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Our recent studies revealed that the inositol phosphatase Src homology 2 (SH2) domain-containing inositol phosphatase (SHIP)
is phosphorylated and associated with Shc exclusively under negative signaling conditions in B cells, which is due to recruitment
of the SHIP SH2 domain to the FeyRllb. In addition, we reported that SHIP-Shc interaction involves both SHIP SH2 and Shc
phosphotyrosine binding domains. These findings reveal a paradox in which the single SH2 domain of SHIP is simultaneously
engaged to two different proteins: Shc and FgRIIb. To resolve this paradox, we examined the protein interactions of SHIP. Our
results demonstrated that isolated FgRIIb contains SHIP but not Shc; likewise, Shc isolates contain SHIP but not FgRIIb. In
contrast, SHIP isolates contain both proteins, revealing two separate pools of SHIP: one bound to#®Illb and one bound to Shc.
Kinetic studies reveal rapid SHIP association with Fe/RIIb but slower and more transient association with Shc. Affinity mea-
surements using a recombinant SHIP SH2 domain and phosphopeptides derived from #Rllb (corresponding to Y273) and Shc
(corresponding to Y317) revealed an approximately equal rate of binding but a 10-fold faster dissociation rate for R&lIIb
compared with Shc phosphopeptide and yielding in an affinity of 2.1uM for Fc yRIlb and 0.26 uM for Shc. These findings are
consistent with a model in which SHIP transiently associates with FgRIlb to promote SHIP phosphorylation, whereupon SHIP
binds to Shc and dissociates from FgRIlIb. The Journal of Immunology,1999, 162: 1408-1414.

B cell Ag receptor, surface Ig (sld)features three in-  sitol phosphatase (SHIP) (7, 8). Recent reports of B cell signal

dependent biochemical pathways including activationtransduction indicated that, concomitant with the above events,
of the vy isoform of phospholipase C, stimulation of phospha- Grb2 association with the Ras exchange factor Sos is also en-
tidylinositol (PtdIns) 3-kinase, and induction of the Ras path-hanced (9). Translocation of Sos to the slg signaling complex at
way (1). The Ras pathway is presumably important for B cellthe plasma membrane through these protein interactions ap-
proliferation, although there is no direct information in B cells pears to catalyze GTP binding to Ras (10) and is rate-limiting
in this regard. for Ras activation.

Induction of the Ras pathway by slg, similar to other recep- sH2 domains act as independent protein interaction modules
tors, involves phosphorylation of sig-associated proteing |9 and bind to a tyrosine phosphorylated residue within a larger target
and Ig8 on tyrosine residues within the conserved immunore-poein (reviewed in Refs. 11-13). The SH2-phosphotyrosine in-
ceptor tyrosine-based activation motif (ITAM) (reviewed in teraction is modified and specified by residues in e to +3
Refs. 2 and 3). ITAM phosphorylation leads to recruitment of ,qjtion ¢ terminal to the phosphorylated tyrosine residue of the
the adapter protein Shc via its Src homology 2 (SH2) domaifiyeraction target. Thus, while the phosphorylated ITAM motif
that in turn promotes She phosphorylanon_at tyrosine res'_dueﬁresents an optimal binding site for the SH2 domain of Shc (14),
239, 240 (4), and 317.(5'. 6). Rhosphorylatlon at thesg reS|dueﬂ‘,1e same phosphorylated ITAM is incapable of binding to the SH2
creates an optimal binding site for the SH2 domain of thedomain of SHIP (15).

Co-cross-linking the B cell IgG receptor, #RlIb, to slg blocks
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charges. This article must therefore be hereby maddaxbrtisemenin accordance ~ With Shc (16). To date, SHIP and #RlIIb are the only proteins
with 18 U.S.C. Section 1734 solely to indicate this fact. known to be tyrosine phosphorylated exclusively under conditions
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T he positive signal transduction process triggered by theadapter protein Grb2 (6) and the SH2 domain-containing ino-
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At the same time, SHIP interacts with the adapter protein ShenM EDTA, 10 mM NaP,0,, 10 mM NaF, 1% Nonidet P-40, 125 mM
and this interaction is limited by SHIP but not Shc phosphoryla-NaCl, 10 mM NavO,, and 10ug/ml each aprotinin and leupeptin). Post-

tion. We (8) and others (7) have demonstrated that SHIP-Shc i nuclear extracts were incubated overnight with the Ab of interest followed
’ nby protein G-agarose. Samples were washed with lysis buffer and resus-

teraction is bidentate, such that the phosphotyrosine-binding doﬁended in SDS sample buffer (60 mM Tris (pH 6.8), 2.3% SDS, 10%
main (PTB) of Shc interacted with either of two NPxY motifs glycerol, 0.01% bromphenol blue). Precipitated proteins were separated by
within SHIP (including SHIP residues Y931 and Y1035, respec-SDS-PAGE, transferred to nitrocellulose filters, probed with the Ab of
tively) and the SH2 domain of SHIP bound phosphorylated Shc ainterest, and developed by enhanced chemiluminescence. In some cases,
Tyr¥1” and doubly phosphorylated tyrosines 239/240. We havqltsrrsgézre stripped of primary Ab as described earlier (8, 15), washed, and
further proposed (18, 19) that SHIP SH2 engagement by phos-

phorylated Shc competes with and ultimately precludes an interGST in vitro binding assay

