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The inositol phosphatase SHIP binds to the FcyRIIB1 receptor and plays a critical role in FcyRIIB1-
mediated inhibition of B-cell proliferation and immunoglobulin synthesis. The molecular details of SHIP
function are not fully understood. While point mutations of the signature motifs in the inositol phosphatase
domain abolish SHIP’s ability to inhibit calcium flux in B cells, little is known about the function of the
evolutionarily conserved, putative noncatalytic regions of SHIP in vivo. In this study, through a systematic
mutagenesis approach, we identified the inositol phosphatase domain of SHIP between amino acids 400 and
866. Through reconstitution of a SHIP-deficient B-cell line with wild-type and mutant forms of SHIP, we
demonstrate that the catalytic domain alone is not sufficient to mediate FcyRIIB1/SHIP-dependent inhibition
of B-cell receptor signaling. Expression of a truncation mutant of SHIP that has intact phosphatase activity but
lacks the last 190 amino acids showed that the noncatalytic region in the C terminus is essential for inhibitory
signaling. Mutation of two tyrosines within this C-terminal region, previously identified as important in
binding to Shc, showed a reduced inhibition of calcium flux. However, studies with an Shc-deficient B-cell line
indicated that Shc-SHIP complex formation is not required and that other proteins that bind these tyrosines
may be important in FcyRIIB1/SHIP-mediated calcium inhibition. Interestingly, membrane targeting of SHIP
lacking the C terminus is able to restore this inhibition, suggesting a role for the C terminus in localization or
stabilization of SHIP interaction at the membrane. Taken together, these data suggest that the noncatalytic
carboxyl-terminal 190 amino acids of SHIP play a critical role in SHIP function in B cells and may play a

similar role in several other receptor systems where SHIP functions as a negative regulator.

B-cell immune response to antigens is terminated or atten-
uated by surface receptors such as FcyRIIB1 and CD22 on B
cells (5, 11, 34, 48). These inhibitory receptors recruit specific
intracellular signaling proteins, which play a key role in atten-
uating the early activation events initiated by cross-linking of
the B-cell receptor (BCR). FcyRIIB1 is an important mediator
of the attenuation of B-cell activation by antibody-antigen im-
mune complexes in the later phases of the immune response
(49). Coengagement of FcyRIIB1 with BCR results in a potent
inhibitory signal that depends on the recruitment of Src ho-
mology 2-containing inositol phosphatase (SHIP). SHIP binds
to the phosphorylated immunotyrosine-based motif (ITIM) in
the cytoplasmic region of FcyRIIB1 (43, 44), and SHIP-medi-
ated dephosphorylation of specific phosphoinositide products
has been implicated in terminating the BCR-induced activa-
tion events (4, 14, 53).

SHIP was initially characterized in hematopoietic cells as a
145-kDa phosphoprotein that coprecipitated with the adapter
protein She upon stimulation of specific receptors (6-8, 37, 50,
52, 54). Molecular cloning of SHIP identified it as a 5'-inosi-
tolphosphatase (5'-IPase), based on homology with other 5'-
IPases (9, 13, 29, 36, 45, 57). SHIP specifically dephosphory-
lates phosphatidylinositol-3,4,5-trisphosphate (PIP3), a major
product of phosphoinositide-3-kinase (PI3K) enzymatic action,
as well as inositoltetrakisphosphate (IP4), both in vitro (28, 36)
and in vivo (53). The requirement for SHIP in FcyRIIBI-
mediated inhibition of BCR signaling has been well established
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(4, 5, 14, 20, 32, 44, 48, 53). Recruitment of enzymatically
active SHIP to the receptor complex results in potent inhibi-
tion of intracellular calcium flux (12, 30, 44), diminished acti-
vation of the serine-threonine kinase Akt (1, 3, 17, 27), inhi-
bition of the Ras/mitogen-activated protein kinase pathway
(56), and the regulation of apoptosis (2, 38, 47). Further evi-
dence for a crucial role for SHIP in negative regulation of BCR
signaling comes from studies with SHIP knockout mice as well
as SHIP~/~ Rag /~ chimeric mice, in which BCR-mediated
responses are heightened and the FcyRIIB1-dependent inhi-
bition of BCR responses is abolished (23, 39).

It is noteworthy that SHIP also negatively regulates hista-
mine release in response to engagement of the immunoglob-
ulin E (IgE) receptor and Steel factor (25, 26, 43), as well as
the proliferative response to interleukin-3 and the macrophage
colony-stimulating factor (36). Ex vivo studies with cells from
SHIP-deficient mice have suggested that in the absence of
SHIP, the myeloid progenitor cells hyperproliferate in re-
sponse to cytokines and hematopoietic growth factors, with the
dose-response curve being left-shifted (23). Taken together,
these studies have clearly established a functional role for
SHIP as a negative regulator of cytokine and antigen receptor
signaling.

The 145-kDa isoform of SHIP, the predominant form ex-
pressed in hematopoietic cells, is composed of an N-terminal
Src homology 2 (SH2) domain, a central, loosely defined IPase
domain, and a C-terminal region which contains multiple mo-
tifs involved in protein-protein interactions (9, 13, 29, 36, 45,
57). While mutation of residues within the signature motifs of
the IPase abolishes SHIP’s ability to inhibit calcium flux (44),
little is known about the function of noncatalytic regions of
SHIP in vivo. Interestingly, multiple isoforms and cleavage
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products of SHIP have been detected in hematopoietic cells
and have been proposed to perform specific functions (10, 15,
41). Since the putative catalytic domain of SHIP is left intact in
the various isoforms, the regions outside of the catalytic do-
main, through interaction with other proteins, are likely to play
a key role in determining SHIP function under different con-
ditions. Thus, defining the precise boundaries of the phospha-
tase domain of SHIP, identifying the proteins that bind to the
noncatalytic regions, and determining how they regulate SHIP
function have become important issues to be resolved.

