or of endogenous 2B4 (data not shown).

To ensure that this pathway is also relevant to 2B4 function
in normal cells, 2B4-induced protein tyrosine phosphorylation
was characterized in normal mouse NK cells (Fig. 3). These
cells express 2B4 and SAP. Moreover, immunoblot analyses
show that they contain the SAP-related protein EAT-2 (Ron-
cagalli and Veillette, unpublished). IL-2-activated mouse NK
cells were stimulated with biotinylated anti-2B4 MAb 2B4 and
avidin, and changes in protein tyrosine phosphorylation were
monitored by immunoblotting of cell lysates with anti-P.tyr
antibody (Fig. 3A, top, lane 2). 2B4 engagement on mouse NK
cells resulted in tyrosine phosphorylation of polypeptides of
150 (p150), 100 (p100), and 54 (p54) kDa. Tyrosine phosphor-
ylation of polypeptides of 65 to 80 kDa (p65-80) was also seen.
No tyrosine phosphorylation signal was evoked by an irrelevant
control mouse MAb (F23.1; lane 3). Immunoprecipitation ex-
periments (Fig. 3B) confirmed that SHIP-1 (first part) and
Vav-1 (third part) underwent 2B4-elicited tyrosine phosphor-
ylation in these cells. However, unlike in YT cells, 2B4 tyrosine
phosphorylation was constitutive (Fig. 3C, top, lane 1) and was
not appreciably altered by 2B4 ligation (lanes 2 and 3). This
was possibly due to constitutive engagement of 2B4 by its
ligand, CD48, which is present on mouse NK cells. Whether
the 65- to 85-kDa substrates appearing in 2B4-stimulated cells

FIG. 2. Identification of 2B4-regulated protein tyrosine phosphor-
ylation substrates. YT cells expressing Tac-Tac-2B4 were left unstimu-
lated or stimulated with biotinylated anti-Tac MAb 7G7 and avidin.
After preclearing of cell lysates, potential substrates were immunopre-
cipitated with specific antibodies and tyrosine phosphorylation was
assessed by immunoblotting with anti-P.tyr antibody. Reprobing of the
immunoblot membrane with antibodies directed against the various
substrates confirmed that all of the polypeptides were adequately im-
munoprecipitated under all of the conditions used (data not shown).
The 70-kDa tyrosine-phosphorylated product seen in all lanes from
anti-Tac antibody-stimulated cells is Tac-Tac-2B4, which was nonspe-
cifically immunoprecipitated via the stimulating antibody. NRS, nor-
mal rabbit serum. The values to the right are molecular sizes in kilo-
daltons.
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(Fig. 3A, lane 2) represent modified forms of 2B4 that could
not be immunoprecipitated or one or more unidentified sub-
strates is not known. Similarly, the nature of the p110-130 and
p54 substrates remains to be determined. Hence, these results
support the notion that Vav-1 and SHIP-1 are physiological
mediators of 2B4 signaling. Nevertheless, the detection of sup-
plementary substrates in 2B4-triggered normal mouse NK cells
also suggested that 2B4 signaling may be more complex in
these cells than in YT cells. This is perhaps due to the addi-
tional presence of EAT-2.

The ability of 2B4 to regulate protein tyrosine phosphory-
lation is dependent on SAP. Previous studies indicated that the
ability of 2B4 to undergo tyrosine phosphorylation in cells
treated with pervanadate is not markedly influenced by SAP
expression (27). Since pervanadate is a potent protein tyrosine
phosphatase inhibitor that may bypass the need for SAP, we
ascertained the impact of SAP under more physiological con-
ditions. Two approaches were taken. First, Tac-Tac-2B4 was
expressed alone or in combination with SAP in the mouse
T-cell line BI-141, which lacks endogenous 2B4 and SAP (Fig.
4). Cells were stimulated with biotinylated anti-Tac MAb 7G7
and avidin, and the phosphotyrosine content of the chimera
was examined by anti-P.tyr antibody immunoblotting of Tac

immunoprecipitates (Fig. 4A, first part). In cells lacking SAP
(lanes 1 and 2), Tac-Tac-2B4 exhibited no increase in tyrosine
phosphorylation in response to anti-Tac antibody stimulation
(lane 2). In contrast, it underwent robust tyrosine phosphory-
lation when SAP was expressed (lanes 3 and 4). The influence
of SAP on tyrosine phosphorylation of downstream targets was
also addressed (Fig. 4B). Once again, engagement of Tac-Tac-
2B4 in the absence of SAP (lanes 1 and 2) had no impact on
intracellular phosphotyrosine levels. However, in the presence
of SAP (lanes 3 and 4), it provoked a striking increase in
tyrosine phosphorylation of products of 100 and 70 kDa (lane
4), representing Vav-1 and Tac-Tac-2B4, respectively (data not
shown). A moderate augmentation of the tyrosine phosphor-
ylation of a 120-kDa substrate consistent with c-Cbl was also
seen. The 55-kDa substrate observed in these experiments was
a degraded form of Tac-Tac-2B4 (data not shown).