action of Grb2 SH2 with phosphorylated Shc, thereby accountin%Hlp ) initated f i d activated A20 lvsates with
T : i was immunoprecipitated from resting and activate ysates wi
for the observed |.nh|b|.t|0n f’f the Ré,‘? pathway in B cells stimu anti-SHIP antisera, collected with protein G-agarose and the sample was
lated under negative s!gnallng conditions (18—20)- divided into two aliquots. One half was reprecipitated with 100 nM GST-
Together, these findings from several laboratories reveal a paGrb2 fusion protein to obtain SHIP-associated, phosphorylated Shc. The
adox in which the single SH2 domain of SHIP is simultaneouslyprotein complexes were collected as previously described (8, 15) with glu-

engaaed to two different proteins: llb and She. To address _tathione—agarose beads, washed three times with lysis buffer, resuspended
thig isgsue we have anal zped roteiﬂ?nteractions of SHIP and S i SDS sample buffer, and separated by 10% SDS-PAGE. The separated
h » Yy p - ) ’ = oteins were transferred to nitrocellulose and analyzed by immunoblotting
in B cells stimulated under negative signaling conditions of slg-with anti-Shc. The anti-Shc Ab is a rabbit polyclonal sera made against a
FcyRIlb co-cross-linking. Unlike mast cells responding to IL-3 GST-Shc fusion protein and thus is immunoreactive with GST-Grb2. The
(21), we did not detect SHP-2 associated with SHIP; rather, SHIIiﬁ?thher hﬁ'f was _’eSO'Vzd by 150}:/?PSDS'PAGEda”d immunoblotted with an-
was associated with two phosphoproteins: Shc andRAb. How-  {Phosphotyrosine to detect -associated oAb,

ever, _Shc preC|p|tates_ do not contalrryR‘_ilb; likewise, FCyRIIb_ _ Deglycosylation of FgR

precipitates do not display Shc. Experiments on the association

kinetics indicated that SHIP binds #RIIb very early, within 30 s FCyR from activated A20 cells was captured with human IgG-Sepharose

of stimulation, and this association is maintained for several minUSing human IgG covalently attached to Sepharose at 10 mg/ml packed
' . . beads or in anti-SHIP immunoprecipitates. The bound protein was eluted
utes. In contrast, SHIP association with Shc appeared later and Wa$m the beads with 2@ of 0.7% SDS. The eluate was split in half, and

shorter-lived. The data argue for two separate and distinct pools afne half was treated with endoglycosidase F (Boehringer Mannheim, In-
SHIP, one bound to R&RIlb and another bound to Shc. Affinity dianapolis, IN; 20 U/10Qul); the other half was mock-treated with enzyme
measurements using the recombinant SH2 domain of SHIP ingidiluent. The reaction mixtures were incubated overnight at 37°C, and 5

ted t ient and | finity binding t h h tid volumes of cold acetone was added to each sample for 15 mir2@tC
cated transient and lower aiinity binding to a phosphopepude corg, precipitate protein. The samples were spun at 14,000 rpm for 10 min and

responding to Y273 of murine R&Ilb but stable and higher af- precipitated proteins were redissolved in SDS sample buffer, run on 10%
finity binding to a phosphorylation site of Shc. We propose aSDS-PAGE, transferred to nitrocellulose membrane, and probed with
model in which SHIP transiently associates withyRtlb to pro-  antiphosphotyrosine Ab.

mote SHIP phosphorylation, whereupon it disengage&ib and . .

stably associates with phosphorylated Shc. These novel findingfgfﬂmty measgrements of the SHIP SH2 domain for

regarding the affinity of the SH2 domain of SHIP and Shc for theirphOSphOpePtIdes

interaction partners and the kinetics of their association account foBynthetic N-terminally biotinylated phosphopeptides corresponding to
several unusual features of negative signaling. In addition, the rank273 of the murine FgRIlb (containing the ITIM motif) and to Y317 of

. human Shc were purchased from Quality Controlled Biochemicals (Tor-
order of affinities among FRIIb, SHIP, She and Grb2 reveal a rence, CA) and were generated as earlier described (8). Both of these pep-

system optimally designed to turn on and off B cell slg-mediated;jges were shown to directly bind the SHIP SH2 domain and to compete

signal transduction. with the binding of the endogenous proteins to SHIP (8). GST fusion pro-
tein encoding the SH2 domain of SHIP was generated as previously de-

Materials and Methods sc_:rlbed (15). Peptides were immobilized in the two sensor cells of a planar
biotin cuvette for use on an IAsys evanescent-wave optical biosensor ac-

Abs, cells, and reagents cording to the manufacturers protocol (IAsys; Affinity Sensors, Cambridge,

F(ab), fragments and whole molecule of rabbit anti-mouse 1gG Ab were Y-K.). Briefly, the sensor surfaces bearing biotin were covered with a

obtained from Cappel Research Products (Durham, NC); other immunoz'rnin applicatipn of 5 mg/ml neutra\(idin (Pierce, Rockford, IL).‘The ex-
precipitating and i?*r?munoblotting Abs were(from Upstate) Biotechnology C&SS neutravidin was washed out with 10 mM PBS (pH 7.4) with 0.05%
(Lake Placid, NY). Anti-SHIP Ab was generated using a glutathiGne Tween 20 (binding buffer). Free biotin-binding sites were saturated with an
transferase (GST) fusion protein of SHIP residues 874-941, obtained b§“€5s of biotinylated peptide in each cell, giving signals of 16 and 30 arc
PCR amplification of SHIP cDNA, as described earlier (15). The purified® Of immobilized Shc and R&Ilb peptides, respectively. Biotin cuvettes
protein was injected into rabbits and tested by immunoblot and immunoVere completely regenerated by a 1-min exposure to 12 M KOH followed
precipitation. Protein G-agarose was purchased from Life Technologies?y S0Pious buffer washing; surfaces were then reloaded with the same

