THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 280, No. 2, Issue of January 14, pp. 1543-1551, 2005
Printed in U.S.A.

Molecular Basis for a Direct Interaction between the Syk
Protein-tyrosine Kinase and Phosphoinositide 3-Kinase*

Received for publication, July 12, 2004, and in revised form, October 12, 2004
Published, JBC Papers in Press, November 9, 2004, DOI 10.1074/jbc.M407805200

Kyung D. Mooni§, Carol B. Post}, Donald L. Durdent, Qing Zhou#, Pradip Def,
Marietta L. Harrisoni, and Robert L. Geahleni|

From the tDepartment of Medicinal Chemistry and Molecular Pharmacology and the Purdue Cancer Center, Purdue
University, West Lafayette, Indiana 47907 and the 1Department of Pediatrics, AFLAC Cancer Center, Emory University

School of Medicine, Atlanta, Georgia 30322

After engagement of the B cell receptor for antigen,
the Syk protein-tyrosine kinase becomes phosphoryl-
ated on multiple tyrosines, some of which serve as dock-
ing sites for downstream effectors with SH2 or other
phosphotyrosine binding domains. The most frequently
identified binding partner for catalytically active Syk
identified in a yeast two-hybrid screen was the p85 reg-
ulatory subunit of phosphoinositide 3-kinase. The C-ter-
minal SH2 domain of p85 was sufficient for mediating an
interaction with tyrosine-phosphorylated Syk. Interest-
ingly, this domain interacted with Syk at phosphoty-
rosine 317, a site phosphorylated in trans by the Src
family kinase, Lyn, and identified previously as a bind-
ing site for c-Cbl. This site interacted preferentially with
the p85 C-terminal SH2 domain compared with the c-Cbl
tyrosine kinase binding domain. Molecular modeling
studies showed a good fit between the p85 SH2 domain
and a peptide containing phosphotyrosine 317. Tyr-317
was found to be essential for Syk to support phagocyto-
sis mediated by FcyRIIA receptors expressed in a heter-
ologous system. These studies establish a new type of
P85 binding site that can exist on proteins that serve as
substrates for Src family kinases and provide a molecu-
lar explanation for observations on direct interactions
between Syk and phosphoinositide 3-kinase.

Syk is a 72-kDa protein-tyrosine kinase that plays a central
role in coupling immune recognition receptors to multiple
downstream signaling pathways (1, 2). This function is a prop-
erty of both its catalytic activity and its ability to participate in
interactions with effector proteins containing SH2! domains.
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For example, after the engagement of antigen receptors on B
cells, Syk is phosphorylated on three tyrosines that lie within
the linker B region, which separates the N-terminal tandem
pair of SH2 domains from the catalytic domain (3). Phospho-
rylation of the first, at Tyr-317 (numbering based on the mu-
rine Syk sequence), is catalyzed primarily by Lyn, a Src family
kinase. This creates a docking site for ¢-Cbl, a potential nega-
tive regulator of Syk-dependent signaling (4, 5). Indeed, mu-
tant forms of Syk containing substitutions of Phe for Tyr at
position 317 exhibit enhanced activity in B cells and mast cells
(3, 5, 6). To date, c-Cbl is the only protein identified that is
capable of binding to Syk at pTyr-317. Phosphorylation of Tyr-
342 and 346 forms a docking site for multiple SH2 domain-
containing proteins including phospholipase C-vy, Vav, and Fgr
(7-10). Mutant forms of Syk containing substitutions of Phe for
Tyr-342 or both Tyr-342 and 346 exhibit a reduced ability to
couple immune recognition receptors to the activation of down-
stream effectors such as phospholipase C-y2 in B cells and mast
cells (10, 11).

Syk also is required for the activation of phosphoinositide
3-kinase (PI3K) in response to a variety of signals (12-18)
including engagement of the B cell antigen receptor (BCR) (12)
and macrophage or neutrophil Fcy receptors (13, 14). Further-
more, the expression of a constitutively active TEL-Syk fusion
protein in atypical myelodysplastic syndrome leads to the con-
stitutive activation of PI3SK (19). The mechanisms by which Syk
is coupled to the activation of PI3K appear to be either direct or
indirect. In B cells, the BCR-stimulated activation of PI3K can
be accomplished through the phosphorylation of adaptor pro-
teins such as BCAP, CD19, or Gabl, which creates binding
sites for the p85 regulatory subunit (20—22). Signals transmit-
ted by many IgG receptors require the activities of both Syk
and PI3K and their recruitment to the site of the clustered
receptor (23). In neutrophils and monocytes, a direct associa-
tion of p85 with phosphorylated immunoreceptor tyrosine-
based activation motif sequences on FcyRIIA was proposed as
a mechanism for the recruitment of PI3K to the receptor (24),
whereas in platelets, an association of PI3K with receptor-
bound Syk has been suggested (25). A thrombin-stimulated
association of Syk with PI3K in platelets also has been reported
(26). In cells expressing TEL-Syk, PI3K binds directly to the
fusion protein, which is constitutively activated and phospho-
rylated because of dimerization mediated by the TEL SAM or
helix-loop-helix domain (19).

The mechanism by which a direct interaction of Syk with

pressed with a hexahistidine tag; p85CSH2, C-terminal SH2 domain of
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3-kinase; pTyr, phosphotyrosine; SykL, Syk linker; TKB, tyrosine ki-
nase binding.
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PI3K could occur is not immediately obvious. The SH2 domains
of p85 preferentially recognize the sequence pYXXM as a bind-
ing motif (27). Although Syk has three such motifs, none of
these is apparently phosphorylated in vivo or in vitro (3, 28). In
this study, we report that p85 can, in fact, interact directly with
Syk in an interaction mediated by the SH2 domains of p85
binding to specific phosphotyrosines on Syk. In fact, we found
that p85 was the major Syk-binding protein identified in yeast
two-hybrid screens using libraries from two different sources.
Interestingly, the binding of the C-terminal SH2 domain of p85
to pTyr-317 was a major contributor to this interaction. In
vitro, the apparent affinity of the p85 C-terminal SH2 domain
for pTyr-317 was greater than that of the c-Cbl tyrosine kinase
binding (TKB) domain. Molecular modeling was used to inves-
tigate the potential structural determinants for recognition
between the p85 C-terminal SH2 domain and pTyr-317 of Syk.