Second, the role of SAP in 2B4 signaling was assessed by
examining 2B4-triggered protein tyrosine phosphorylation
events in NK cells obtained from a patient with XLP disease
(Fig. 5). This patient carries an arginine 55-to-leucine (R55L)
mutation in the SAP SH2 domain (1, 2). Although this muta-
tion does not affect the abundance of SAP, it precludes its
binding to tyrosine-phosphorylated, SLAM-related receptors.
As reported elsewhere (1), NK cells from this patient exhibited
normal levels of 2B4 at the cell surface (Fig. 5A). Nevertheless,
they demonstrated a defect in baseline killing of a variety of
targets (K562, Raji, and Daudi cells) (Fig. 5B). This presum-
ably reflected the involvement of SAP in cytotoxicity triggered
by receptors such as 2B4, which has its ligand, CD48, expressed
on target cells (2, 4). The ability of anti-2B4 antibodies to
enhance NK cell-mediated cytotoxicity was also abolished.

To ascertain 2B4-mediated signaling, cells were stimulated
with anti-2B4 MAb C1.7 and overall tyrosine phosphorylation
was measured by anti-P.tyr antibody immunoblotting of total

FIG. 3. Analysis of 2B4-mediated protein tyrosine phosphorylation
in IL-2-activated ex vivo mouse NK cells. (A) Overall protein tyrosine
phosphorylation. Normal NK cells were isolated from mouse spleen
and propagated in the presence of high concentrations of IL-2. After
7 to 10 days, cells were stimulated for 3 min with biotinylated MAb 2B4
(lane 2) or anti-TCR MAb F23.1 (lane 3), followed by avidin. Changes
in protein tyrosine phosphorylation were determined by anti-P.tyr an-
tibody immunoblotting (top). The abundance of 2B4 was assessed by
reprobing with RAM 2B4 serum (bottom). (B) Tyrosine phosphoryla-
tion of SHIP-1 and Vav-1. The experiment was done as outlined for
that shown in panel A, except that cells were left unstimulated or
stimulated for 10 min. SHIP-1 (first and second parts) and Vav-1 (third
and fourth parts) were immunoprecipitated (I.P.) from cell lysates with
specific rabbit antisera. Their phosphotyrosine content was assessed by
immunoblotting with anti-P.tyr antibody (first and third parts),
whereas their abundance was verified by reprobing with anti-SHIP-1
antibody (second part) and anti-Vav-1 antibody (fourth part), respec-
tively. (C) Tyrosine phosphorylation of 2B4. Mouse NK cells were left
untriggered or triggered for the indicated periods of time with anti-2B4
MAb 2B4 and RAM IgG. After lysis, 2B4 was recovered by immuno-
precipitation and probed by immunoblotting with anti-P.tyr (top) or
anti-2B4 (bottom) antibody. The values to the right of panel A are
molecular sizes in kilodaltons.

FIG. 4. SAP expression is essential for 2B4-mediated protein ty-
rosine phosphorylation. Stable transfectants of BI-141 T cells express-
ing Tac-Tac-2B4, in the absence or presence of SAP, were stimulated
for 10 min with anti-Tac MAb 7G7 and RAM IgG. (A) Tyrosine
phosphorylation of Tac-Tac-2B4. The 2B4 chimera was immunopre-
cipitated (I.P.) from cell lysates and probed by immunoblotting with
anti-P.tyr antibody (first part). The abundance of the chimera was
verified by reprobing of the immunoblot membrane with rabbit anti-
2B4 antibodies (second part), while the expression of SAP was con-
firmed by immunoblotting of total cell lysates with anti-SAP antibody
(third part). (B) Overall protein tyrosine phosphorylation. Lysates
from the experiment depicted in panel A were probed by anti-P.tyr
antibody immunoblotting. The values to the right of panel B are
molecular sizes in kilodaltons.
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cell lysates (Fig. 5C). In agreement with Fig. 1 to 4, 2B4
ligation evoked the tyrosine phosphorylation of polypeptides
of 150, 120, 100, and 65 to 80 kDa in normal human NK cells
(Fig. 5C, top, lanes 1 and 2). However, this signal was greatly
compromised in NK cells from the XLP patient (lanes 3 and 4).
The extent of tyrosine phosphorylation of Vav-1 was also spe-
cifically examined by immunoblotting of cell lysates with an
antiserum recognizing tyrosine-phosphorylated Vav-1 (Fig.
5D, top). While Vav-1 became tyrosine phosphorylated in 2B4-
stimulated normal human NK cells (lane 2), such an effect was
not seen in XLP-derived NK cells (lane 4). This difference was
not due to a discrepancy in the levels of Vav-1 (bottom).