BRL (Gaithersburg, MD); glutathione-agarose was from Sigma (St. Louis amount of neutravidin and biotinylated peptide for further analysis. Kinetic
MO); and the enha‘nced’ chemiluminescence kit was from Kirkegaard g’Lexpenments were performed using the pseudo-first order approach outlined

Perry (Gaithersburg, MD). A20 murine B cells were obtained from the I the IAsys user documentation. Measurements were made at 22°C, with
American Type Culture Collection (Manassas, VA). TheyRedeficient the stirrer speed set at 100% of maximum and data collection at 0.3 s per

cell line was a gift from I. Mellman (Yale University, New Haven, CT). data point. For successive binding cycles, varying amounts of stock GST-

GST-Grb2 fusion protein was obtained from Dr. Andreas Kazlauskas (Na—SHIP SH2 domain were diluted into binding buffer to initiate binding (ar-
w 1 in Fig. 5). Real-time rate data were collected for 3-5 min, then the

tional Jewish Hospital, Denver, CO). Prevanadate was generated by mixin ; ) ) -
3 mM NayVO, with 1.5% H,0,; 10 X 10° cells in 100ul were stimulated uvette cells were Washeq tW'Ce.W'th ‘lQO-aIIqUOIS of fresh running
buffer to commence collection of dissociation rate data (arrow 2 in Fig. 5).

with 10 pl of the mixture. At the end of the 3- to 5-min dissociation period, the surface was regen-
Lysis, immunoprecipitation, and immunoblotting erated wih 3 M MgCl,. Preliminary controls were performed to establish
that GST-SHIP SH2 domain did not bind at all to the neutravidin platform
Cell lysis, immunoprecipitation, and immunoblotting were performed aslacking peptide (Fig. &, curve C). Initial (first 20—40 s) binding rates for
previously described (16). Briefly, B cells were stimulated withuIml each peptide at each GST-SHIP SH2 domain concentration were fitted
F(ab), fragment or whole molecule of rabbit anti-mouse IgG for the in- using FASTfit software (Affinity Sensors) by nonlinear regression analysis
dicated times at 37°C and lysed with TN1 buffer (50 mM Tris (pH 8.0), 10 to a simple monophasic binding equati&r= Ry, [1 — exp(—k, )], where
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A. Anti-SHP-2 blot cells, although FgRIIb from the A20 murine B cell lymphoma
) line used in these experiments has been reported as a 45-kDa (25)
a to a 60-kDa (23) protein. To assess whether the SHIP-associated
2, &&’s}@ap p62 protein was either phospho-Shc oRtlb, B cells were stim-
71 SHP-2 ulated with pervanadate and immunoprecipitated with Abs to Shc,
44 SHIP (rabbit polyclonal antisera) or fRlIb (2.4G2 mouse mAb)
and the resulting samples were immunoblotted with antiphospho-
B. Anti-phosphotyrosine blot tyrosine. The results, shown in FigA2revealed that p62 was

present in SHIP but not Shc immunoprecipitates and comigrated
with a 62-kDa tyrosine-phosphorylated protein present in 2.4G2
anti-FcyRIlb immunoprecipitates. The same three tyrosine-phos-
phorylated proteins (p145SHIP, p62, and p52Shc) were found in
SHIP immunoprecipitates of pervanadate-stimulated A20 lym-
C. Anti-SHIP blot phoma and primary splenic B cells (FigBR These findings are
—— SHIP consistent with the notion that the SHIP-associated p62 protein
represents B cell RRRIIb which is tyrosine phosphorylated by
FIGURE 1. SHIP is not stably associated with SHP-2 in B cells. A20 B Pervanadate treatment (Fig. 2) or by anti-Ig reagents (15).
cells (10 X 10°) were stimulated with F(a)2 or intact anti-lg or left To confirm that p62 represents the IgG receptoyMith, the B
unstimulated (NS). Cells were lysed with TN1 lysis buffer, and the cell cell line A20 or the FgRIIb-deficient A20 derivative 11A1.6 were
lysates were incubated with anti-SHIP Ab overnight at 4°C. Immune com-stimulated with intact anti-Ig to induce co-cross-linking of slg and
plexes were collected with protein G-agarose, separated on 10% SD%CyRIIb. The cells were lysed in detergent and the lysates were
PAGE, ar_1d tran_sferred to nltr_ocellulose mgmbrane. The membrane Wa‘?hmunoprecipitated with Abs to Shc or SHIP. The immunoblot
probed with anti-SHP24), antiphosphotyrosines, and e.lr.]t"SHIP © results shown in Fig. @ revealed a tyrosine-phosphorylated p62
Abs. Whole cell lysate (WCL) was used as a positive control for . X . ; -
immunoblotting. protein associated with SHIP in A20 B cells that was absent in
FcyRIIb-deficient [IA1.6 B cells. As above, p62 was apparent in
SHIP but not Shc immunoprecipitates.