In this study, through a systematic mutagenesis approach, we
determined that the boundaries of the IPase domain of SHIP
exist between amino acids 400 and 866. Through reconstitution
of a SHIP-deficient B-cell line with wild-type (wt) and mutant
forms of SHIP, we demonstrate that the catalytic domain alone
is not sufficient and that the C-terminal noncatalytic region is
essential for FcyRIIB1/SHIP-mediated inhibitory signaling.
Our data also suggest that the C-terminal region of SHIP may
play a key role in the localization of SHIP to the membrane
during inhibitory signaling.

MATERIALS AND METHODS

Plasmids. The original murine SHIP ¢cDNA was kindly provided by Gerald
Krystal (Terry Fox Labs, Vancouver, Canada). Plasmids encoding glutathione-
S-transferase (GST)-tagged SHIP were generated by cloning the wt and mutant
constructs in-frame into the pEBG vector as described previously (33). SHIP
versions tagged with three copies of hemagglutinin (HA) were generated in the
pEBB vector as described before (33) and subcloned into the pApuro vector
(55). Both the pEBG and pEBB vectors regulate protein expression under the
elongation factor-1 (EF-1) promoter, while the pApuro vector expresses proteins
under the chicken actin promoter. The constructs encoding partial regions of
SHIP were generated by PCR and/or subcloning of the appropriate regions into
the pEBG or pEBB vector. All PCR-generated products were sequenced to
ensure fidelity. The plasmids encoding SHIP-SH2 fused to the linker were gen-
erated in the pApuro vector. The 18-amino-acid linker was designed based on
the description of Pantoliano et al. (46). An enzymatically inactive form of SHIP
was generated by incorporating three point mutations, P671A, D675A, and
R676G, into the IPase signature motif as described previously (44). The plasmid
encoding FcyRIIB1 in pApuro was kindly provided by Tomo Kurosaki (Osaka,
Japan). FcyRIIB1 was also subcloned into the pEFneo vector, which drives
expression under the EF-1 promoter. For generation of Fc receptor (FcR)-SHIP
chimeric proteins, the insert encoding SHIP,,, or SHIP, ¢, was fused in-frame
to a truncated FeyRIIB1 (Fc; truncated at residue 300 in its cytoplasmic tail and
thus lacking the ITIM motif that normally binds SHIP) in the pApuro vector.

Cell lines, antibodies, and reagents. The SHIP-deficient and wt DT40 cell lines
were obtained from Tomo Kurosaki. These cells were grown in RPMI-1640
medium supplemented with 10% fetal bovine serum, 1% chicken serum (Sigma
Biochemicals, St. Louis, Mo.), penicillin, streptomycin, 2 mM L-glutamine, and
50 M 2-mercaptoethanol. Murine A20 cells were cultured in RPMI-1640 me-
dium supplemented with 10% fetal bovine serum, penicillin, streptomycin, 2 mM
L-glutamine, and 20 pM 2-mercaptoethanol. 293T cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 2
mM L-glutamine, and antibiotics. Rabbit anti-mouse IgG [F(ab’), fragment and
intact antibody] was purchased from Jackson ImmunoResearch Laboratories
(West Grove, Pa.). Murine monoclonal anti-chicken IgM (M4) antibody was
obtained from Southern Biotechnology Associates (Birmingham, Ala.). Poly-
clonal and monoclonal anti-She antibodies and the horseradish peroxidase-con-
jugated antiphosphotyrosine RC20 antibody were purchased from Transduction
Laboratories. Rabbit anti-SHIP antiserum was a generous gift from G. Krystal.
Purified, constitutively active PI3K (P110*) was kindly provided by A. Klippel
(Chiron Corporation, Emeryville, Calif.).

Transfections. 293T cells were transfected by the calcium phosphate precipi-
tation method with reagents from 5 — 3’ Inc. according to manufacturer’s
instructions. DT40 cells were transfected with 20 pg of linearized plasmid DNA
(pApuro for SHIP constructs or pEFneo for FcyRIIB1) by electroporation at
250 V and 960 pF. Cells were cultured for 24 h before selection in medium
containing puromycin (0.5 wg/ml) or G418 (2.0 mg/ml) in 96-well plates. DT40
lines expressing FcyRIIB1 were screened with the 2.4G2 antibody and by flow
cytometry (see below). A representative FcyRIIB1-positive clone was used for
transfection of plasmids encoding the various SHIP constructs. The clones ex-
pressing HA-SHIP were identified by Western blot with anti-HA antibody.

Stimulation, immunoprecipitations, and immunoblotting. Stimulation of
DT40 cells was performed as previously described (44). Briefly, cells were pre-
incubated at 37°C with either 3 pg of F(ab’), fragment of rabbit anti-mouse IgM
per ml for BCR stimulation or 6 pg of an intact form of the same antibody per
ml for BCR plus FcR cross-linking. Stimulation was initiated by adding 1 pg of
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mouse anti-chicken IgM (M4) per ml. For Western blotting and immunoprecipi-
tation, cells were lysed in lysis buffer containing 50 mM Tris (pH 7.6); 150 mM
NaCl; 1% NP-40; 10 mM sodium pyrophosphate; 10 pg/ml each of aprotinin,
leupeptin, and pepstatin; 10mM NaF; 1 mM NaVO,; and 2 mM phenylmethyl-
sulfonyl fluoride. Cellular debris was cleared by centrifugation, and proteins were
precipitated from lysates with either glutathione-Sepharose beads or the relevant
antibody plus protein A-conjugated beads. Beads were washed four times with
lysis buffer, and bound proteins were analyzed by standard sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and developed by enhanced chemilu-
minescence.