Although the results of Fig. 5C and D show that the ability of
2B4 to trigger intracellular protein tyrosine phosphorylation
was markedly affected by the absence of a functional SAP
protein, a weak tyrosine phosphorylation signal still existed in
2B4-stimulated XLP NK cells. While the basis for this finding
is not established, it may reflect a residual activity of the mu-
tated SAP protein or the presence of EAT-2.

2B4-mediated protein tyrosine phosphorylation requires
multiple tyrosines in the 2B4 cytoplasmic domain. To address
the mechanism by which the cytoplasmic segment of 2B4 reg-
ulates protein tyrosine phosphorylation, the role of the ty-
rosines located in this domain was assessed (Fig. 6). The strat-

FIG. 5. Analysis of 2B4-mediated signaling and function in XLP-derived NK cells. IL-2-activated NK cells derived from a normal individual or
an asymptomatic XLP patient with a SAP R55L mutation were analyzed. (A) Flow cytometry. Expression of 2B4 and CD56 was assessed with
anti-2B4 MAb C1.7 and an anti-CD56 MAb. APC, allophycocyanin; FITC, fluorescein isothiocyanate. (B) Cytotoxicity assay. The ability of NK
cells to kill various targets was examined with a standard 51Cr release assay in the absence (�) or presence (�) of anti-2B4 antibody. The effector
cell/target cell ratio used was 10:1. The extent of 51Cr release is shown on the abscissa. Maximum release (defined by lysis of target cells in
detergent-containing buffer) is 100%. (C) 2B4-mediated overall protein tyrosine phosphorylation. Cells were stimulated for 10 min with anti-2B4
MAb C1.7 and SAM IgG. Changes in intracellular protein tyrosine phosphorylation were ascertained by immunoblotting of total cell lysates with
anti-P.tyr antibody (top). The abundance of SAP was confirmed by immunoblotting of lysates with anti-SAP antibody (bottom). (D) Vav-1 tyrosine
phosphorylation. The experiment was done as described for panel C, except that tyrosine phosphorylation of Vav-1 was determined by immuno-
blotting of total cell lysates with a phosphospecific antibody recognizing Vav-1 molecules phosphorylated at Y160 (top). The abundance of Vav-1
was verified by reprobing of the immunoblot membrane with anti-Vav-1 antibody (bottom). The values to the right of panel C are molecular sizes
in kilodaltons.
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egy used for these analyses was based on the results previously
obtained with SLAM (17). It was reported that the first of
three tyrosines in the cytoplasmic domain of SLAM with the
consensus motif TxYxxV/I (where T is threonine, Y is tyrosine,
V is valine, I is isoleucine, and x is any residue) was responsible
for SAP binding, while the last two were involved in recruiting
downstream substrates. Since mouse 2B4 bears four tyrosines
having the same consensus sequence (Fig. 6A) (13), the fol-
lowing mutant constructs were engineered. The first one,
termed Y1F, carried a tyrosine-to-phenylalanine (Y-to-F) mu-
tation of the first tyrosine, tyrosine 267. The second one,
named Y2,3,4F, was mutated at the tyrosines at positions 326,
345, and 370. Lastly, the third one, named Y1,2,3,4F, had
mutations of all four tyrosines. The mutations were introduced
into Tac-Tac-2B4, and the mutant constructs were stably ex-
pressed either in YT NK cells or in BI-141 T cells. While the
results presented here pertain to YT cells, comparable findings
were obtained with BI-141 cells (data not shown).

YT derivatives were stimulated with anti-Tac MAb 7G7, and
changes in protein tyrosine phosphorylation were determined
by anti-P.tyr antibody immunoblotting of total cell lysates (Fig.
6B). Compared to wild-type Tac-Tac-2B4 (lanes 3 and 4), the
Tac-Tac-2B4 Y1F (lanes 5 and 6) and Y2,3,4F (lanes 7 and 8)
mutant constructs mediated a weaker protein tyrosine phos-
phorylation signal. Tyrosine phosphorylation of p70, which
corresponds to Tac-Tac-2B4 (second part), was partially re-
duced by either of these mutations, whereas phosphorylation
of the downstream substrates p120 (c-Cbl) and p100 (Vav-1)
was diminished mostly by the Y1F mutation (lane 6). Mutation
of the last three tyrosines (lane 8) had a minimal effect on

tyrosine phosphorylation of these substrates. Complete elimi-
nation of substrate tyrosine phosphorylation was achieved
when all four tyrosines were mutated (lane 10).

The ability of the chimeras to associate with SAP was de-
termined by immunoblotting of Tac immunoprecipitates with
anti-SAP antibody (fourth part). In a manner analogous to
SLAM (17), mutation of the first tyrosine (lane 5 and 6) se-
verely reduced the ability of the 2B4 chimera to associate with
SAP. While this effect was especially obvious after Tac stimu-
lation (lane 6), it was also noted before receptor engagement
(lane 5). Unlike SLAM, however, alteration of the three distal
tyrosines of 2B4 (lanes 7 and 8) also reduced the ability to bind
SAP. Moreover, replacement of all four tyrosines (lanes 9 and
10) was needed to eliminate the interaction completely. On the
basis of these findings, we concluded that two or more ty-
rosines in the cytoplasmic domain of 2B4 were required for
optimal association with SAP and for the induction of intra-
cellular protein tyrosine phosphorylation. It is noteworthy,
however, that while the Y1F and Y2,3,4F mutations severely
compromised the ability of Tac-2B4 to associate with SAP,
they still enabled the chimeras to mediate detectable protein
tyrosine phosphorylation signals. This finding suggested that
only a small amount of associated SAP may be needed to
initiate 2B4 signaling.