MATERIALS AND METHODS

Yeast Two-hybrid Analyses—The c¢DNAs for wild-type Syk
(Syk(WT)), Syk(Y317F), and the Syk catalytic domain (SykK, amino
acids 370-629), were amplified by PCR from the corresponding pGEM
vectors (3) and inserted into the pGBKT?7 yeast expression vector (Clon-
tech) to generate the various Syk-GAL4 DNA binding domain fusions. A
DNA fragment digested from pGEM-Syk(K396R) with EcoRI and BglII
was inserted into predigested pGBKT7-Syk(WT) to generate pGBKT7-
Syk(K396R). The cDNA for the human Lck SH2 domain (amino acids
126-234) was PCR amplified and inserted into the yeast expression
plasmid pACT2 to generate the LckSH2-GAL4-transcriptional activa-
tion domain fusion. Y187 yeast cells transformed with a bone marrow
c¢DNA library were purchased from Clontech and mated with AH109
yeast cells transformed with pGBKT7-Syk(WT). Plasmids were eluted
from colonies that grew on stringent selection media (His~, Leu™, Trp~,
and Ade™), amplified in competent bacterial cells, isolated, and se-
quenced. For analysis of interactions between specific proteins, Y187
yeast cells were transformed with the pACT2 plasmid containing the
c¢DNA of interest and mated with AH109 cells transformed with the
pGBKT7 plasmid containing the appropriate DNA insert. Mated trans-
formants were grown on stringent selection media.

Protein Interactions with GST-Syk—Insect viruses for the expression
of GST-Syk fusion proteins were described previously (29). A baculovi-
rus for the expression of p85a was generously provided by Lewis Cant-
ley (Harvard University). Sf9 cells expressing GST fusion proteins were
lysed by sonication in lysis buffer containing 20 mm Hepes, pH 7.5, 150
mM NaCl, 5 mm EDTA, 1% Nonidet P-40, and 10 pug/ml each aprotinin
and leupeptin. GST fusion proteins were isolated by adsorption to
glutathione-agarose. Immobilized GST-Syk, GST-p42.5, and GST-p35
were autophosphorylated in vitro by incubation at 37 °C for 15 min in
kinase buffer (50 mm Hepes, pH 7.5, 10 mm MnCl,, 1 mm Na;VO,, 0.05
mM [y->2P]JATP, and 10 ug/ml each aprotinin and leupeptin). Immobi-
lized proteins were incubated with lysates of Sf9 cells expressing p85«
and then washed extensively with wash buffer containing 20 mm Hepes,
pH 7.5, 250 mMm NaCl, 5 mm EDTA, 0.5 m LiCl, and 1% Nonidet P-40.
Bound proteins were eluted in SDS-sample buffer, separated by SDS-
PAGE, and detected by Western blotting with anti-p85 (Upstate Bio-
technology, Inc.) or anti-GST (Santa Cruz Biotechnology, Inc.) antibod-
ies. In some assays, resin-bound, phosphorylated GST-Syk fusion
proteins were eluted with 20 mM glutathione, and the soluble fusion
proteins were incubated with either immune complexes containing
p85a bound to anti-p85 immobilized on protein A-Sepharose or His-
tagged LckSH2 bound to His-select HC nickel affinity gel (Sigma). The
p85-anti-p85 immune complexes were prepared by incubating protein
A-Sepharose beads containing anti-p85 antibody with lysates of Sf9
cells expressing p85. The vector for expression of the His-tagged Lck
SH2 domain (LckSH2) in bacteria was constructed by insertion of the
appropriate PCR-amplified fragment into Ndel and Xhol double di-
gested pRGT7 (provided by Dr. Hyunho Chung, LG Chem). Beads were
washed as above. Bound fusion proteins were separated by SDS-PAGE
and detected by autoradiography.

Interaction of Proteins with Cellular Syk Family Kinases in Cell
Lysates—dJurkat T cells, DG75 B cells, and THP-1 monocytes were
cultured in RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum, 50 um 2-mercaptoethanol, 2 mMm glutamine, 1 mm
sodium pyruvate, 100 IU/ml penicillin G, and 100 ug/ml streptomycin.
The chicken DT40 B cell line stably expressing a Myc epitope-tagged
murine Syk was described previously (3). Cells were treated for 15 min
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at 37 °C in the presence or absence of pervanadate (0.1 mM sodium
orthovanadate and 0.5 mm H,0,). THP-1 cells also were preincubated
for 30 min at room temperature with 2 mwm dithiobis(succinimidyl pro-
pionate) (Pierce Biotechnology). Cells (1 X 107) were lysed with 0.5 ml
of lysis buffer as described above. For coimmunoprecipitation experi-
ments, lysate supernatants were incubated at 4 °C for 4 h with protein
A-Sepharose preadsorbed to the anti-p85a antibody. The protein/bead
mixture was washed three times with wash buffer and then incubated
in kinase buffer prior to separation by SDS-PAGE. Bound Syk was
detected by Western blotting and by autoradiography. Lysates of Jur-
kat, DG75, or DT40 B cells that had been treated with or without
pervanadate also were incubated with fusion proteins of GST linked to
the C-terminal SH2 domain of p85«a (p85CSH2), the N terminus of ¢c-Cbl
(GST-CbIN) or an inactive mutant of c-Cbl (CbIN(G306E)) immobilized
to glutathione-agarose. The pGEX4T-2-p85CSH2 plasmid coding
p85CSH2 (amino acids 565-724) for expression in bacteria was con-
structed by in-frame insertion of PCR-amplified p85CSH2 ¢cDNA into
pGEX4T-2 (Amersham Biosciences). Plasmids for the expression of
GST-CbIN and GST-CbIN(G306E) were generously supplied by Hamid
Band (Northwestern University).

Interactions with the Syk Linker Region—The ¢cDNA for the linker
region of Syk (SykL, amino acids 257-363) was amplified by PCR and
inserted into the pET15b expression plasmid (Novagen) to generate
pET15b-His-SykL. For the purification of His-SykL, transformed bac-
terial cells (50-ml culture) were lysed on ice by sonication in 10 ml of
denaturing cell lysis buffer (0.1 M sodium phosphate, pH 8.0, 8 M urea).
10 ml of cell lysate was loaded on the nickel-resin column. After wash-
ing with the same buffer, target proteins bound to the resin were
renatured with buffer containing 50 mM sodium phosphate, pH 7.5, and
150 mM sodium chloride. The resin-bound His-SykL was phosphoryl-
ated in vitro by incubation in kinase buffer containing a mixture of
GST-Syk and Lck. Lek was isolated by immunoprecipitation from ly-
sates of Sf9 cells infected with a baculovirus directing the expression of
Lck (30). Phosphorylated His-SykL was finally eluted from the resin
with elution buffer (50 mM sodium phosphate, pH 8.0, 0.3 M sodium
chloride, 250 mm imidazole) and incubated with GST-p85CSH2, GST-
FgrSH2, or GST-CbIN immobilized onto glutathione-agarose. Bound
SykL was detected by autoradiography after SDS-PAGE or by Western
blotting with a phosphospecific antibody recognizing Syk phosphoryl-
ated on Y317 (Cell Signaling Technologies). A bacterial expression
plasmid for the GST-Fgr SH2 domain was generously provided by Dr.
Cheryl L. Willman (University of New Mexico).