) ) ) Because there is no immunoblotting reagent that specifically
the amount of GST-SHIP SH2 domain bourR) @t time () is some frac-  gatacts the core protein of murineyRil, we used two additional
tion of the final level bound at equilibriunR(,) as a function of the ob- . .
served binding ratek(,) at the concentration of GST-SHIP SH2 domain approach_es to test t_he possibility that p62 represents murine
present after injection. Second-order association rate constagjsapd FcyRIl. First, we affinity-adsorbed all 1I9G receptors from deter-
dissociation rate constants,) were inferred from the slope anginter-  gent lysates of pervanadate-stimulated A20 B cells using normal

cept of those plots, respectively. Dissociation rates were also measured B : :
direct fitting of dissociation data and found to be comparablg-itater- uman IgG-coated Sepharose. Second, we obtained p62 associated

cepts-derived values to within error. Initial kinetics were used to simplify With SHIP by subjecting A20 B cells stimulated with intact anti-lg
biosensor data sets that revealed secondary, later-occurring kinetic behawith Abs to SHIP. The bound material from both samples was
ior that was attributed to self-association of GST domains. Efficient throm-geglycosylated with endoglycosidase F, separated by SDS-PAGE,
bin cleavage of GST domains was not possible. and probed with antiphosphotyrosine Abs after transfer to filters.
Results The results (Fig. R) demonstrated that 1IgG-Sepharose or anti-

] ) ) - ~ SHIP coprecipitates a tyrosine-phosphorylated p62 protein that,
Our earlier experlmen_ts revealgd an unlden_tlf_led 62-k_Da tyros_lne[Jpon deglycosylation, migrates-a#0 kDa, similar to the reported
phosphorylated protein that coimmunoprecipitated with tyrosineqre protein of FgRIIb (26, 27). Together, these findings strongly

phosphorylated SHIP and was additional to phospho-Shc (15),nh0rt the hypothesis that p62 represents a highly glycosylated
Other studies of SHIP protein interactions in IL-3-stimulated cellsfOrm of FeyRIlb in A20 B cells.

reveale_d that the p70 phosphotyrosine phosphatase S!—|P-2 assOCipasyits in these experiments revealed both Shc and p@2Ifc
ated with phospho-SHIP through the SHIP SH2 domain (21). Ton SHIP immunoprecipitates (FigA2lane 4 and Fig. B, lane 8.

investigate the possibility that the SHIP-associated p62 band of ikewise, SHIP was found in immunoprecipitates of She, indicat-

lymphocytes was SHP-2, we probed SHIP immunoprecipitates oo . . .
with Abs to SHP-2. In contrast to findings reported in cytokine- ing these two proteins inducibly associate, as earlier reported (7, 8,

stimulated cells, SHIP immunoprecipitates from B Iymphocytes_ls)' In contrast, we did not observe the presence of pGRHb

did not display a band immunoreactive with Abs to SHP-2 (Fig. in Shc immunoprecipitates (FigAZlane 2 and Fig. Z, lane §),

1A), although p62 was observed in antiphosphotyrosine immuno§uggesting that FeRIIb does.not associgte ,With She, either di-
blots (Fig. B) and SHP-2 was expressed in these cells, as showﬁecuy through the SH2 domain of Shc or indirectly through SHIP.
in whole cell lysates (Fig. A). These data indicate that p62 is If so, this observation implies that SHIP dissociates from the ITIM

associated with SHIP upon SHIP tyrosine phosphorylation induced©tif of FeyRIIb upon binding to She, although it is not clear how
by negative signaling and that p62 is not SHP-2. In similar exper2F Why dissociation would occur.
iments, we found no association of SHP-1 with SHIP in stimulated 10 more rigorously test the possibility that Shc is excluded from
B cells, although SHP-1 is expressed in these cells (data ndyrosine-phosphorylated RRIlb, immunoprecipitates of Shc or
shown). FcyRIlb from resting or pervanadate-stimulated A20 B cells were
SHIP associates with tyrosine-phosphorylated 52 Shc (7, 8, 16probed with Abs to phosphotyrosine or to Shc. The antiphospho-
and to the ITIM motif of FgRIIb (15, 22); both interactions in- tyrosine blots (Fig. 3top) revealed tyrosine-phosphorylated p52
volve the SHIP SH2 domain. Although the protein core ofjRtb ~ and p46 Shc in the anti-Shc but not theyRt¢lb immunoprecipi-
is ~40 kDa, the mature protein migrates with an apparent molectates. Probing the same samples with anti-Shc Abs demonstrated
ular mass of~45 kDa (22) to 60 kDa (23, 24). The variability in that Shc was not detected in¥RIlb immunoprecipitates, consis-
apparent m.w. is likely due to differential glycosylation in different tent with data in Fig. A showing that FgRIIb was absent from
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FIGURE 2. The SHIP-associated p62 phosphoprotein igfth. A, A20 B cells (10x 10°) were stimulated with pervanadate Y or left unstimulated

(—). Cells were lysed and immunoprecipitated as indicated with anti-Shc, anti-SHIP, or with biotinylatedRlibF&b (2.4G2) fa 5 h at4°C. Immune
complexes were collected with protein G-agarose or with streptavidin beads. Bound proteins were resolved on 10% SDS-PAGE and transferred
nitrocellulose and probed with antiphosphotyrosine Ab. Immunoprecipitation with normal rabbit serum (NRS) was used as a negative control. B, A20 ¢
primary splenic B cells (1< 10f) were stimulated with intact anti-lgH) or left unstimulated €). The cells were lysed and immunoprecipitated with
anti-SHIP Ab overnight at 4°C. Bound proteins were resolved on SDS-PAGE, transferred to nitrocellulose, and blotted for tyrosine-phosptuaigjteted p

C, lIA1.6 or A20 B cells (10x 10°) were stimulated with intact anti-lgi) or left unstimulated ). Cells were lysed and immunoprecipitated with anti-Shc

or anti-SHIP Ab overnight at 4°C. The immunoprecipitates were resolved on SDS-PAGE, transferred to nitrocellulose, and blotted with antipksphoty
Ab. D, The p62 Fc receptor was captured with hlg-Sepharesepane) or with anti-SHIP Abs iight pane) from 10 X 10° A20 B cells stimulated with

intact anti-lg. The precipitated proteins were divided into two; one half was treated with endoglycosidase F and the other half mock-treatedzyithethe
diluent. The reactions were run on SDS-PAGE and immunoblotted with antiphosphotyrosine Ab to detect p62.