The distinct signals mediated by 2B4 and SLAM are defined
by their intracytoplasmic tyrosines and not by the extent of
their association with SAP. Although the functions of the
various SLAM-related receptors are not well understood, it is
presumed that they each mediate a unique biological effect.
For instance, it was reported that, in the presence of SAP, 2B4

FIG. 6. Multiple tyrosines in the cytoplasmic domain of 2B4 are required for 2B4 signaling. (A) Schematic representation of Tac-Tac-2B4. The
sequences of the four tyrosine-based motifs in mouse 2B4 with the consensus TxYxxV/I are indicated. (B) Impact of Y-to-F mutations on
2B4-mediated protein tyrosine phosphorylation. Parental YT cells or derivatives expressing the indicated Tac-Tac-2B4 variants were stimulated for
10 min with anti-Tac MAb 7G7 and RAM IgG. Changes in overall protein tyrosine phosphorylation were monitored by immunoblotting of total
cell lysates with anti-P.tyr antibody (first part). The extent of tyrosine phosphorylation of the chimeras was also assessed by probing anti-Tac
antibody immunoprecipitates (I.P.) with anti-P.tyr antibody (second part). The association of the chimeras with SAP was verified by immuno-
blotting of anti-Tac antibody immunoprecipitates with anti-SAP antibody (third part). The abundance of the Tac chimeras was confirmed by
immunoblotting of anti-Tac antibody immunoprecipitates with anti-Tac antibody (fourth part), while the presence of SAP was assessed by
immunoblotting of total cell lysates with anti-SAP antibody (fifth part). wt, wild type. The values to the right of panel B are molecular sizes in
kilodaltons.
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can augment target cell killing by NK cells (2, 25, 27, 30) while
SLAM can inhibit IFN-� production by activated T cells (17).
To address the possible biochemical basis of these different
effects, the protein tyrosine phosphorylation signals induced by
2B4 and SLAM were compared (Fig. 7). For these studies, we
took advantage of the BI-141 system, since we had previously
used this cell line to characterize SLAM-mediated signaling
(17). The availability of BI-141 transfectants expressing Tac-
Tac-SLAM, a chimera in which the extracellular and trans-
membrane segments of Tac are fused to the cytoplasmic
domain of SLAM, also allowed a more direct comparison of
2B4- and SLAM-mediated signals.

Cells were stimulated for various periods of time with anti-
Tac MAb 7G7, and protein tyrosine phosphorylation was mon-
itored by anti-P.tyr antibody immunoblotting of total cell ly-
sates (Fig. 7A). This experiment revealed that the tyrosine
phosphorylation signals generated by the two chimeras were
qualitatively and quantitatively different. As reported earlier
(17), ligation of Tac-Tac-SLAM (top, lanes 1 to 6) effected
rapid and prominent tyrosine phosphorylation of polypeptides
of 150, 75, 62, 56, and 52 kDa. These products correspond to
SHIP-1, Tac-Tac-SLAM, Dok-1, Dok-2, and Shc, respectively.
In contrast, engagement of Tac-Tac-2B4 (lanes 7 to 12) led to
a slower and weaker phosphotyrosine signal, involving poly-
peptides of 120, 100, 70, and 55 kDa. These proteins are c-Cbl,
Vav-1, and the 2B4 chimera (p70 and p55), respectively (see
above). As expected, no protein tyrosine phosphorylation sig-
nal was generated by Tac-Tac-2B4 in cells lacking SAP (lanes
13 to 18).

The state of tyrosine phosphorylation of SHIP-1 and Vav-1
in these cells was also specifically examined (Fig. 7B). We
found that engagement of Tac-Tac-2B4 (first part, lanes 1 and
2) resulted in much weaker tyrosine phosphorylation of
SHIP-1 in comparison to ligation of Tac-Tac-SLAM (lanes 3
and 4). By opposition, triggering of the 2B4 chimera evoked
much stronger tyrosine phosphorylation of Vav-1 (third part,
lanes 1 and 2), in contrast to that of the SLAM chimera (lanes

3 and 4). Thus, the cytoplasmic domain of 2B4 triggered a
signal that mostly involved Vav-1 and, to a lesser degree,
SHIP-1 and c-Cbl, while the cytoplasmic region of SLAM was
linked to a pathway principally implicating SHIP-1, Dok-re-
lated adaptors, and Shc.