Interactions with Synthetic Peptides—Synthetic polypeptides corre-
sponding to sequences surrounding Y317, TVSFNPYEPTGGP, TVSFN-
PpYEPTGGP, and TVSFNPpYEPELAP, were purchased from Ad-
vanced ChemTech. Peptides were covalently coupled to Affi-Gel 10
(Bio-Rad) by incubating 15 mg of each peptide with 500 ul of resin in 10
mM Hepes, pH 7.5, at 4 °C for 12 h. The coupling reaction was stopped
by the addition of 0.1 ml of 1 M ethanolamine HCI, pH 8.0. For binding
studies, 100 ul of the peptide-resin suspension was mixed with purified
GST-p85CSH2, GST-FgrSH2, or GST-CbIN at 4 °C for 2 h and washed
three times with buffer containing 10 mm Hepes, pH 7.5, 150 mm NacCl,
and 5 mm EDTA. Bound proteins were separated by SDS-PAGE and
detected by Western blotting with an anti-GST antibody.

Phosphopeptide Mapping—For the identification of Syk-derived
phosphopeptides, Syk or SykL, phosphorylated in vitro, were separated
by SDS-PAGE and transferred to a nitrocellulose membrane. The ra-
diolabeled bands were excised and digested with trypsin. Phosphopep-
tides were either separated by electrophoresis on an alkaline 40%
polyacrylamide gel or were first adsorbed to GST-p85CSH2 immobi-
lized on glutathione-agarose as described previously prior to separa-
tion. The phosphopeptides were detected by autoradiography and
their identities determined by their migration positions as described
previously (3).

Molecular Modeling—The peptide pYEPTG, derived from residues
317-321 of Syk linker B, was modeled in the phosphopeptide binding
site of p85CSH2 based on the crystal structure (PDB entry 1H90) for
the complex of this SH2 domain with the peptide pYVPML from the
platelet-derived growth factor (PDGF) receptor. Initial heavy atom
coordinates were obtained for the Syk-derived peptide by retaining
coordinates from 1H90 for all atoms common to both peptides. Initial
positions for heavy atoms unique to pYEPTG were built without steric
overlap using the molecular graphics program QUANTA. The peptide N
terminus was acetylated, and the C terminus was amidated. Hydrogen
atom positions were built with the HBUILD facility of CHARMM. The
p85CSH2:pYEPTG complex was conformationally relaxed using molec-
ular dynamics and energy minimization calculated with the CHARMM
program and the all hydrogen CHARMMZ27 force field. To preserve the
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effects of solvation during the relatively short time period of the con-
formational relaxation, the crystallographic water molecules were in-
cluded in the molecular mechanics calculations using the TIP3P water
model. The molecular mechanics protocol included 1,000 steps of Powell
energy minimization, followed by 50 ps of molecular dynamics with a
temperature ramp from 400 to 100 K and 1000 steps of Powell energy
minimization. The root mean square coordinate difference between the
initial structure modeled directly from 1H90 and the final structure
from conformational relaxation was 1.2 A for main chain atoms and 2.0
A for all heavy atoms.

Phagocytosis Assay—COS-T7 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. Phagocytosis
assays in COS-7 cells transfected with expression vectors coding for
FcyRIIA and the various Syk mutants were as described previously (31).
In brief, cells were transiently transfected using Lipofectamine with plas-
mids coding for FcyRIIA and either enhanced green fluorescence protein
(EGFP) or wild-type or mutant Syk fused to EGFP (Syk-EGFP). The
expression levels of EGFP, Syk-EGFP, and FcyRIIA were compared by
flow cytometry with FcyRIIA levels measured using an allophycocyanin-
conjugated anti-CD32 monoclonal antibody (FLI8.26) (Pharmingen).
Transfected cells were incubated with sheep red blood cells coated with
IgG at a subagglutinating concentration at a target to effector ratio of
200:1 for 2 h. After uningested red blood cells were lysed in water, COS-7
cells were spun onto glass slides, fixed, stained with Wright Giemsa stain,
and counted for internalized red blood cells. Alternatively, cell lysates
were prepared and immunoblotted for activated Akt using an anti-phos-
pho-Akt antibody (Cell Signaling Technologies).

RESULTS

The p85 Regulatory Subunit of PI3K Interacts with Syk in a
Yeast Two-hybrid Screen—To identify proteins capable of in-
teracting directly with Syk, we screened a human bone marrow
c¢DNA library using the yeast two-hybrid method. We reasoned
that proteins capable of binding to sites of tyrosine-phosphory-
lation on Syk would interact with the catalytically active form
of the kinase because Syk can catalyze the autophosphoryla-
tion of all of the relevant tyrosines that also are phosphorylated
in vivo (3, 28). This approach requires that a fusion protein of
Syk with the GAL4 DNA binding domain be active when ex-
pressed in yeast and capable of autophosphorylation. To ex-
plore this, we first examined the ability of Syk to interact in the
two-hybrid screen with a protein consisting of the GAL4 trans-
activation domain fused to the SH2 domain derived from Lck,
a Src family kinase. The Lck SH2 domain has been shown
previously to bind to phosphorylated forms of Syk (32) and the
Syk family kinase, Zap-70 (33). We expressed in yeast fusion
proteins containing either catalytically active, wild-type Syk,
or a catalytically inactive mutant (Syk(K396R)). In a two-hy-
brid screen, wild-type Syk, but not Syk(K396R), interacted
with the Lck SH2 domain fusion protein (Fig. 1). This is con-
sistent with a model in which Syk can undergo autophospho-
rylation in yeast to create a site for interaction with proteins
containing SH2 domains. The two-hybrid screen was then car-
ried out using the bone marrow ¢cDNA library, which produced
a number of positive clones of which nearly 50% could be
accounted for by one of eight different cDNAs coding for various
regions of either the « or B isoforms of p85 (Fig. 1C). Similar
results were observed when a human mammary gland library
was substituted for the bone marrow library (data not shown).
These results indicate that p85 is capable of a direct physical
interaction with Syk.