IPase assays. >?P-labeled PIP3 was generated by using a constitutively active
form of PI3K (p110*) (31). A mixture of 12.5 nmol of phosphatidylinositol-(4,5)-
bisphosphate (PIP2) and 185 nmol of phosphatidylserine were sonicated in 10
mM HEPES (pH 7)-1 mM EGTA to generate micelles and incubated in 500 .l
of a kinase buffer consisting of 0.2 mM ATP, 5 mM MgCl,, 30 mM HEPES (pH
7), 5 uM EGTA, 150 pCi of [y*?>P]ATP, and 5 pg of p110* for 30 min at room
temperature. The reaction was terminated by addition of EDTA, and lipids were
extracted in 800 pl of chloroform-methanol (1:1) and 125 pl of 5 M HCI. After
drying the organic phase, the lipids were resuspended in 50 mM Tris (pH
7.5)-0.125% NP-40 by sonication and used as the substrate for the phosphatase
assays. Phosphatase assays were performed for 30 min to 1 h at 37°C after adding
100 pl of the substrate solution and 50 wl of 50 mM Tris (pH 7.5)-30 mM MgCl,
to immunoprecipitated enzyme equilibrated in Tris-MgCl, buffer. The lipids
were extracted as above and analyzed on thin-layer chromatography plates ac-
tivated in potassium oxalate-methanol as described before (36). The phosphatase
activity of SHIP toward TP4 was assayed with H-labeled TP4 (NEN Dupont).
Immunoprecipitated SHIP and SHIP mutants were washed in 50 mM MES
(2-N-morpholinoethanesulfonic acid)-3 mM MgCl, and incubated for 30 min at
37°C in the same buffer supplemented with 10 pM unlabeled IP4 (a generous gift
from G Prestwich, University of Utah) and 25 nM (0.05 nCi/100 pl) [*H]IP4. The
reaction was stopped by adding 1 ml of cold water and analyzed by fast protein
liquid chromatography (FPLC) (Pharmacia). Samples were loaded on a strong
cationic Mono Q (Pharmacia,) column and eluted on a linear gradient of 0.3 to
0.7 M monobasic ammonium phosphate at 0.5 ml/min. Fractions of 0.5 ml were
collected, and radioactivity was counted in a scintillation counter.

Intracellular calcium measurements. Cells (5 X 10°) were incubated in 1 pg
of Indo 1 (Molecular Probes, Eugene, Oreg.) per ml in complete medium for 20
min in a humidified incubator at 39°C. Cells were washed in HEPES buffer (150
mM NaCl, 5 mM KCI, 1 mM each CaCl, and MgCl,, 10 mM HEPES [pH 7.4],
0.1% glucose, and 1% fetal calf serum), resuspended in the same buffer, and
transferred to a cuvette. Secondary antibodies, 1.5 pg of F(ab’), fragment of
rabbit anti-mouse IgM per ml (for BCR cross-linking alone) or 3 ug of intact
rabbit anti-mouse IgM per ml (for BCR plus FcR cross-linking), were added
prior to measurement. Using an SLM 8100-C spectrofluorimeter (22), calcium
flux was recorded upon excitation at 340 nm as the ratio of fluorescence emis-
sions at 398 and 480 nm. The background was recorded for 20 s, followed by
addition of mouse anti-chicken IgM (M4) antibody at 1 pg/ml.

FACS analysis. For fluorescence-activated cell sorting (FACS), cells were
incubated at 5 X 10° cells/ml in phosphate-buffered saline (PBS) with 1 pg of
2.4G2 (anti-FcyRIIB1) antibody per ml for 20 min at 4°C. Cells were washed
twice in PBS and stained with fluorescein isothiocyanate-conjugated anti-rat IgG
at 4 pg/ml for 20 min at 4°C. The cells were then washed and analyzed on a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, Calif.). As a negative
control, cells were stained with fluorescein isothiocyanate-conjugated anti-rat
IgG without primary antibody.

RESULTS

Defining the minimal IPase domain of SHIP. To gain a
better molecular understanding of SHIP function, we under-
took systematic mutagenesis to delineate the catalytic and non-
catalytic regions of SHIP. To define the boundaries of the
IPase domain of SHIP, we generated GST-tagged versions of
wt SHIP and various truncation mutants that have deletions at
the amino or carboxyl terminus (schematically shown in Fig.
1A). To test the catalytic activity of these SHIP versions, these
constructs were transiently expressed in 293T cells, the pro-
teins were precipitated by glutathione beads, and the IPase
activity toward radiolabeled PIP3 was measured. To ensure
that the IPase activity measured in these assays is in fact due to
SHIP and not to a coprecipitating phosphatase activity from
293T cells, we expressed a catalytically inactive SHIP protein in
which three residues in the signature motifs highly conserved
among 5’-IPases have been mutated (see Materials and Meth-
ods) (44). No detectable phosphatase activity was associated
with this mutant (data not shown). Varying the amount of
SHIP protein or the time of incubation with substrates re-
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FIG. 1. Minimal phosphatase region of SHIP. (A) Schematic diagram of the SHIP deletion and truncation mutants. All constructs were GST tagged at the N
terminus. The positions of the SH2 domain, IPase signature motifs, and the two Shc-phosphotyrosine binding sites are indicated. The IPase activity of each construct,
based on the data shown in panel B, is shown. (B) 293T cells were transfected with the indicated constructs, and the expressed proteins were precipitated with
glutathione-Sepharose beads. One half of the beads were assayed for phosphatase activity toward **P-labeled PIP3 and analyzed by thin-layer chromatography (upper
panel). The other half was analyzed for protein expression by immunoblotting with an anti-GST antibody (lower panel). Sizes are shown in kilodaltons. (C) Phosphatase
activity of GST-tagged tyrosine mutants of SHIP expressed in 293T cells and precipitated with glutathione-Sepharose beads. The lower panel shows the immunoblot
of precipitated proteins with anti-GST antibody. (D) Phosphatase activity of wt and mutant SHIP proteins toward soluble IP4. Proteins precipitated, after transient
expression in 293T cells, were incubated with *H-labeled IP4, and the reaction products were analyzed by FPLC as described in the text. Arrows indicate the peaks
for substrate (IP4) and the product inositol-1,3,4-trisphosphate.
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vealed that in our routine 30-min assay, most, if not all, of the
substrate was dephosphorylated (data not shown). Identical
experiments with HA-tagged versions of SHIP showed that the
HA and GST tags have no influence on the IPase activity
determined in these assays (data not shown).