There are two possible explanations for these differences.
First, quantitative differences in the extent of association with
SAP could somehow couple 2B4 and SLAM to qualitatively
and quantitatively distinct signals. In support of this possibility,
Tac-Tac-2B4 associated with much smaller amounts of SAP,
compared to Tac-Tac-SLAM (Fig. 8B). As an alternative ex-
planation, the cytoplasmic domains of 2B4 and SLAM could
recruit, by way of their tyrosine-based motifs, distinct sets of
intracellular effectors, yielding different signals. To investigate
these scenarios, a modified Tac-Tac-2B4 chimera in which the
first tyrosine-based motif of 2B4 was replaced with the equiv-
alent motif from SLAM (Y288) (Fig. 8A) was created. Since
Y288 mediates binding of SLAM to SAP (17), we reasoned
that this receptor, named Tac-Tac-SLAM-2B4, would bind
SAP as extensively as Tac-Tac-SLAM while preserving the last
three tyrosines of 2B4. Tac-Tac-SLAM-2B4 was expressed with
SAP in BI-141 cells, and its signaling properties were con-
trasted with those of Tac-Tac-2B4 and Tac-Tac-SLAM. Flow
cytometric analyses confirmed that all three receptors were
expressed in similar amounts at the cell surface (data not
shown).

Cells were stimulated with or without anti-Tac antibody, and
the extent of association with SAP was ascertained by probing
anti-Tac antibody immunoprecipitates in an anti-SAP antibody
immunoblot (Fig. 8B, third part). In agreement with our ear-
lier report (17), we found that the association of Tac-Tac-
SLAM with SAP was constitutive (lane 5). A small enhance-
ment of this interaction was provoked by anti-Tac antibody
stimulation (lane 6). In comparison, the binding of Tac-Tac-
2B4 to SAP was much weaker (lanes 1 and 2). As expected,
however, Tac-Tac-SLAM-2B4 (lanes 3 and 4) was associated
with SAP as extensively as Tac-Tac-SLAM (lanes 5 and 6).

FIG. 7. Different signals are transduced by the cytoplasmic domains of 2B4 and SLAM. (A) Overall protein tyrosine phosphorylation. BI-141
derivatives expressing the indicated Tac chimeras were stimulated for various times with biotinylated anti-Tac MAb 7G7 and avidin. Protein
tyrosine phosphorylation was examined by immunoblotting of total cell lysates with anti-P.tyr antibody (top). The abundance of the chimeras was
verified by reprobing of the immunoblot membrane with anti-Tac antibody (bottom). (B) Differential tyrosine phosphorylation of SHIP-1 and
Vav-1. The experiment was as outlined for panel A, except that cells were stimulated for 5 min. Tyrosine phosphorylation of SHIP-1 was
determined by probing of anti-SHIP-1 antibody immunoprecipitates (I.P.) with anti-P.tyr antibody (first part), whereas the abundance of SHIP-1
was verified by reprobing of the membrane with anti-SHIP-1 antibody (second part). The extent of tyrosine phosphorylation of Vav-1 was assessed
by immunoblotting of total cell lysates with a phosphospecific antibody recognizing Vav-1 phosphorylated at Y160 (third part). The levels of Vav-1
were confirmed by reprobing of the membrane with anti-Vav-1 antibody (fourth part). Levels of SAP were compared by immunoblotting of total
cell lysates with anti-SAP antibody (fifth part). The values to the right of panel A are molecular sizes in kilodaltons.
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The nature of the signal triggered by Tac-Tac-SLAM-2B4
was assessed by anti-P.tyr antibody immunoblotting of total
cell lysates (first part). In comparison to ligation of Tac-Tac-
2B4 (lane 2), engagement of Tac-Tac-SLAM-2B4 (lane 4) led
to stronger tyrosine phosphorylation of the chimera (Tac).

Despite this, it evoked an overall protein tyrosine phosphory-
lation signal (lane 4) that was qualitatively and quantitatively
identical to the one induced by Tac-Tac-2B4 (lane 2) and that
remained distinct from the one triggered by Tac-Tac-SLAM
(lane 6). In keeping with this, we also observed that, contrary