The Binding of p85 Requires the Tyrosine Phosphorylation of
Syk—Because the ability of Syk to bind p85 physically had not
been described in detail previously, we explored the mechanism
of this interaction. To test for a role for protein phosphoryla-
tion, we used the yeast two-hybrid screen to compare the bind-
ing of p85 SH2 domains with wild-type or catalytically inactive
Syk (Syk(K396R)). Both the Lck SH2 domain and Fgr were
included as prey for positive controls and p53 as bait to confirm
specificity. Fgr is an Src family kinase that also was positively
identified in our bone marrow two-hybrid screen and was re-
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Fic. 1. The p85 subunit of PI3K interacts with catalytically
active Syk in yeast. A, yeast transformants expressing the Lck SH2
domain fused to the GAL4 transcriptional activation domain (LckSH2)
and either wild-type Syk or catalytically inactive Syk(K396R) fused to
the GAL4 DNA binding domain were grown on plates in media deficient
in adenine and histidine. B, growth of transformants described above in
liquid selection media. C, schematic diagram of eight independent
clones of p85 identified in a yeast two-hybrid screen using a bone
marrow cDNA library. D, yeast transformants expressing Syk,
Syk(K396R), or p53 fused to the GAL4 DNA binding domain and the
indicated proteins fused to the GAL4 transcriptional activation domain

were grown on plates containing media deficient in adenine and
histidine.

cently identified as a protein that interacts selectively with Syk
to negatively regulate the integrin-mediated spreading of
macrophages on ICAM-1 (9). The small ribosomal subunit pro-
tein, S10, which was also identified in the screen as a protein
that reacts with multiple baits in an apparently nonspecific
fashion, was also included. Neither the C-terminal SH2 domain
nor constructs containing both the N + C-terminal SH2 do-
mains of either the « or B isoforms of p85 were capable of
interacting with either Syk(K396R) or p53 (Fig. 1D). Similarly,
neither the Lck SH2 domain nor Fgr interacted with
Syk(K396R) or p53 as expected. This result suggested that the
interaction of Syk with p85 was mediated by SH2 domains
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FiG. 2. The p85 subunit of PI3K binds to phosphorylated Syk
in vitro. A, lysates from insect cells infected with a baculovirus ex-
pressing p85 were incubated with GST-Syk bound to glutathione-aga-
rose that had been preincubated with or without [y-*>P]JATP. Bound
proteins were separated by SDS-PAGE. Adsorbed p85 was detected by
Western blotting (WB) with an anti-p85 antibody. Bound GST-Syk or
phosphorylated GST-Syk (GST-P-Syk) was detected by Western blot-
ting with an anti-GST antibody. Phosphorylated Syk was detected by
autoradiography (Autorad). B, GST-Syk and two truncated forms of
GST-Syk, GST-p35 and GST-p42.5, were preincubated with buffer con-
taining [y->2P]ATP to allow autophosphorylation. 3*P-Labeled proteins
were incubated with a p85-anti-p85 immune complex bound to protein
A-Sepharose or a hexahistidine-tagged Lck SH2 domain bound to nick-
el-resin. Bound phosphoproteins were detected by autoradiography. C,
endogenous Syk and p85 in THP-1 cells were detected by Western
blotting using anti-Syk or anti-p85 antibodies (top panel). Syk-deficient
DT40 B cells (Syk ™), Syk-deficient DT40 cells expressing Syk with a
Myc-epitope tag (W), or THP-1 cells were preincubated with pervana-
date, lysed, and then incubated with anti-Myc epitope or anti-p85
antibodies immobilized on protein A-agarose. Immune complexes were
incubated with [y-*2P]JATP to allow Syk autophosphorylation to occur.
Proteins were separated by SDS-PAGE. Syk was detected by autora-
diography or by Western blotting with an anti-Syk antibody. The mi-
gration positions of Syk are indicated by the arrows.

.‘_

anti-Syk

interacting with sites of tyrosine phosphorylation on Syk.

To confirm an interaction biochemically, we examined the
ability of a GST-Syk fusion protein to bind to p85. GST-Syk was
adsorbed to glutathione-agarose and then was left either un-
treated or was incubated with [y->2P]JATP to allow autophos-
phorylation. Resin-bound Syk proteins were then incubated
with lysates of insect cells expressing full-length, untagged
p85a. Proteins bound to the resin were separated by SDS-
PAGE and detected by Western blotting with anti-p85 or anti-
GST antibodies. As shown in Fig. 2A, p85 was adsorbed to resin
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containing bound, phosphorylated Syk, but was not adsorbed to
resin containing the unphosphorylated kinase despite the pres-
ence of equivalent amounts of bound Syk. These results are
consistent with a requirement for phosphorylation for the in-
teraction of Syk with p85.

To verify this interaction further, we examined the ability of
phosphorylated Syk to bind to immobilized p85. Three forms of
Syk, GST-Syk (full-length), GST-p42.5 (GST fused to Syk res-
idues 256-629), and GST-p35 (GST fused to Syk residues
327-629) were isolated, phosphorylated using [y->?P]ATP (Fig.
2B), and then incubated with p85 bound to an anti-p85 anti-
body immobilized on protein A-Sepharose. GST-Syk, GST-
p42.5, and GST-p35 all bound to immobilized p85 (Fig. 2B). For
a comparison of relative affinities, a Hisg-tagged Lck SH2 do-
main was expressed in bacteria, immobilized on a nickel affin-
ity-resin, and used in the same pull-down experiment. The Lck
SH2 domain also interacted with all three versions of phospho-
rylated Syk. These results are consistent with a direct physical
interaction between Syk and p85.

To test for a possible interaction in intact cells, THP-1 mono-
cytes were treated in the presence or absence of pervanadate
and a cleavable cross-linking reagent. PI3K was immunopre-
cipitated using an anti-p85 antibody. The presence of Syk in
the resulting immune complex was detected both by Western
blotting with an anti-Syk antibody and by autophosphorylation
resulting from the incubation of the complex with buffer con-
taining [y->?PJATP. As shown in Fig. 2C, Syk protein and
activity could be detected in anti-p85 immune complexes indi-
cating either a direct or indirect interaction between the
two proteins.

The C-terminal SH2 Domain of p85 Binds Directly to Phos-
phorylated Syk—An examination of the clones identified in the
yeast two-hybrid screen indicated that the C-terminal SH2
domain of p85 (p85CSH2) alone was sufficient for mediating an
interaction with catalytically active Syk. To confirm this, we
incubated immobilized GST-p85CSH2 with lysates from per-
vanadate-treated Syk-deficient DT40 B cells, Syk-deficient
DT40 B cells stably expressing murine Syk, human DG75 B
cells, or human Jurkat T cells. As illustrated in Fig. 3, A and B,
both murine and human Syk were capable of binding to immo-
bilized GST-p85CSH2. No protein reacting with anti-Syk anti-
bodies was detected in lysates from Syk-deficient cells. Human
Syk also was able to bind to the Fgr SH2 domain. GST-
p85CSH2 also bound to phosphorylated Zap-70 as illustrated
by the fact that Zap-70 could be adsorbed to resin containing
bound GST-p85CSH2 from lysates of pervanadate-treated, but
not untreated, Jurkat T cells (Fig. 3C). These results indicated
that the C-terminal SH2 domain of p85 was sufficient for
mediating an interaction with the phosphorylated Syk and
Zap-70 tyrosine kinases.