We then tested deletion mutants of SHIP in this assay for

their activity toward PIP3. Deletion of the SH2 domain of
SHIP (construct 166-1190) had no detectable effect on the
IPase activity (Fig. 1B, lane 2). Similarly, deleting much of the
C terminus of SHIP through truncation after amino acid 933
(1-933) also did not affect its catalytic activity (Fig. 1B, lane 3).
As would be predicted from the above results, a construct that
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expressed amino acids 166 to 933 of SHIP was enzymatically
active (Fig. 1B, lane 4). The triple mutation within the IPase
signature motifs again completely abolished the activity of the
166-933 protein (Fig. 1B, lane 5).

We then tested progressive truncations from the 166-933
region to narrow down the catalytic domain of SHIP. A mutant
SHIP truncated at amino acid 900 still retained enzymatic
activity (Fig. 1B, lane 6). With respect to the N terminus,
sequences up to amino acid 400 were dispensable for in vitro
activity of SHIP, whereas loss of a short 19-amino-acid stretch
between residues 401 and 419 resulted in a completely inactive
enzyme (Fig. 1B, lanes 7 to 10). This suggested that the N
terminus of the catalytic domain of SHIP is located between
amino acids 401 and 419.

We also tested larger deletions at the C terminus to further
specify the carboxyl-terminal end of the catalytic domain. The
mutant containing amino acids 166-850 and truncation mutant
1-814 were both inactive toward PIP3, suggesting that the
C-terminal end of the IPase domain lies between residues 850
and 900 (Fig. 1B, lanes 12 and 13). It should be noted that in
some experiments, we have detected residual activity with the
166-850 protein (data not shown). Interestingly, sequence ho-
mology comparisons between SHIP and nine other IPases
showed that significant homology starts around amino acid 400
and ends around amino acid 727 of SHIP. However, as shown
above, truncation at residue 814 results in complete loss of
SHIP’s enzymatic activity, while truncation at 850 severely
reduced this activity. To rule out the possibility that the IPase
domain may in fact end at residue 727 and that the region
between residues 727 and 850 negatively influences SHIP en-
zymatic activity in an as yet undefined manner, we generated a
construct spanning residues 401 to 727. This mutant had no
catalytic activity toward PIP3 (Fig. 1B, lane 14), suggesting that
the IPase domain of SHIP is longer than what the sequence
homology with other 5’-IPases would predict. The only other
protein in the database that had a region similar to residues
727 to 900 was the recently identified SHIP homolog SHIP-2.
The homology between SHIP (also called SHIP-1) and SHIP-2
is mainly concentrated in the residues up to 870. In addition,
we observed that among the non-SH2-containing 5’-phospha-
tases, synaptojanin shows some extended homology to SHIP,
which stops at amino acid 866 of SHIP. We therefore gener-
ated a construct that covered the region between 401 and 866
and found this to be enzymatically active, similar to the 401-
900 protein (Fig. 1B, lanes 15 and 16). A bacterially expressed
401-866 protein also had full catalytic activity (data not shown).
Kinetic studies suggested that the 401-900 protein was compa-
rable to the wt SHIP protein in dephosphorylating PIP3 (data
not shown). Taken together, these observations narrowed the
C-terminal end of the IPase domain to amino acid 866.

SHIP has two tyrosines in the C-terminal region that we
have previously shown to serve as Shc-phosphotyrosine binding
sites (33). As shown in Fig. 1C, SHIP proteins with a mutation
of either or both sites retained enzymatic activity, suggesting
that the mutation of these two sites per se does not affect the
phosphatase activity. However, it must be noted that the wt
SHIP expressed in 293T cells is not phosphorylated and hence
is not associated with Shc or other phosphotyrosine-binding
domain- or SH2-containing proteins (data not shown). There-
fore, these data do not rule out a possible modulation of
SHIP’s enzymatic activity by molecules that may bind to these
sites.

SHIP has also been demonstrated to have in vitro 5'-IPase
activity toward a soluble inositol substrate, IP4 (9, 13, 29). We
determined whether the minimal IPase domain defined above
would also dephosphorylate IP4. The IPase activity of the
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above mutants toward *H-labeled IP4 was tested, and the re-
action products were analyzed by FPLC with a Mono-Q col-
umn. As shown in Fig. 1D, the 401-900 protein was capable of
dephosphorylating IP4 as efficiently as the wt SHIP, whereas
the 419-933 protein was completely inactive. This suggested
that the regions of SHIP required for dephosphorylation of
both PIP3 and IP4 are the same or essentially overlap.