Shc immunoprecipitates. Thus, we observed the activation-insignaling conditions with intact rabbit anti-mouse Ig at different
duced formation of two distinct complexes, one containing SHIP-times, then lysed and subjected to immunoprecipitation with anti-

Shc and another containing SHIP4Rilb but not one that in-

SHIP. The immune complexes were isolated and proteins were

cludes Shc-FgRIlb. These findings then specifically exclude a eluted with SDS sample buffer. One half of the eluate was then

heterotrimeric complex that would include all three proteins.

diluted in lysis buffer and reprecipitated with GST-Grb2 to pull

One interpretation of these data is that SHIP associates WitQown phosphorylated Shc, as we earlier described (18) and to pre-

FcyRIIb, becomes phosphorylated and dissociates froyRHb

vent the interference of the Ig heavy chain. These samples were

upon binding to She. To test this possibility, we measured themmynoblotted with anti-Shc Ab while the other half was probed

kinetics of association of SHIP to KRIIb and of SHIP to Shc. For

these experiments, A20 B cells were stimulated under negativ?erSine blots, shown in Fig. 4op

Immunoprecipitation:
aShc  aFcyR

Stimulation: - -
110

7
44

Immunoblot: Anti-phosphotyrosine

71 p52She
Immunoblot: Anti-Shc
FIGURE 3. p52 Shcis excluded from RRIlb under negative signaling
conditions. A20 B cells (10< 10°) were stimulated with intact anti-lgH)

or left unstimulated {). Cells were lysed and immunoprecipitated with
anti-Shc or biotinylated anti-R&Ilb Abs. The immune complexes were

collected with either anti-rabbit IgG agarose or streptavidin beads. Precip-
itated proteins were resolved by SDS-PAGE, transferred to nitrocellulos

and the filter was probed with antiphosphotyrosiagper pané), stripped,
and reprobed with anti-Shc Albofver pane).

€,

with antiphosphotyrosine to detect p62yRilb. The antiphospho-
revealed that SHIP associated
with p62 FeyRIIb within 30 s of stimulation, was maximal within

60 s, and that the association was maintained over the entire stim-
ulation period of 12 min. In contrast, SHIP association with Shc
(Fig. 4, middle did not appear until 3 min of stimulation, was
maximal at 4 min, and declined to background levels by 12 min.
These distinct kinetics of SHIP association byR¢lb and Shc are
consistent with the hypothesis mentioned above that Shc binding
to phospho-SHIP induces SHIP dissociation fromyRitb, al-
though the kinetic results likewise do not suggest an immediately
obvious mechanism for this to occur.

Our earlier experiments (8) and those of others (7) indicated that
the Shc PTB domain associated with either of the two NPxpY
motifs present in SHIP and was likely the first of two interactions
between these two proteins, since the SHIP SH2 domain is bound
to FcyRIIb and is essential for phosphorylation of the NPxY mo-
tifs (15). The apparent lack of a stable trimeric complex between
FcyRIlb-SHIP-Shc indicates that SHIP disengagesMHitb upon
Shc PTB domain binding. A possible explanation for SHIP disen-
gagement and re-engagement ofyRtb and Shc, respectively, is
that the intrinsic affinity of the SH2 domain of SHIP is greater for
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sates from 10< 10° resting (R) or intact anti-lg stimulated A20 cells were (uM) 2101075 | EAETITpYSLLKH (FcRllb)

firstimmunoprecipitated with anti-SHIP Ab or normal rabbit serum (NRS).
The immuno-isolated protein complexes were divided and one half was IGURE 5. Affinity measurements of the SH2 domain of SHIP to
separated on SDS-PAGE and probed with antiphosphotyrosineigye( FcyRIIB and to Shc.A, Real-time binding and dissociation of 3.1av
pane) to reveal p62 FgRIIb. The other half was re-precipitated with GST- SHIP binding to biotinylated pYVNV (curve A), biotinylated pITIM (curve
Grb2 or GST alonelgst lang and immunoblotted with anti-Shc Aln{d- B), and bare neutravidin-coated biotin cuvette sensor surface (curve C).
dle pane). The intensity of the bands representing p62 inupper panel  Bulk refractive index shifts from protein injection were excluded from
and Shc in thdower panelwas quantitated by laser densitometry and analysis of kinetic rate by excluding the first data point of each curve
plotted against time of stimulatiortiofver pane). (0.3 s). Binding was initiated at arrow 1 and stopped at arro8, 20b-
served association rates for the SH2 domain of SHIP binding to each phos-
phopeptide are plotted as a function of the concentration of the SHIP SH2
phospho-Shc than for phosphoafRilb. According to this possi- domain. The slope of each plot was takerkggand they-intercept was
bility, upon Shc PTB engagement of SHIP, the SHIP SH2 domairiaken asgss C, Comparative kinetic and equilibrium constants for SHIP
releases FgRIIb and engages phospho-Shc. To examine this issug?iNding pYVNV (Shc ¥317) and pITIM (FgRIlb Y273).
we applied the SH2 domain of SHIP to biotinylated, immobilized

phosphopeptides corresponding to the ITIM motif ofyRélb slopes for the two peptides, indicating the peptides bind the SH2 do-