FIG. 8. The specificity of SLAM-related receptor signaling is not defined by the extent of association with SAP. (A) Primary structure of
Tac-Tac-SLAM-2B4. (B) Impact of the SAP-binding site from SLAM on 2B4 signaling. BI-141 cells expressing the indicated chimeras in the
presence of SAP were stimulated for 10 min with anti-Tac MAb 7G7 as detailed in the legend to Fig. 7. The extent of intracellular protein tyrosine
phosphorylation was measured by immunoblotting of total cell lysates with anti-P.tyr antibody (first part). The association of the chimeras with SAP
was assessed by immunoblotting of anti-Tac antibody immunoprecipitates (I.P.) with anti-SAP antibodies (third part). The expression levels of the
Tac chimeras and SAP were determined by immunoblotting of total cell lysates with anti-Tac (second part) and anti-SAP (fourth part) antibodies,
respectively. (C) Expression of SLAM and SLAM-SLAM-2B4 on BI-141 cells. BI-141 cells expressing SAP were transduced with retroviruses
encoding GFP alone (control) or in combination with full-length SLAM or a SLAM variant in which the cytoplasmic domain of SLAM was
replaced with that of Tac-Tac-SLAM-2B4. GFP-positive cells were isolated by cell sorting and tested for cell surface expression of the two receptors
with biotinylated anti-SLAM MAb 12F12 and streptavidin coupled to Quantum Red. Greater than 80% of the cells expressed SLAM or
SLAM-SLAM-2B4. (D) Impact of SLAM and SLAM-SLAM-2B4 on TCR-induced IFN-� production. Cells were stimulated overnight with the
indicated concentrations of anti-CD3 MAb 145-2C11. The release of IFN-� (in picograms per milliliter) in the supernatant was measured by
enzyme-linked immunosorbent assay. Assays were done in duplicate, and the results shown are representative of at least five independent
experiments. All cells expressed equivalent amounts of TCR complex at the cell surface (data not shown). The values to the right of panel B are
molecular sizes in kilodaltons.
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to full-length SLAM, a variant of SLAM in which the cytoplas-
mic domain of SLAM was replaced with that of Tac-Tac-
SLAM-2B4 was unable to inhibit IFN-� production in antigen
receptor-stimulated BI-141 cells (Fig. 8C and D) (17). Thus,
although introduction of the SAP-binding site from SLAM
allowed a more extensive association of 2B4 with SAP, it failed
to modify the nature and intensity of the 2B4 signal. In the light
of this, we concluded that the 2B4-induced protein tyrosine
phosphorylation signal was specified by unique properties of
the tyrosine-based motifs of 2B4 beyond the simple allowance
of SAP binding.

Evidence supporting the involvement of Src-related protein
tyrosine kinase FynT in 2B4 signaling. The capacity of SAP to
allow SLAM-induced protein tyrosine phosphorylation ap-
pears to be due to its ability to associate with (and activate)
FynT (7, 17, 18). This interaction involves a second binding
surface in the SAP SH2 domain, centered around arginine 78
(R78), that directly contacts the FynT SH3 domain. To deter-
mine whether SAP promotes 2B4 signaling by a similar mech-
anism, we first examined whether 2B4 was associated with
FynT (Fig. 9A). Parental YT cells were stimulated with anti-
2B4 MAb C1.7 as outlined in Fig. 1, and the ability of 2B4 to
interact with FynT was assessed by probing 2B4 immunopre-
cipitates with antibodies recognizing activated FynT (Fig. 9A,
top, lanes 1 and 2). This experiment revealed that 2B4 engage-
ment triggered the coimmunoprecipitation of 2B4 with acti-
vated FynT molecules (lane 2). No activated FynT was de-
tected in 2B4 immunoprecipitates before 2B4 stimulation (lane
1) or in control immunoprecipitates obtained with an irrele-
vant antibody (lane 4).

Whereas we could detect activated FynT in 2B4 immuno-
precipitates from 2B4-triggered YT cells, it was difficult to
show this association consistently in normal mouse NK cells or
in 2B4-expressing BI-141 T cells (data not shown). One possi-
ble explanation for this result is that the stoichiometry of the
2B4-SAP-FynT association is much lower than that of the

SLAM-SAP-FynT interaction, rendering the detection of 2B4-
associated FynT more difficult. Alternatively, FynT may not
play a central role in 2B4 signaling and thus may not be con-
sistently recruited to 2B4.

To evaluate these issues, we assessed the ability of a mutant
SAP protein that is unable to bind FynT (SAP with an arginine
78-to-alanine [R78A] mutation) (18) to promote 2B4 signaling
(Fig. 9B). BI-141 cells expressing Tac-Tac-2B4 alone or in
combination with wild-type or R78A mutant SAP were pro-
duced and tested for anti-Tac antibody-induced protein ty-
rosine phosphorylation (first part). This experiment showed
that, unlike wild-type SAP (lanes 3 and 4), SAP R78A (lanes 5
and 6) was unable to promote tyrosine phosphorylation of the
2B4 chimera. Yet, both SAP polypeptides were able to asso-
ciate with Tac-Tac-2B4 (lanes 3 to 6), in keeping with the
finding that R78 is not required for binding of the SAP SH2
domain to the tyrosine-based sequence in SLAM (7, 18). Note,
however, that no enhancement of this association in response
to anti-Tac antibody stimulation was observed in cells express-
ing SAP R78A (lane 6). On the basis of these results, we
concluded that the ability of SAP to support 2B4-mediated
protein tyrosine phosphorylation correlated with its ability to
interact with FynT and that, in all likelihood, FynT plays a
critical role in SAP-dependent 2B4 signaling.