Catalytic region of SHIP alone is not sufficient for
FcyRIIB1-mediated inhibitory signaling in B cells. It has been
demonstrated that the recruitment of SHIP (via its SH2 do-
main) to the tyrosine-phosphorylated FcyRIIBL1 is required for
inhibition of BCR-mediated elevation of intracellular calcium
(44). Since the BCR-induced calcium flux occurs downstream
of PIP3 generation and activation of the tyrosine kinase Btk,
SHIP-mediated dephosphorylation of PIP3 and, in turn, the
termination of Btk activation leading to decreased activation of
phospholipase C y2 has been recognized as the mechanism for
this inhibition (4, 14, 53). The requirement for SHIP in
FcyRIIB1-mediated inhibition has been best demonstrated in
the DT40 chicken B-cell line which has been made SHIP de-
ficient through targeted gene disruption (20, 42, 44). To ad-
dress the requirement for the different regions of SHIP in vivo,
we chose to reconstitute this SHIP-deficient DT40 line with wt
SHIP (SHIP,,,) and mutant versions of SHIP and determine
the FcyRIIB1-mediated inhibition of calcium flux as a readout.
We generated stable cell lines expressing murine FcyRIIB1
and either wt or mutant SHIP proteins (see below). Multiple
clones expressing each of the transfected proteins (at least
three to five clones) were routinely analyzed. The data pre-
sented are representative of multiple experiments performed
with each of these lines.

We first tested whether the minimal phosphatase region of
SHIP alone would be sufficient for inhibition of calcium by
FcR. Since the SHIP SH2 is required for binding to FcyRIIB1,
to examine the effect of the IPase domain alone in cells, we
needed to provide the SH2 domain to this protein for targeting
to the FcyRIIB1. To achieve this, we generated a fusion con-
struct in which the SHIP SH2 domain followed by an 18-
amino-acid flexible linker (46) was fused to amino acids 401 to
900 of SHIP (SH2-18aa-401-900). As a control, the SHIP SH2
domain was fused to the rest of SHIP through the same linker
(i.e., full-length SHIP interrupted by the linker; SH2-18aa-96-
1190) (Fig. 2A). SHIP '~ DT40 cells were transfected with
these constructs, and multiple clones were selected. The ex-
pression of these mutant constructs in two independent clones
is shown in Fig. 2B. When analyzed for FcyRIIB1/SHIP-de-
pendent inhibition of calcium flux, the minimal region that
carries the IPase activity was unable to mediate inhibition of
BCR-induced calcium flux. In contrast, clones expressing SH2-
18aa-96-1190 showed the expected inhibition of BCR-medi-
ated calcium flux upon BCR plus FcR coligation, demonstrat-
ing no apparent defect in the design of the fusion construct
(Fig. 2C, right panels). Consistent with other reports, we also
observed a higher level of BCR-induced calcium flux in SHIP-
deficient DT40 cells and those reconstituted with nonfunc-
tional SHIP proteins than in DT40 cells reconstituted with
functional SHIP proteins (Fig. 2) (see below). The above data
strongly suggested that regions other than the catalytic domain
of SHIP are required for full inhibition of calcium flux through
FcyRIIBI.

Sequences C-terminal to residue 900 are essential for SHIP
function. Two noncatalytic regions, amino acids 100 to 400
between the SH2 domain and the beginning of the IPase do-
main and the C-terminal region beyond residue 900, are miss-
ing from the SH2-18aa-401-900 protein. To test the role of the
C-terminal region, we generated DT40 clones stably expressing
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FIG. 2. Minimal phosphatase region of SHIP alone is not sufficient for inhibition of calcium flux by FcyRIIB1. (A) Schematic diagram of the constructs designed
for targeting the 401 to 900 and 96 to 1190 regions of SHIP to the FcR through fusion with the SHIP-SH2 domain via a flexible 18-amino-acid linker. (B) Expression
of the constructs depicted in panel A in SHIP™/~ DT40 stable clones. Equal numbers of cells were lysed, and total lysates were analyzed for expression of HA-tagged
proteins by immunoblotting. Molecular size markers are indicated on the left (in kilodaltons). (C) Independent clones of SHIP™/~ DT40 cells stably transfected with
SH2-18aa-401-900 (left panels) or SH2-18aa-96-1190 (right panels) were loaded with indo-1 and analyzed for calcium flux as described in Materials and Methods.
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of addition of the stimulating antibody.

a SHIP protein with the truncation at residue 900 (SHIP,_q)
in SHIP™/~ DT40 cells. Cross-linking of the BCR with the
FcyRIIB1 showed much reduced inhibition of calcium flux in
SHIP,_y,,-expressing cells compared with that in cells trans-
fected with SHIP,, (Fig. 3A). The expression levels of both the
SHIP,, and SHIP,_,,, proteins were comparable in these
clones (Fig. 3B). Surface expression of FcyRIIB1 on cells
transfected with SHIP,_,, was equal to or slightly higher than
that on cells transfected with SHIP,, ruling out differences in
FcR expression levels as a reason for diminished inhibition by
SHIP, 4, (Fig. 3C). As shown in Fig. 3D, SHIP,_ 4, protein
precipitated from these DT40 cells had readily detectable in
vitro enzymatic activity toward PIP3. We also considered the
possibility that SHIP, 4y, may not bind FcR as efficiently as
SHIP,,,, resulting in this phenotype. However, as shown in Fig.

wtr

3E, both the SHIP, 4, and SHIP,, proteins could coprecipi-
tate equivalent amount of phosphorylated FcyRIIB1. These
data clearly demonstrated that the C-terminal region beyond
amino acid 900 is required for the efficient function of SHIP in
FcyRIIB1-mediated inhibitory signaling.