Binding of the C-terminal SH2 Domain of p85 to Syk in Yeast
Requires Tyr-317—The consensus sequence recognized by the
SH2 domains of p85 is pYXXM (27). Syk possesses three YXXM
motifs, all of which are present within the catalytic domain at
residues 383-386, 567-570, and 596-599. To determine
whether p85 could interact with one of these motifs, we moni-
tored the ability of the C-terminal SH2 domain of p85« or p8543
to interact with the Syk catalytic domain alone (residues 370—
629) using the yeast two-hybrid assay. None of the constructs
containing the C-terminal SH2 domain demonstrated any abil-
ity to bind to the Syk catalytic domain (Fig. 4A). Neither Fgr
nor the Lck SH2 domain interacted with the Syk catalytic
domain in this assay (data not shown).

Extensive studies on the characterization of Syk have pro-
vided evidence for a critical role for the linker B region as an
adaptor for binding proteins with SH2 domains. The first of
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Fic. 3. The C-terminal SH2 domain of p85 interacts with Syk
and Zap-70. A, lysates from pervanadate-treated DT40 cells express-
ing Myc-tagged murine Syk (W) were incubated with a GST-C-terminal
p85 SH2 domain fusion protein (GSTp85CSH?2) bound to glutathione-
agarose. Syk bound to GST-p85CSH2 was detected by Western blotting
using an anti-Syk antibody. The migration position of Syk was verified
by Western blotting of detergent lysates from Syk-deficient DT40 cells
(Syk™) or DT40 cells expressing Myc-tagged Syk (W). B, lysates from
pervanadate-treated, human DG75 B cells, Syk-deficient DT40 B cells,
or DT40 cells expressing Myc-tagged murine Syk were incubated with
anti-Myc epitope antibody bound to protein A-Sepharose or with the
GST-Fgr SH2 domain (GSTFgrSH2) or GST-p85CSH2 bound to gluta-
thione-agarose. Bound proteins were separated by SDS-PAGE and de-
tected by Western blotting with anti-Syk antibody. C, lysates from
human Jurkat T cells preincubated with (right) or without (middle)
pervanadate were incubated with GST-p85CSH2 bound to glutathione-
agarose. Zap-70 bound to GST-p85CSH2 was detected by Western blot-
ting using an anti-Zap-70 antibody. The migration position of Zap-70
was verified by Western blotting of detergent lysates from Jurkat cells
with the anti-Zap-70 antibody.

three major sites of autophosphorylation within the Syk linker
B region that constitutes a recognized binding site is Tyr-317.
We tested, using the yeast two-hybrid assay, the ability of a
mutant form of Syk in which Tyr-317 was replaced by Phe
(Syk(Y317F)) to bind to forms of p85 containing either the N +
C-terminal SH2 domains or only the C-terminal SH2 domain.
As a control, Fgr, which was shown previously to interact with
Syk in the region surrounding Tyr-342 and Tyr-346 (9), was
also examined. Fgr interacted with both Syk and Syk(Y317F)
as expected (Fig. 4B). The region of p85 containing both N- and
C-terminal SH2 domains also interacted with both bait con-
structs. Interestingly, the p85 C-terminal SH2 domain failed to
interact with Syk(Y317F). This result suggested that pTyr-317
in the Syk linker B region was required for the interaction with
the p85 C-terminal SH2 domain, whereas other tyrosine resi-
dues in the linker region contributed to the interaction with the
N-terminal SH2 domain.

Binding of the C-terminal SH2 Domain of p85 to the SykL B
Region Requires the Phosphorylation of Tyr-317—An interac-
tion of p85 with Syk pTyr-317 was unexpected because the
sequence surrounding this residue does not resemble a consen-
sus binding site for the p85 SH2 domain. To confirm further an
interaction between the p85 C-terminal SH2 domain and the
SykL B region, we examined the ability of GST-p85CSH2 to
bind to a Hisg-tagged SykL B polypeptide (His-SykL) consisting
of a hexahistidine tag at the N terminus of the SykL B region
comprising amino acids 257-363. His-SykL. was expressed in
bacteria, immobilized by adsorption to nickel-resin, and phos-
phorylated with [y-*2P]JATP using a combination of GST-Syk
and Lck, both expressed in insect cells. The sites phosphoryl-
ated on His-SykL were identified by phosphopeptide mapping
as Tyr-317, Tyr-342, and Tyr-346 (Fig. 4C). The in vitro phos-
phorylated His-SykL was then incubated with GST-p85CSH2
and the GST-Fgr SH2 domain immobilized on glutathione-
agarose. Phosphorylated His-SykL. was bound by both SH2
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Fic. 4. The C-terminal SH2 domain of p85 does not interact
with the kinase domain of Syk, but interacts with a linker
region site of phosphorylation. A, full-length Syk (Syk) or only the
kinase domain of Syk (Syk-k) was used as bait for testing an interaction
with the C-terminal SH2 domain of p85. The transformants containing
Syk or Syk-k and the various forms of p85 which contain only the
C-terminal SH2 domain (the starting amino acid for each construct is
listed at the top; see Fig. 2) were grown on plates with media lacking
histidine and adenine. B, full-length Syk, Syk(K396R), or Syk(Y317F)
was used as bait for testing an interaction with Fgr or with the « and 8
isoforms of p85 containing only the C-terminal SH2 domain (p85CSH?2)
or both N- and C-terminal SH2 domains (p85(SH2),). Transformants
were grown on selection media lacking both histidine and adenine. C,
the hexahistidine-tagged Syk linker B region (His-SykL) was phospho-
rylated in vitro using a combination of Lck and GST-Syk as catalysts.
32P.His-SykL was separated by SDS-PAGE, transferred to nitrocellu-
lose, and digested with trypsin. The pool of digested peptides was
separated on an alkaline 40% polyacrylamide gel and subjected to
autoradiography. The migration positions of peptides containing pTyr-
317, pTyr-342, and pTyr-346 are indicated. Note that Tyr-342 and
Tyr-346 are present on the same tryptic peptide. D, 3?P-His-SykL was
subjected to SDS-PAGE and detected by autoradiography (first lane).
GST, GST-p85CSH2, or GST-FgrSH2 bound to glutathione-agarose was
incubated with (+) or without (—) *?P-His-SykL. Bound proteins were
separated by SDS-PAGE and detected by autoradiography. E, *>P-His-
SykL bound to GST-FgrSH2 was separated by SDS-PAGE, transferred
to Immobilon P, and detected by autoradiography or by Western blot-
ting with an anti-pTyr-317-Syk specific antibody. The positions of the
two differentially migrating forms of *?P-His-SykL are indicated
by arrows.

domains, indicating that one or more of the linker B phospho-
rylation sites could mediate these interactions.