DISCUSSION

In this study, we attempted to understand the mechanism of
2B4 signaling. We found that ligation of full-length 2B4 by
anti-2B4 MAb on NK cells resulted in a protein tyrosine phos-
phorylation response involving 2B4, Vav-1, and, to a lesser
degree, c-Cbl and SHIP-1, as well as other, as yet unidentified,
substrates. By creating chimeras between a heterologous re-
ceptor (Tac) and 2B4, it was revealed that this signal depended
exclusively on the cytoplasmic domain of 2B4. No apparent
contribution was made by the extracellular and transmem-

FIG. 9. Evidence implicating the Src-related protein tyrosine kinase FynT in 2B4 signaling. (A) Association of 2B4 with activated FynT in YT
cells. The presence of activated FynT was detected by reprobing the immunoblot membrane from Fig. 1B (first part) with an antibody that
recognizes FynT molecules phosphorylated at Y417, the positive regulatory site (top). The expression levels of FynT were ascertained by
immunoblotting of total cell lysates with anti-FynT antibody (bottom). (B) Arginine 78 of SAP is required for 2B4 tyrosine phosphorylation. BI-141
cells expressing Tac-Tac-2B4 with GFP alone (control) or in combination with wild-type (wt) or SAP R78A were stimulated with anti-Tac antibody
in accordance with the protocol used for Fig. 7. Tyrosine phosphorylation of the chimera was determined by immunoblotting of anti-Tac antibody
immunoprecipitates (I.P.) with anti-P.tyr antibody (first part). The presence of Tac-Tac-2B4 was confirmed by reprobing of the membrane with
anti-2B4 antibody (second part). The association of Tac-Tac-2B4 with SAP was examined by probing anti-Tac antibody immunoprecipitates with
anti-SAP antibody (third part), whereas the abundance of SAP was monitored by immunoblotting of total cell lysates with anti-SAP antibody
(fourth part). Greater than 95% of the cells used for experimentation were GFP� (data not shown).
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brane segments of 2B4. Analyses in transfected BI-141 T cells
demonstrated that expression of SAP was absolutely required
for 2B4-triggered protein tyrosine phosphorylation. Further-
more, studies of NK cells from an XLP patient carrying a SAP
R55L mutation (which abolishes the ability of SAP to bind
phosphotyrosine without affecting the abundance of SAP) in-
dicated that the ability of SAP to interact with tyrosine-phos-
phorylated 2B4 is necessary for 2B4 signaling. Thus, put to-
gether, these data established that 2B4 signal transduction is a
SAP-dependent process and that it is specified by the 2B4
cytoplasmic domain.

These findings may seem to be at odds with those showing
that the CxC motif in the 2B4 transmembrane domain is
needed for localization of 2B4 to lipid rafts (15). While this
possibility was not addressed in our studies, we established that
the transmembrane segment of 2B4 is not specifically required
for 2B4-triggered protein tyrosine phosphorylation. Of course,
these data do not exclude the possibility that the 2B4 trans-
membrane region participates in some way in the function of
2B4. As previously suggested (3, 15), it may help target 2B4 to
lipid rafts, thereby allowing 2B4 signaling to intersect more
efficiently with activating signals initiated by immunoreceptors.
However, it should be pointed out that we were unable to
detect any evidence of a physical interaction between 2B4 and
lipid raft-associated LAT or of induction of LAT tyrosine
phosphorylation upon 2B4 stimulation (data not shown).
Hence, the transmembrane domain of 2B4 may carry out its
function through an as yet undetermined mechanism.

Although the function of 2B4 remains to be clarified by the
creation of 2B4-deficient mice, stimulation experiments with
anti-2B4 antibodies or CD48-expressing cells provided evi-
dence that 2B4 is a costimulatory receptor involved in NK and
T-cell activation (24). The possible involvement of the various
2B4-regulated substrates identified herein in these functions
deserves consideration. Through its guanine nucleotide ex-
change activity, tyrosine-phosphorylated Vav-1 is known to
activate Rac-1 and cdc42, thereby promoting cytoskeletal re-
organization (31). Thus, it is attractive to speculate that Vav-1
may participate in 2B4-mediated target cell killing, a process
known to require extensive cytoskeletal changes. In agreement
with this, it was reported that anti-2B4 antibody-mediated cy-
totoxicity was compromised in NK cells derived from Vav-1�/�

mice (9). Nonetheless, IFN-� secretion was not affected, im-
plying that other signaling effectors are responsible for this
function. Whereas c-Cbl and/or SHIP-1 may be implicated in
IFN-� regulation, both polypeptides are usually negative reg-
ulators of cell signaling. Possibly, they are involved in turning
off the function of Vav-1. Moreover, it is worth noting that
anti-2B4 antibody-induced IFN-� production was intact in NK
cells from mice lacking either SHIP-1 or c-Cbl (Chen and
Veillette, unpublished results). On these bases, we propose
that other targets, perhaps not undergoing detectable tyrosine
phosphorylation, may be responsible for the 2B4-mediated
regulation of IFN-� secretion.