Tyrosines 917 and 1020 of SHIP play a role in FcyRIIB1-
dependent inhibition of calcium flux. The C-terminal region of
SHIP contains two tyrosines (Y917 and Y1020) that we have
previously identified as binding sites for the Shc-phosphoty-
rosine binding domain (33). To test whether the absence of Shc
binding sites may have contributed to the diminished function
of the SHIP,_4,, mutant, we transfected the SHIP-deficient
DT40 cell line with a plasmid encoding full-length SHIP in
which both Y917 and Y1020 have been mutated to phenylal-
anine (SHIPyq;75v1020r). We have previously demonstrated
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that SHIPyg,75v1020r fails to interact with She (33). As ex-
pected, SHIPy g1 75/v1020r €Xpressed in these DT40 clones also
failed to associate with Shc upon BCR plus FcR co-cross-
linking (data not shown and Fig. 5C). We generated multiple
clones expressing different levels of SHIP¢,7g/y1020r Protein
and analyzed those that closely matched the expression level of
SHIP,,, protein. The calcium flux profile of two of the clones
after BCR alone and BCR plus FcR co-cross-linking is shown
in Fig. 4A. We found that FcyRIIB1-dependent inhibition of
the BCR-mediated calcium flux was much less efficient in
SHIPy 9175 v1020r-€Xpressing cells than in SHIP,-reconsti-
tuted cells. This difference was most pronounced in the inhi-
bition of sustained calcium levels (Fig. 4A). While the sus-
tained rise in calcium levels was essentially abrogated upon
BCR plus FcR co-cross-linking in SHIP,,,-expressing cells, this
was not the case in SHIPyo 7p/yvio20r-€Xpressing cells. As
shown in Fig. 4B and C, the cell lines used in these experiments
express comparable levels of both SHIP proteins as well as
FcyRIIBI. It is noteworthy that during the analysis of multiple
clones expressing SHIPy 7k v1020r and repeated analyses of
the same clone, we observed a greater variability in the extent
of inhibition compared with SHIP, 44, The reason for this
variability is unclear. Nevertheless, we consistently observed
that the profile of the calcium inhibition in SHIP¢;7r 10208
expressing cells was clearly different from that with the SHIP,,,
clones. These data suggested a role for the two tyrosines and
potentially for Shc binding to these two sites as being impor-
tant in SHIP-mediated regulation of the calcium flux.

The best known readout for She involvement in signaling has
been its tyrosine phosphorylation. We therefore determined
whether Shc phosphorylation might be altered in cells express-
ing wt and mutant forms of SHIP. We consistently observed
that the tyrosine phosphorylation of Shc in response to BCR
plus FcR coligation is much higher than that after BCR cross-
linking alone in chicken DT40 cells (Fig. 5SA) and the murine
A20 B-cell line (Fig. 5B), consistent with a previous report
(30). In the DT40 cells, BCR-induced Shc phosphorylation is
very weak (detectable after long exposure of the film) but is
significantly enhanced by BCR plus FcR co-cross-linking (Fig.
5A). Interestingly, when we compared Shc phosphorylation
after BCR plus FcR coligation in parental DT40 cells and
SHIP-deficient DT40 cells, we detected a significantly dimin-
ished level of Shc phosphorylation in the SHIP-deficient cells
(Fig. 5C, left panel). When the SHIP-deficient cells were re-
constituted with SHIP,,,, we could again detect a higher level
of Shc phosphorylation as well as its association with SHIP in
response to BCR plus FcR coligation (Fig. 5C, right panel). In
contrast, Shc was poorly phosphorylated in cells reconstituted
with SHIP mutants that cannot interact with Shc, i.e., SHIP; 4
and SHIPvg,75~v1020r (Fig. 5C, right panel). These data sug-
gested that interaction of Shc with SHIP is critical for efficient
tyrosine phosphorylation of Shc.

Shc binding to SHIP is not required for FcyRIIB1-mediated
calcium inhibition. Although there is no direct evidence to
date that tyrosine phosphorylation of Shc influences calcium
levels in B cells, the above data suggested that the failure of
SHIP to complex with Shc and the subsequent failure of effi-
cient Shc tyrosine phosphorylation may have contributed to the
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diminished function of the SHIPvyo,7g/v1020r and SHIP, g4
proteins. To directly test the requirement for She in FcyRIIB1/
SHIP-dependent inhibition of BCR-induced calcium flux, we
made use of a DT40 cell line in which Shc expression has been
abolished by targeted gene disruption (21). The Shc-deficient
DT40 cell line was stably transfected with a plasmid encoding
murine FcyRIIB1, and multiple clones expressing FcyRIIB1
on their surface were established. Analysis of calcium flux in
these cells showed that coligation of FcR with BCR efficiently
inhibited BCR-induced calcium flux in the absence of Shc
expression. Data for two independent clones are shown in Fig.
6. In addition, we could not detect a significant difference in
the enzymatic activity of Shc-bound and She-free SHIP in our
in vitro IPase assays with PIP3 as a substrate (data not shown).
These data suggested that Shc-SHIP complex formation is not
required for FcyRIIB1-mediated inhibition of calcium flux and
that the diminished function of SHIPvy¢,7g/yv1020r may be due
to the failure of the tyrosine mutants to interact with another
molecule(s) besides Shc.