Interestingly, His-SykL. migrated on SDS-polyacrylamide
gels as a doublet after phosphorylation (Fig. 4D). The SH2
domain of Fgr, which binds to Syk at pTyr residues 342 and 346
(9), bound both of the two differentially migrating forms of
His-SykL. This indicated that both migrating forms contained
these phosphoamino acids. In contrast to the GST-Fgr SH2
domain, GST-p85CSH2 associated preferentially with the
slower mobility form of His-SykL (Fig. 4D). Syk, when phos-
phorylated on Tyr-317, but not at other sites, also exhibits a
reduced mobility on SDS-PAGE (3). To determine whether the
slower migrating form of His-SykL also resulted from the phos-
phorylation of Tyr-317, the phosphorylated linker was sepa-
rated by SDS-PAGE and immunoblotted with an anti-phos-
phopeptide antibody that recognizes selectively the region of
Syk phosphorylated at Tyr-317. This antibody detected only
the upper band (Fig. 4E), confirming that only this slower
migrating form of His-SykL contained phosphorylated Tyr-317.
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FiG. 5. Phosphopeptides containing Tyr-317 bind to the C-termi-
nal SH2 domain of p85. A, Syk, autophosphorylated in vitro with buffer
containing [y-*?P]ATP, was digested with trypsin. The resulting phos-
phopeptides were either separated directly by electrophoresis on an alka-
line 40% polyacrylamide gel or adsorbed to glutathione-agarose resin
containing immobilized GST-p85CSH2 and eluted prior to separation.
The migration positions of phosphopeptides containing the indicated
phosphotyrosine residues are indicated. B and C, GST-p85CSH2 or GST-
FgrSH2 was incubated with immobilized peptides containing either Tyr-
317 or pTyr-317. GST fusion proteins bound to peptides were detected by
Western blotting using an anti-GST antibody. The relative amounts of
GST-p85CSH2 and GST-FgrSH2 applied to the resins were compared by
Western blotting with an anti-GST antibody.

Consequently, the C-terminal SH2 domain of p85 interacted
preferentially with forms of the SykL containing pTyr-317.

The C-terminal SH2 Domain of p85 Binds to Phosphopep-
tides Containing pTyr-317—The specificity of the p85CSH2
domain for sites of tyrosine phosphorylation on Syk was veri-
fied using two phosphopeptide binding assays. In the first
assay, tryptic phosphopeptides derived from autophosphory-
lated Syk were incubated with GST-p85CSH2 bound to gluta-
thione-agarose. Phosphopeptides that bound to GST-p85CSH2
were eluted and separated by 40% alkaline SDS-PAGE and
detected by autoradiography. The migration positions of the
bound phosphopeptides were compared with those of phos-
phopeptides derived from a total tryptic digest of phosphoryl-
ated Syk. Only the peptide containing pTyr-317 was detected
(Fig. 5A). As described previously, the Fgr SH2 domain selects
only the phosphopeptide containing both pTyr-342 and pTyr-
346 in this same assay (9). We have found that the Lck SH2
domain exhibits the same binding specificity as the Fgr SH2
domain (data not shown).

For the second phosphopeptide binding assay, two synthetic
13-residue peptides were prepared. One contained Tyr-317 and
the 6 amino acids N- and C-terminal to this residue. The second
was an identical peptide, but it contained phosphotyrosine in
place of Tyr-317. Both were immobilized to Affi-Gel 10 and then
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Fic. 6. The c-Cbl TKB domain binds to Syk and Syk-derived
phosphopeptides. A, lysates from DT40 cells expressing Myc epitope-
tagged Syk or DG75 cells that had been pretreated with (+) or without
(-) pervanadate were incubated with GST-fusion proteins containing a
functional (GSTCbIN) or nonfunctional (GSTCbIN(G306E)) c-Cbl N-
terminal TKB domain bound to glutathione-agarose. Bound Syk was
detected by Western blotting with an anti-Syk antibody. B, GSTCDbIN or
GSTp85CSH2 were incubated with immobilized phosphopeptides cor-
responding to the sequences surrounding pTyr-317 from either the
murine or human Syk. Bound proteins were detected by Western blot-
ting using an anti-GST antibody. The migration positions of GSTCbIN
and GSTp85CSH2 are indicated by the arrows.

incubated with either purified GST-p85CSH2 or GST-FgrSH2.
Western blotting with anti-GST antibodies identified the
bound SH2 domains. Neither SH2 domain fusion protein bound
the immobilized, unphosphorylated peptide (Fig. 5B). GST-
p85CSH2, but not GST-FgrSH2, bound to the immobilized
pTyr-317-containing peptide, despite the application of similar
amounts of fusion protein to the beads (Fig. 5C). The result of
these combined peptide binding assays is consistent with the
conclusions drawn from the yeast two-hybrid screen and pro-
tein binding studies indicating that p85 interacts with Syk
through the linker B region, with the C-terminal SH2 domain
binding preferentially through pTyr-317.

The C-terminal SH2 Domain of p85 Binds More Tightly
Than the c-Cbl TKB Domain to Phosphopeptides Containing
pTyr-317—The only reported protein capable of binding to
pTyr-317 is c-Cbl. This led us to compare the interaction of Syk
and c¢-Cbl with that of Syk and p85CSH2. The N-terminal
regional of ¢-Cbl, which contains the SH2-like TKB domain,
was expressed in bacteria as a GST fusion protein and immo-
bilized on glutathione-agarose. The in vitro phosphorylated
His-SykL was adsorbed to resin containing immobilized GST-
CbIN as described above for the SH2 domains of p85 and Fgr.
However, we were unable to detect any bound phospho-His-
SykL (data not shown). To determine whether the GST-CbIN
construct retained the ability to bind to tyrosine-phosphory-
lated proteins, we incubated the immobilized domain with ly-
sates of either untreated or pervanadate-treated DT40 B cells
that expressed murine Syk or human DG75 B cells. Bound Syk
was detected by Western blotting using an anti-Syk antibody.
The association of Syk with immobilized GST-CbIN was de-
tected when lysates were obtained from pervanadate-treated
cells, but not from untreated cells (Fig. 6A). Furthermore, Syk
was able to associate with GST-CbIN, but not with GST-
CbIN(G306E), a form of CbIN that contains an inactive TKB
domain. This result suggests that GST-CbIN has a functional
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Fic. 7. Molecular modeling of the interaction between
p85CSH2 and a Syk-derived phosphopeptide. A, proposed struc-
ture of a complex between the Syk-derived phosphopeptide, pYEPTG
(blue) and p85CSH2 (red). B, detailed view of interactions of Glu and
Thr side chains with Lys-56 and Val-59 main chain of p85CSH2.

phosphotyrosine interaction domain and can bind either di-
rectly or indirectly to phosphorylated Syk.