Despite the similarities between 2B4 and SLAM, several
differences were observed concerning their association with
SAP. First, studies with Tac-based chimeras revealed that 2B4
interacted with SAP 
10 times less efficiently than SLAM.
This was presumably due to the fact that the first tyrosine of
SLAM (Y288) has a much greater affinity for SAP than any of

the tyrosines of 2B4. Second, whereas the interaction between
SLAM and SAP was largely constitutive, the association be-
tween 2B4 and SAP was significantly inducible, at least in some
systems. This likely reflects the previously described ability of
SAP to bind tightly to the first tyrosine of SLAM even in the
absence of tyrosine phosphorylation (22). By opposition, the
interaction of SAP with the various tyrosine-based motifs of
2B4 was shown to be greatly dependent on tyrosine phosphor-
ylation. Third, our site-directed mutagenesis experiments indi-
cated that two or more tyrosines were cooperating to allow full
association of 2B4 with SAP. In contrast, only one tyrosine is
necessary for strong binding of SLAM to SAP (17).

What are the functional consequences of such differences?
By studying Tac chimeras containing the cytoplasmic domain
of 2B4 or SLAM, we observed that the substrates undergoing
tyrosine phosphorylation in response to engagement of 2B4 or
SLAM were different: 2B4 primarily targeted Vav-1 and, to a
lesser degree, SHIP-1 and c-Cbl, while SLAM mostly recruited
SHIP-1, Dok-related adaptors, and Shc. In addition, the signal
triggered by 2B4 was weaker and more delayed than that
evoked by SLAM. Obviously, these qualitative and quantitative
differences may result from the disparity in the stoichiometry
of association of the two receptors with SAP. To address this
notion, we created a chimera in which the SAP-binding site
from SLAM was inserted into 2B4. Although this receptor,
Tac-Tac-SLAM-2B4, interacted as extensively with SAP as
Tac-Tac-SLAM, the specificity and intensity of the signal trans-
duced remained identical to that of Tac-Tac-2B4. Therefore,
while the protein tyrosine phosphorylation signals induced by
2B4 and SLAM are both strictly dependent on SAP, their
specific features are determined by unique sequences in their
respective cytoplasmic domains (Fig. 10). Presumably, they are
determined by the more membrane-distal tyrosine-based mo-
tifs in the receptors. In mouse SLAM, these motifs are

FIG. 10. Model explaining the differential impact of 2B4 and
SLAM on immune cell functions. A model for the different SAP-
dependent impacts of two members of the SLAM family on immune
cells is proposed. The ligand of SLAM is SLAM. In contrast, 2B4
interacts with CD48. See the text for further explanations.
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TIY315VAA and TVY335ASV, while in mouse 2B4, they are
TMY326SMI, TVY345SVV, and TVY370EEV.

Previously published data indicated that the ability of SAP to
promote signaling by SLAM is mediated through recruitment
of FynT, by way of a direct interaction between the SAP SH2
domain and the FynT SH3 domain (18). In agreement with
this, we observed that engagement of 2B4 on YT NK cells
triggered the association of 2B4 with activated FynT. Yet, it
was difficult to detect this association in normal NK cells or
BI-141 T cells (data not shown). Although the exact basis for
this discrepancy is not known, this may indicate that 2B4 sig-
naling does not involve FynT. Alternatively, it is possible that
the stoichiometry of the 2B4-SAP-FynT interaction is low, thus
rendering its detection difficult. In support of the latter possi-
bility, we observed that SAP R78A, which is unable to bind
FynT, was incapable of mediating Tac-Tac-2B4 signaling in
BI-141 cells. While an analysis of 2B4 function in NK cells
from FynT-deficient mice may help address the role of this
kinase in 2B4 signaling, this experiment is hampered by the
fact that NK cells express at least one other SAP-related adap-
tor, EAT-2, that may promote SLAM-related receptor signal-
ing in a FynT-independent manner (19).

In summary, the data presented in this report show that 2B4
engagement results in a specific protein tyrosine phosphoryla-
tion signal involving Vav-1, c-Cbl, SHIP-1, and possibly others.
Activation of this pathway is absolutely dependent on coex-
pression of SAP and correlates with the capacity of SAP to
bind FynT. Our results also provide evidence that the nature of
the tyrosine phosphorylation signals triggered by two different
SLAM-related receptors, 2B4 and SLAM, is defined by the
tyrosine-based motifs in their cytoplasmic domain rather than
their simple association with SAP. SAP appears to act in these
pathways as a “molecular switch” enabling the enlistment of
FynT, which then permits tyrosine phosphorylation of the re-
ceptors and subsequent recruitment of the specific downstream
effectors (Fig. 10). Since the other SLAM-related receptors
(Ly-9, CD84, NTB-A/Ly-108, and possibly CRACC) also in-
teract with SAP, it is likely that this signaling mechanism gov-
erns the function of the entire family.
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