Membrane targeting of SHIP,_,,, restores inhibition of cal-
cium flux. We then tested the possibility that the C terminus of
SHIP may play a role in stabilizing the membrane localization
of SHIP during FcyRIIB1-mediated inhibitory signaling. We
fused either SHIP,,, or SHIP, 4, directly to the cytoplasmic
domain of a truncated FcyRIIB1 (that lacks the ITIM motif
that would normally recruit SHIP). SHIP™/~ DT40 cells
were stably transfected with plasmids encoding a truncated
FcyRIIB1 (FcA), Fe fused to wt SHIP (FcA-SHIP,,), or Fc
fused to SHIP, oy, (FcA-SHIP,_4y,). The calcium fluxes in
these cells were analyzed after BCR cross-linking alone or
BCR plus FcR cross-linking. As shown in Fig. 7, FcA-SHIP,_g,
was very efficient in inhibiting BCR-mediated calcium flux. It is
noteworthy that FcA-SHIP,, was more efficient than Fc-
SHIP, 4, in inhibiting the calcium flux. Despite this, FcA-
SHIP,_4,, showed far greater inhibition than the cytoplasmic
version of SHIP, o, (Fig. 3). This was seen with multiple
FcA-SHIP,_,,-expressing clones. As expected, the control Fc
clones did not show an inhibition of calcium flux after BCR
plus FcR co-cross-linking. As shown in the bottom panel of
Fig. 7, FcA, FcA-SHIP,,,, and FcA-SHIP,_,, were expressed
comparably on the cell surface. These data suggested that
membrane targeting significantly restores SHIP, 4, function
and that the C-terminal noncatalytic region of SHIP may play
a key role in stabilizing SHIP interaction at the membrane.

DISCUSSION

In the past few years since its original discovery as an IPase,
SHIP has been demonstrated to play a key role as a negative
regulator of multiple receptor systems. While SHIP’s role as
the mediator of the potent negative signal delivered through
FcyRIIBI is established, the molecular mechanism(s) involved
is less well defined. In this report, by defining the boundaries of
the catalytic and noncatalytic regions of SHIP, we demonstrate
that the recruitment of an enzymatically active SHIP to the
FcyRIIB1 alone is not sufficient for FcyRIIB1/SHIP-mediated
inhibition of the BCR signals. We show that the noncatalytic
region in the C terminus of SHIP plays an essential role in

negative control (dashed line). The SHIP,,, transfectant (left panel) and the two SHIP,_¢, clones (right panel) are shown as solid lines. (D) Phosphatase activity of
SHIP,,, and SHIP, ¢, proteins immunoprecipitated (IP) from DT40 clones with anti-HA antibody analyzed with PIP3 as the substrate. The lower panel shows the
immunoblot of precipitated proteins with anti-HA antibody. Sizes are shown in kilodaltons. (E) Coprecipitation of phosphorylated FcyRIIB1 with SHIP,,, and
SHIP,_g, proteins in DT40 clones. Cells were either left unstimulated or activated by coligation with BCR plus FcR for 5 min and lysed, and SHIP proteins were
immunoprecipitated with anti-HA antibody and analyzed by immunoblotting with antiphosphotyrosine (ypTyr) antibody (upper panel) or anti-HA antibody (lower

panel).
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SHIP function in vivo. While the two tyrosines Y917 and
Y1020 appear to be important in SHIP function, our studies
with She-deficient cells suggest that the binding of Shc to these
sites is not required for SHIP-mediated inhibition of calcium
flux. Studies with membrane-targeted SHIP proteins indicate
that the C terminus of SHIP, at least in part, functions through
stabilizing SHIP localization at the membrane. Taken to-
gether, these data suggest that the C-terminal 190 amino acids
of SHIP play a critical role in SHIP function in B cells and may
also be required in various other systems where SHIP functions
as a negative regulator of signaling.

Interestingly, the noncatalytic regions of the 145-kDa form
of human and murine SHIP are highly conserved (greater than
90% amino acid identity), suggesting an evolutionarily con-
served role for these regions. Different isoforms of SHIP and
cleavage products have been detected in hematopoietic cells
and have been implicated to perform specific functions (10, 15,
41). Lucas and Rohrschneider have reported the regulated
expression of a 135-kDa form of SHIP that appears during
myeloid lineage development, carrying an internal deletion
between residues 920 and 980 (41). Since our data indicate that
the IPase domain of SHIP exists between residues 400 and 866,
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Sizes are shown in kilodaltons.

essentially all of the isoforms detected thus far must carry an
intact [Pase domain but differ in the noncatalytic regions.
Given our finding that the noncatalytic regions of SHIP play a
critical role in FcR signaling, the differences in the regions
outside the enzymatic domain could determine the specific
function for the different isoforms.

It is also noteworthy that the noncatalytic regions of SHIP
are not conserved in other non-SH2-containing 5'-IPases. The
phenotype of SHIP-deficient mice, in which other 5'-1Pases are
apparently expressed in hematopoietic cells but are unable to
substitute for SHIP function, suggests an essential role for
these noncatalytic regions. In this regard, we found that ex-
pression of other 5'-IPases is unable to reconstitute a SHIP-
deficient B-cell line even when targeted to the FcR (M. J.
Aman et al., unpublished data). As mentioned earlier, the
IPase domain of SHIP is larger than what is predicted for other
5'-IPases. Whether the failure of these other 5'-IPases to sub-
stitute for SHIP is due to the unique role played by SHIP’s
noncatalytic regions or the unique IPase domain of SHIP or
both remains to be determined. We also observed that the
murine SHIP, while quite capable of reconstituting the SHIP
deficiency, may be less efficient than the endogenous chicken

SHIP in the DT40 cells. This stems from the diminished phos-
phorylation of HA-tagged murine SHIP that we observed com-
pared with endogenous SHIP, despite higher expression of the
tagged protein. The cause for this difference is unclear and
awaits the cloning of chicken SHIP cDNA.