(pITIM) or of Y317 in She (pYVNV); both of these peptides were a@ain of SHIP with nearly equal second-order rate constants. In con-

earlier shown to engage the SH2 domain of SHIP (8, 15), where trast, the significantly differentintercepts (reflecting the dissociation
he Shc Y317 phosph i ith high affini he SH2 "™ ) .
the She Y317 phosphopeptide bound with high afinity to the S rates) reveal a 10-fold greater dissociation rate for phosph&ifz

domain of Grb2 (7). Kinetic properties of the interaction lDetweencompared with phospho-Shc and represents the essential difference
biotinyl-pITIM and biotinyl-pYVNV peptides were determined using between the wo afiinities. Thus, although GST-SHIP SH2 domain

an evanescent-wave optical biosensor (IAsys Autdvantage, Af- inds to both tid ; imatelv th te. it di iat
finity Sensors). In this assay, the biotin linked to the sensor surface%"ioio? q %Orgeg S|S afr(;anp;p;ﬁzlma ell}k; ﬁrﬁaﬂﬁ;‘? ?r,olm ';‘;?:C'a es
was coated with tetrameric neutravidin, which in turn captured com- YWYV resultin pr'] :Zn —10-fold Fﬁrzaterpo erall affinity of She
parable quantities of biotinylated peptides. The recombinant GsTP ' uiting |1 9 v ar |ty_

. : . PYVNV (2.1 uM) than pITIM of FeyRIIb (0.26 wM) in binding the
SHIP SH2 domain was added at varying concentrations to thd 80 . o S

) P : - : SH2 domain of SHIP. The kinetic and equilibrium constants deter-

cuvette cells. Resulting SHIP binding and dissociation profiles are . ) . .

: . I mined for the SH2 domain of SHIP binding to both phosphopeptides
compared for a single SHIP SH2 domain concentration in FAg\We d derived f thi vsis is sh in FIC.5
observed slightly faster SH2 domain association (arrow 1) but a con'd dervea from fhis analysis s shown in G
siderably slower dissociation rate (arrow 2) for pYVNV (curve A), Di .
compared with pITIM (curve B) peptides. Kinetic analysis of the ini- ISCUSSIon
tial binding period of several GST-SHIP SH2 domain concentrationsThe recently cloned inositol 5-phosphatase SHIP has been shown
with each peptide was performed as described earlier (28). Dissocide be a negative regulator in different cell types, including B cells
tion rates were determined by direct fitting and asytetercept of (16, 19), mast cells (22) developingnopusoocytes (29) as well
the k., vs concentration of GST-SHIP SH2 domain; both methodsas cells responding to granulocyte CSF (30) and macrophage CSF
that derive dissociation rate constants were in agreement. Data dé31). Recent studies revealed that the biochemical events during B
scribing the initialk,,, vs GST-SHIP SH2 domain concentration for cell negative signaling, such as reduced Ras activation (18, 19) and

comparable quantities of peptide (FigB)5revealed nearly parallel attenuated calcium influx (24, 32), are outcomes of the protein
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interactions of SHIP and/or its enzymatic activity. Here, we have FcyRilb
investigated the protein interactions of SHIP to gain further insight

into its function during negative signaling. In addition to the B cell ~
paradigm, other reports suggest that protein interactions of SHIF >
serve to negatively regulate growth factor-mediated signaling. @‘_KD_. KD
Thus, studies indicated that SHIP binds to SHP-2, in addition to K e 0.03uM" oy
Shc, in response to IL-3 stimulation (21). Since SHP-2 is known to 4l Grb2
be involved in positive signaling as an adapter protein for the Ras x
pathway (33-35), it is possible that SHIP contributes to negative N S
) . . Lo : N,
signaling by sequestering SHP-2 and precluding its involvement ing o x
Ras induction, much like SHIP competes with Grb2 for binding to &= pY
phosphorylated Shc (19). Other studies (36) demonstrated ths
SHIP inducibly associates with p72 Syk, in addition to Shc, in B SHIP

cells (16) but the functional consequences of this interaction are

unknown. In antiphosphotyrosine immunoblots of SHIP immuno-FIGURE 6. Model of SHIP protein interactions. Th&, of the SH2

precipitates, we detected only p52 Shc and p6#Rith and there ~ domain of SHIP for the ITIM peptide of R&IIB and for Shc Y317 are

are no detectable amounts of either SHP-2 or SHP-1 in these ingerived from this study and are in agreement with other measurements of
. . : - . Shc Y317 for the SH2 domain of SHIP (7). TKg for the SH2 domain of

munoprecipitates. LIkeWISe.’ we failed .to .dEteCt a ?2-kDa terSI.ne._GrbZ for Shc Y317 is derived from the(e;rlig’gstudy ).

phosphorylated Syk candidate protein in SHIP immunoprecipi-

tates, although we have not specifically examined such samples for

the presence of the Syk tyrosine kinase.