The binding of GST-CbIN to immobilized synthetic phos-
phopeptides corresponding to the 13 amino acids surrounding
pTyr-317 from both murine and human Syk was then com-
pared with the binding of GST-p85CSH2 (Fig. 6B). Both phos-
phopeptides were immobilized on Affi-Gel 10 and then incu-
bated with purified GST-CbIN or GST-p85CSH2. In this assay,
GST-CbIN exhibited a relatively weak interaction with both
phosphopeptides, whereas the binding of GST-p85CSH2 was
much more extensive. There was no significant difference in
the interaction of either GST-p85CSH2 or GST-CbIN with mu-
rine versus human Syk-derived phosphopeptides. This analysis
suggests that GST-CbIN does have the capacity to interact with
the pTyr-317-containing peptide, although the association is
considerably weaker than that of GST-p85CSH2.

Structure Model of the p85CSH2-Syk Peptide Complex—The
Syk sequence pYEPTG is not a consensus sequence for phos-
phopeptides that bind p85CSH2. Molecular modeling was
therefore used to consider possible atomic interactions that
could stabilize this complex. A model for pYEPTG bound to
p85CSH2 was generated using molecular graphics starting
from the crystallographic coordinates of p85CSH2 in complex
with the phosphopeptide pYVPML from PDGF receptor (PDB
1H90). The manually built model was conformationally re-
laxed using molecular dynamics and energy minimization.
Modeling pYEPTG produced no large forces so the final struc-
ture, shown in Fig. 7, is similar overall to the complex with the
PDGF receptor peptide. The intermolecular nonbonded ener-
gies are highly favorable, and excellent steric and chemical
complementarity exists between the Syk peptide and
p85CSH2. A number of intermolecular interactions are present
(Fig. 7B). A salt bridge is formed between Glu of the peptide
and p85 Lys-56. Thr of the peptide forms a hydrogen bond with
the main chain NH of p85 Val-59. Interactions with pTyr pres-
ent in the 1H90 are maintained, as well as a hydrogen bond
between His-94 N§1 and the main chain carbonyl of the peptide
Tyr+4 residue Gly. The goodness of the fit between p85CSH2
and Syk peptide suggests that p85CSH2 recognition of pY-
EPTG is structurally reasonable.

Tyr-317 Is Required for Coupling the FcyRIIA Receptor to
Phagocytosis in COS-7 Cells—Syk Tyr-317 plays a negative
role in coupling the BCR and FceRI receptors to downstream
signaling pathways in B cells and mast cells, respectively. In
these cells, PI3K is reported to bind to hematopoietic cell-
specific adaptor proteins phosphorylated in response to recep-
tor engagement. We explored a role for Tyr-317 in a Syk-de-
pendent signaling process reconstituted in a nonhematopoietic
cell. COS-7 epithelial cells expressing FcyRITA can phagocytose
IgG-opsinized red blood cells by a mechanism that is dependent
on the expression of exogenous Syk and on the activity of
endogenous PI3K (31). COS-7 cells were cotransfected with
plasmids coding for human FcyRIIA and Syk or a mutant form
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Fic. 8. Phagocytosis of IgG-sensitized sheep red blood cells by
COS-7 cells expressing FcyRIIA and Syk. COS-7 cells were tran-
siently transfected with plasmids coding for FcyRIIA and EGFP or
Syk-EGFP containing the indicated point mutations. The phagocytic
index (number of red blood cells internalized/100 COS-7 cells) was
determined. Inset, lysates of COS-7 cells expressing wild-type Syk-
EGFP (lanes 1 and 3), EGFP (lane 2) or Syk-EGFP(Y317/342/346F)
(lane 4) that were unstimulated (lane I) or activated for 5 min (lanes
2-4) were immunoblotted with antibodies against anti-phospho-Akt.

of Syk lacking one or more linker B region sites of tyrosine
phosphorylation. All forms of Syk were expressed fused to
EGFP to mark transfected cells. The percentage of cells ex-
pressing Syk-EGFP and the intensity of the fluorescence were
analyzed using flow cytometry as described previously (31) and
were determined to be similar among the different experimen-
tal groups. As shown in Fig. 8, phagocytosis of IgG-coated red
blood cells was dependent on the expression of wild-type Syk-
EGFP. Cells transfected with either EGFP alone or a catalyt-
ically inactive kinase (Syk-EGFP(K396R)) failed to phagocy-
tose red cells. Interestingly, the elimination of Tyr-317 also
substantially abrogated phagocytosis. Thus, in this model sys-
tem, Tyr-317 plays a positive role in signaling. Forms of Syk
lacking the pair of tyrosines at positions 342 and 346 or lacking
all three linker B sites at Tyr-317, Tyr-342, and Tyr-346 also
were unable to couple the receptor to phagocytosis. Elimination
of the linker B sites of tyrosine phosphorylation also uncoupled
receptor engagement from the activation of Akt, which lies
downstream from PI3K. These data indicate that both of the
protein docking sites within the Syk linker B region play crit-
ical roles in FcyRITA-mediated phagocytosis in COS-7 cells.

DISCUSSION

In hematopoietic cells, Syk couples multiple membrane-as-
sociated receptors to intracellular signaling pathways. Syk me-
diates signaling by interacting with these receptors via its
tandem SH2 domains and functioning both as a catalyst for
protein phosphorylation and as an adaptor for the formation of
protein complexes. Sites of tyrosine phosphorylation within the
linker B region at residues 317, 342, and 346 have been iden-
tified as docking sites for the SH2 domain-containing proteins
c-Cbl, phospholipase C-y, Fgr, and Vav (4, 5, 7-10). Other
proteins with SH2 domains that have been reported to interact
with Syk include PI3K, Lck, Lyn, CrkL, Grb2, Gab2, SHP1, and
SHP2 (26, 32, 34-38).