While our data demonstrate a requirement for the C termi-
nus of SHIP in FcyRIIB1/SHIP-mediated inhibition of calcium
signaling, precisely how this region contributes to SHIP func-
tion is not clear. Several, not mutually exclusive, possibilities
exist. For example, the C terminus could help stabilize local-
ization of SHIP at the membrane. Although the SH2 domain
of SHIP has been shown to bind to the ITIM motif in the
cytoplasmic tail of the FcyRIIB1 receptor, the kinetics or sta-
bility of this interaction at the membrane has not yet been
determined. The C terminus of SHIP may stabilize the FcR-
SHIP complex either directly or indirectly through interacting
with other proteins. Alternatively, C-terminal interactions may
be required for efficient localization to specific membrane
compartments within cells, where the calcium signals may be
initiated. While a role for the C terminus in stabilizing SHIP
interaction at the membrane is suggested by the FcA-SHIP, 4,
construct, it is noteworthy that the constitutive presence of this
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protein on the membrane or the topology or turnover rate of
the Fc-SHIP protein may have also contributed to this effect.

Protein secondary-structure predictions of the region be-
yond residue 866 suggest a predominantly unstructured region.
This is not unexpected, given the numerous prolines through-
out this region. This implies that the regulation of SHIP func-
tion by the C terminus is most likely mediated through proteins
that interact with this region. In this regard, we looked at the
significance of the best-characterized protein known to bind to
SHIP, Shc. While the mutations of the tyrosines previously
identified as Shc binding sites appeared to play a role in SHIP
function, Shc-deficient cells showed efficient FcyRIIB1-medi-
ated inhibition of calcium flux. This suggested that Shc-SHIP
complex formation is not required for this inhibition. However,
it is noteworthy that we observed an unexpected role for Shc-
SHIP complex formation in efficient Shc phosphorylation. The
precise role of Shc-SHIP complex formation in regulating
FcyRIIB1-mediated signaling is unclear. Although a SHIP-
mediated sequestration of Shc away from Grb2, and subse-
quent inhibition of the Ras/mitogen-activated protein kinase
pathway was proposed initially (56), this has not been con-
firmed by others (19; our unpublished observations). Never-
theless, it appears that Shc phosphorylation is regulated
through its interaction with SHIP and may have functional
consequences that remain to be elucidated.

A recent report by Gupta et al. has suggested that the p85
subunit of PI3K (via its SH2 domain) can interact with the
Y917 site on SHIP (18). The failure to interact with p85 or
other SH2- or phosphotyrosine binding domain-containing

proteins might also have contributed to the deficiency in func-
tion of the SHIPyq,75/1020¢ mutant. In addition, p62 Dok,
originally identified as a Ras-GAP binding protein, has also
been shown to interact via its phosphotyrosine binding domain
with the two tyrosines in the C terminus of SHIP (J. C. Cam-
bier, personal communication). The significance of p85 and
p62 Dok interactions with SHIP in regulating SHIP function
remains to be established. Besides the two tyrosines Y917 and
Y1020, there are also four proline-rich motifs in the C termi-
nus of SHIP which can bind Grb2 (9, 29) or other SH3 domain-
containing proteins. Grb2 has been shown to interact via its
SH3 domain with proline-rich regions of SHIP and concur-
rently via its SH2 domain with phosphorylated Shc (19). Al-
though we have failed to see a role for She-SHIP complex
formation in inhibition of calcium flux, the direct binding of
Grb2 and its regulation of SHIP function are still possible. The
precise role of the proline-rich regions and the involvement of
Grb2 are currently under investigation.

Another potential role for the C terminus could be in facil-
itating substrate accessibility for SHIP. The calcium inhibition
profile of the membrane-targeted FcA-SHIP,_, protein is not
the same as that of Fc-SHIP,,,. We consistently observed that
the membrane-targeted Fc-SHIP is more potent in inhibiting
BCR-mediated calcium flux than wt SHIP, possibly due to a
greater fraction of SHIP molecules being present on the mem-
brane (data not shown). This may also be due to the topology
of the Fc-SHIP proteins on the membrane or to lower turnover
of Fc-SHIP from the membrane. If the sole function of the C
terminus were to stabilize SHIP interaction at the membrane,
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we would have seen comparable inhibition with FcA-SHIP,_ 4,
and FcA-SHIP,,. Perhaps another role for the C terminus of
SHIP may be to provide better accessibility to the substrate
PIP3. A study of the phospholipid contents of the NHK96 and
LS5 cell lines showed that PIP3 makes up less than 0.01% of
the total cellular phospholipids (59). Gold and Aebersold ob-
served only a modest increase in the level of PIP3 over the
background upon BCR stimulation, showing that even after
activation this phospholipid is present at very low concentra-
tions (16). While better accessibility to PIP3 through the C
terminus is an attractive possibility, we have not seen a differ-
ence in in vitro enzymatic activity between SHIP,, and SHIP,_
900. However, the phosphatidylserine/PIP3 micelles used in
these experiments very likely do not adequately represent the
complex composition of plasma membrane. It is conceivable
that in the context of the natural plasma membrane, the C
terminus may facilitate SHIP’s access to substrate by interac-
tion with certain membrane components or mediate SHIP’s
localization to specialized membrane microdomains where
PIP3 is present or calcium signaling is initiated. Further de-
tailed studies are required to address this issue.

SHIP has also been shown to function as a negative regula-
tor in many other systems, such as stimulation via colony-
stimulating factor-1, granulocyte-macrophage colony-stimulat-
ing factor, and several other cytokines, growth hormone, and
thrombin (24, 35, 51, 58). While there is involvement of cal-
cium in some cases, there is no calcium flux in others. Inter-
estingly, SHIP-deficient mice exhibit defects in a number of
different hematopoietic lineages, and studies with these mice
clearly suggest a role for SHIP in setting thresholds during
cytokine stimulation and proliferation in the myeloid lineage
(23, 39, 40). Whether the C terminus is also required for
SHIP-mediated regulation of these events remains to be de-
termined. Given the crucial role played by SHIP in multiple
receptor systems, the data presented in this report provide the
initial steps toward a better molecular understanding of nega-
tive regulation through SHIP.
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