We had earlier observed a 62-kDa tyrosine-phosphorylated proeounts for the existence of two mutually exclusive pools of SHIP,
tein associated with SHIP (15), whereas we (15) and others (22)ne pool transiently bound to FRIIb and one pool stably bound
have described association of SHIP to the B cell 1IgG receptorto Shc. In addition, this hypothesis accounts for our findings re-
FcyRIlb. The precise molecular mass of yfRilb has been re- garding SHIP-protein interaction kinetics, shown in Fig. 4, in
ported with varying molecular masses, partly due to differences irwhich SHIP engages p62 fRIlIb early during negative signaling
glycosylation from cell to cell but also due to the lack of a defin- and later binds p52 Shc.
itive immunoblotting reagent. Findings described here establish Direct measurements of the intrinsic affinity of the SHIP SH2
that the SHIP-associated p62 representgRib from A20 be-  domain revealed a 10-fold difference in the overall affinity between
cause p62 is absent from FRIIb-deficient B cells (Fig. €), be- phospho-ITIM of FgRIIB and phospho-Shc. However, the lower
cuse p62 comigrates with phosphorylated/Rtb obtained using  affinity of the ITIM motif was due not to a reduced rate of asso-
the established immunoprecipitating monoclonal antyfth Ab, ciation but rather to an accelerated rate of dissociation, relative to
2.4G2 (Fig. A), and because deglycosylated p62 migrates with gphospho-Shc. This intriguing observation indicates that phosphor-
core protein size of~40 kDa, the predicted molecular mass of ylated FeyRIlb rapidly associates with the SH2 domain of SHIP to
FcyRlIIb (Fig. 2B). promote its tyrosine phosphorylation and rapidly dissociates to

In the course of identifying p62, we observed that p63Mith permit its interaction with Shc.
was absent in Shc immunoprecipitates and that Shc was absent inBased on the observations reported here, we have formulated a
FcyRIIb immunoprecipitates, whereas SHIP immunoprecipitatesmodel shown in Fig. 6. Early in negative signaling, the SH2 do-
contained both Shc and #RIIb. Thus, the three proteins do not main of SHIP is engaged to the phospho-ITIM motif ofyRtlb,
form a stable, heterotrimeric complex of p62-SHIP-Shc, but donecessary for SHIP tyrosine phosphorylation as well as for the
form heterodimeric complexes of p62 yRIIb-SHIP and SHIP-  subsequent interaction with Shc. Upon SHIP tyrosine phosphory-
p52 Shc, and these complexes are stable because they survive d¢ation, the Shc PTB engages either or both of the NPxpY motifs
immunoprecipitation. The two pools of SHIP are therefore exclu-within SHIP. The interaction with the Shc PTB domain may raise
sive, but may represent transitional forms such that one ighe local concentration of the phosphorylated tyrosine residues
converted to another during the course of stimulation. within Shc, with its intrinsically higher affinity, thereby promoting

SHIP association with RaRIlb is consistent with earlier reports the SH2 domain of SHIP to releaseyRilb and bind Shc. This
that the SH2 domain of SHIP associates with the phosphorylatedew model accounts for several earlier and unusual observations
ITIM motif of FcyRIIb (15). Likewise, SHIP association with Shc regarding SHIP in B lymphocytes. First, the tyrosine phosphory-
is consistent with observations that the Shc PTB domain interacti&tion of SHIP is much greater under conditions of negative sig-
with phosphorylated SHIP and that the SHIP SH2 domain bindshaling (16). This fact is likely due to the relatively weak affinity of
phosphorylated Shc (7, 8), although alternative views regardinghe SH2 domain of SHIP for phospho-ITIM of #Rllb, exclu-
the role of SHIP SH2 domain in its interaction with Shc have beensively phosphorylated under negative signaling conditions due to
reported (37). Nevertheless, observations invoking a role for theoclustering with slg-associated protein tyrosine kinases. Phospho-
SHIP SH2 domain in SHIP-Shc interaction raise a paradoxTIM recruitment of SHIP as a prerequisite for its phosphorylation
wherein the single SH2 domain of SHIP is concomitantly bound tois consistent with our earlier genetic studies (15). Second, SHIP
two different proteins: FgRIlb and Shc. associates with Shc only under negative signaling conditions; i.e.,

One possible explanation for this paradox is that the SH2 dothere is minimal interaction between these two proteins under pos-
main of SHIP has greater affinity for phospho-Shc than for phositive signaling conditions, despite the fact that Shc is highly phos-
pho-FeyRIlb. According to this model, SHIP weakly engages phorylated and the SH2 domain of SHIP displays affinity for phos-
phosphorylated FgRIIb and acquires phosphorylated tyrosine res- pho-Shc (7, 8, 16). This observation is likely due to the relatively
idues. The Shc PTB domain is then engaged, bringing phosphdiigher affinity of the Grb2 SH2 domain for phospho-Shc, as com-
tyrosines of Shc within range of the SH2 domain of SHIP. Becausgared with that of the SHIP SH2 domain (7). Thus, Shc phosphor-
of the intrinsically higher affinity, the SH2 domain of SHIP re- ylation in the absence of SHIP phosphorylation favors Shc-Grb2
leases FgRIlIb and binds to phospho-Shc. This hypothesis ac-interaction rather than Shc-SHIP interaction. Third, Shc and Grb2
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do not form a stable complex under negative signaling conditions}s. Tridandapani, S., T. Kelley, M. Pradhan, D. Cooney, L. B. Justement, and
I ; . T _ K. M. Coggeshall. 1997. Recruitment and phosphorylation of SHIP and Shc to

despite the relatively higher affinity of Grb_2 for phospho-Shc (18). the B cell Foy ITIM peptide motif. Mol. Cell. Biol. 17:4305.

However, SHIP-Shc complexes are readily apparent under negas. chacko, G. W., S. Tridandapani, J. Damen, L. Liu, G. Krystal, and

tive but not positive signaling (16, 18). These earlier findings in K. M. Coggeshall. 1996. Negative signaling in B-lymphocytes induces tyrosine

S . oy - P~ hosphorylation of the 145-kDa inositol polyphosphate 5-phosphatase, SHIP.
conjunction with the affinity and kinetic data reported here indicate 5. ?;ﬁﬁ%ﬁg;:gzsf & fnostiol polyphiosphate >-phosphatase,

that the formation of a stable SHIP-Shc interaction complex re-17. b'’Ambrosio, D., D. C. Fong, and J. C. Cambier. 1996. The SHIP phosphatase

quires SHIP tyrosine phosphorylation and interaction through the —becomes associated with fRIIB1 and s tyrosine phosphorylated during “neg-
. . . . ative” signaling.Immunol. Lett. 54:77.
PTB domain of Shc. The added contribution of the PTB domain ofig. Trigandapani, S., G. W. Chacko, J. R. v. Brocklyn, and K. M. Coggeshall. 1997.

Shc binding to phospho-SHIP, along with the SH2 domain of SHIP  Negative signaling in B cells causes reduced Ras activity by reducing Shc-Grb2
engaging phospho-Shc, generates a stable, bidentate complex a{bdi“‘e’amions‘]' Immunol. 158:1125.

X ! ’ i ! . Tridandapani, S., T. Kelley, D. Cooney, M. Pradhan, and K. M. Coggeshall.
one in which the SH2 domain of SHIP can successfully compete, 1997. Negative signaling in B cells: SHIP Grbs Shamunol. Today 18:424.

despite its lower affinity, with that of Grb2 for binding to Shc (19) 20 BSa”Tl}a% G,G. KgﬂC_L and J. Gergﬁlyr-]l99261- Humzn typzﬂﬂ?ﬂeptgﬁ inhilliit
to block the Ras pathway. The system, with its hierarchy of affin- g vy aoaeg. o oo g Wi e P (ras)-dependent pathwaygiol.

ities between the various interacting partners, dynamically moduz1. Liu, L., J. E. Damen, M. D. Ware, and G. Krystal. 1997. Interleukin-3 induces the

lated by phosphorylation of the ERllb ITIM. is thus optimally association of the inositol 5-phosphatase SHIP with SHPBiol. Chem. 272:

. . i . . ’ . 10998.
designed to inhibit B cell activation during negative but not pos-25 ono, M., S. Bolland, P. Tempst, and J. V. Ravetch. 1996. Role of the inositol
itive signaling. phosphatase SHIP in negative regulation of the immune system by the receptor

. . . . . FcyRIIB. Nature 383:263.
While these flndlngs are useful in understandlng the phySIOIOg)é& K(i:gner, P. A., M. N. Lioubin, L. R. Rohrschneider, J. A. Ledbetter, S. G. Nadler,

of SHIP-mediated inhibition of lymphocyte activation, they do not and M. L. Diegel. 1997. Co-ligation of the antigen and Fc receptors gives rise to
address nor exclude a role for SHIP enzymatic activity. In this the selective modulation of intracellular signaling in B cells: regulation of the

: o iation of phosphatidylinositol 3-ki d inositgpBosphatase with th
regard, recent studies have revealed an association between SHIP Joroan loeanir commiod Bl Chom srgatas - oo Praase v the

phosphorylation and cellular levels of the PtdIns-3 kinase product24. Nadler, M. J. S., B. Chen, J. S. Anderson, H. H. Wortis, and B. G. Neel. 1997.
Ptdins-3,4,5 trisphosphate (38, 39). These studies also reported a Protein-tyrosine phosphatase SHP-1 is dispensable fgRIF8-mediated inhi-

. . K . . . bition of B cell antigen receptor activatiod. Biol. Chem. 272:20038.
reduction in Bruton’s tyrosine kinase, a PtdIns-3 kinase-dependents. pambrosio, D., K. L. Hippen, S. A. Minskof, 1. Mellman, G. Pani,

enzyme (40). However, both positive and negative signaling pro- K. A. Siminovitch, and J. C. Cambier. 1995. Recruitment and activation of

ceed through a variety of protein interactions that include SH2 PTP1C in negative regulation of antigen receptor signaling byRA81. Science

c h e ; e 68:293.
SH3, and pleckstrin homology domains associating with transients. Qiu, w. Q., D. de Bruin, B. H. Brownstein, R. Pearse, and J. V. Ravetch. 1990.
components formed during the signaling process. Indeed, protein Organization of the human and mouse low-affinityyRegenes: duplication and

. . . Vi d . - . : recombinationScience 248:732.
interactions involving SH2 domain-containing proteins engaging,;. Ravetch, J. V., A. D. Luster, R. Weinshank, J. Kochan, A. Pavlovec,

phosphorylated cytoplasmic tyrosines of the receptor are rate-lim- D. A. Portnoy, J. Hulmes, Y. C. Pan, and J. C. Unkeless. 1986. Structural het-

i H H H in. erogeneity and functional domains of murine immunoglobulin G Fc receptors.
iting for many signaling pathways. Thus, understanding these in cclonce 234718,

teractions is important in dissecting signaling pathways and theg gqwards, P. R., A. Gill, D. V. Pollard-Knight, M. Hoare, P. E. Buckle,
ultimate changes in cell physiology. P. A. Lowe, and R. J. Leatherbarrow. 1995. Kinetics of protein-protein interac-
tions at the surface of an optical biosensénal. Biochem. 213:210.
29. Deuter-Reinhard, M., G. Apell, D. Pot, A. Klippel, L. T. Williams, and
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