The yeast two-hybrid system can be used as a tool for eval-
uating protein-protein interactions mediated by phosphoryla-
tion sites on Syk. Syk expressed in yeast as a GAL4 fusion
protein can participate in phosphotyrosine-dependent binding
events as evidenced by the interaction of catalytically active,
but not inactive, Syk with SH2 domains of Lck, Fgr, and p85.
This differential binding was not the result of a lack of expres-
sion of the catalytically inactive Syk because we were able to
identify in our screen cDNAs coding for two proteins that could
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interact with Syk in a specific manner, but did so independent
of its catalytic activity.? Of those proteins identified in the
screen which bound to Syk, the p85 regulatory subunit of PI3K
was by far the most frequently encountered. Nearly 50% of all
positive clones identified from two different libraries contained
cDNAs for either the p85a or the p8583 isoform. This was not a
function of the overabundance of one particular clone in the
library because multiple, independent clones coding for various
portions of p85 were identified. This suggests a robust interac-
tion between Syk and p85.

Based on the domains encoded by the identified genes in the
two-hybrid analysis, the C-terminal SH2 domain of p85 alone
was sufficient for mediating an interaction with Syk. Consist-
ent with this observation, a GST-p85CSHZ2 fusion protein could
bind phosphorylated Syk or Zap-70 present in cell lysates. The
failure of the p85CSH2 to bind to either Syk(K396R) or
Syk(Y317F) first suggested that a specific interaction occurred
between the C-terminal SH2 domain of p85 and pTyr-317 of
Syk. This specificity was confirmed by a number of biochemical
interaction studies. An immobilized GST-p85CSH2 domain fu-
sion protein was capable of binding to the isolated, phospho-
rylated linker B region in vitro, but only if Tyr-317 was phos-
phorylated. Similarly, GST-p85CSH2 bound to a single
phosphopeptide derived from autophosphorylated Syk, and this
peptide contained pTyr-317. Finally, an immobilized phos-
phopeptide corresponding to the region surrounding Syk pTyr-
317 bound to soluble GST-p85CSH2.

The sequence that includes Y317, pYEPT, does not match
the consensus sequence for binding to either SH2 domain of
p85. The N- and C-terminal p85 SH2 domains are structurally
related and fall within a single class of SH2 domain (27, 39),
and both exhibit a preference for the sequence pYXXM (27).
However, a Syk construct that contains the three YXXM se-
quences found within the catalytic domain, but lacks the phos-
phorylation sites within linker B, does not bind p85 in yeast.
Other docking sites for p85 have been identified which also do
not match this strict consensus sequence. For example, p85
interacts with the nonconsensus sequences, pYVHV and
pYVNV, on the HGF/SF receptor (40), pYLVL of the EPO
receptor (41), and pYVNT of Tie2 (42).

Modeling of the pYEPTG sequence derived from the SykL B
region onto p85CSH2 resulted in a low energy complex that
showed a number of sequence-specific intermolecular interac-
tions. In particular the peptide Glu and Thr side chains inter-
act with Lys-56 and Val-59 main chain, respectively, of
p85CSH2 (Fig. 7B). Although the consensus recognition se-
quence for p85CSH2, a group III SH2 domain, includes Met at
position pTyr+3, the Syk linker B sequence contains Thr at the
+3 position following pTyr-317. Nonetheless, Thr appears rea-
sonable given that the model shown here positions the methyl
group of Thr in the region otherwise occupied by Met and the
hydroxyl group within hydrogen bonding distance of the main
chain amide group of Val-59.

The C-terminal p85 SH2 domain bound more readily to a
pTyr-317-containing phosphopeptide than did CbIN. Prior to
this analysis, c-Cbl was the only protein identified which could
interact with Syk at Tyr-317. c-Cbl and its family member,
Cbl-b, act to regulate negatively the activity of Syk in mast cells
and/or B cells and stimulate its ubiquitination by acting as an
E3 ligase (43—45). An interaction of the Cbl TKB domain with
Syk Tyr-317 is supported by several observations. In assays
conducted both in vitro and in yeast, the Cbl TKB domain
interacted with Syk in a manner largely dependent on the
phosphorylation of Tyr-317 (equivalent to Tyr-323 in human

2 Q. Zhou, K. D. Moon, and R.L. Geahlen, unpublished observation.
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Syk or Tyr-316 in the porcine enzyme) (4, 46). Furthermore, the
down-regulation of human Syk by c-Cbl when coexpressed in
COS-7 cells and the inhibition of BCR signaling by overex-
pressed c-Cbl both required the presence of Tyr-317 (4, 5). The
conserved Asn-315 found at position pTyr—2 within the SykL is
consistent with the consensus sequence for a Cbl docking site
as determined by a phosphopeptide library screen (47).

CbIN was capable of binding to an immobilized peptide con-
taining pTyr-317, but not as effectively as p85CSH2. An x-ray
crystal structure of the c-Cbl TKB domain bound to a related
phosphopeptide derived from the linker region of Zap-70 sug-
gested that a small hydrophobic residue at pTyr+4, in addition
to an Asp or Asn at pTyr—2, would also be important for high
affinity binding (48). Leu is present at this site in human Syk,
but it is replaced by Gly in both the murine and rat enzymes.
This difference in sequence did not account, however, for the
comparatively lower affinity of CbIN compared with P85CSH2
for the murine Syk-derived peptide because CbIN bound to a
comparable extent to phosphopeptides based on either the hu-
man or murine Syk sequences.

It is likely that the N-terminal SH2 domain of p85 also can
participate in an interaction with phosphorylated Syk because
the C-terminal SH2 domain alone was unable to bind in yeast
to a Syk(Y317F) mutant, whereas a protein containing both
domains was competent to bind. Also, full-length p85 was able
to bind a phosphorylated form of Syk (GST-p35) that lacked
Tyr-317. This indicates a difference in the binding specificities
of the two SH2 domains. Indeed, differences in the binding
specificities of the N- and C-terminal domains have been ob-
served previously in other systems. For example, p85 binds to
the cytoplasmic tail of the PDGF receptor at tyrosines 740 and
751. The N-terminal SH2 domain exhibits a strong preference
for Tyr-751, whereas the C-terminal domain does not discrim-
inate between the two sites (49). Furthermore, binding of p85
to the insulin-like growth factor I receptor is largely mediated
only by the C-terminal SH2 domain, whereas both domains
interact with sites on the insulin receptor (50).

The binding of the p85 SH2 domains to Syk provides a
mechanism by which signals could be transmitted directly from
activated, phosphorylated Syk to PISK. However, studies in B
cells and mast cells suggest that an indirect coupling of Syk to
PI3K mediated by adaptor proteins is the primary mechanism
for the regulation of PI3K by activated Syk in these systems.
Indeed, the expression of a Syk(Y317F) mutant in either cell
type enhances receptor-mediated signaling (3, 5, 6). Forms of
Syk or Zap-70 that lack either all sites of tyrosine phosphoryl-
ation in the linker B region or the entire linker region are
active and demonstrate an enhanced ability to couple antigen
receptors to the phosphorylation of the adaptor proteins BLNK
and SLP-76. Interestingly, we found that in nonhematopoietic
COS-7 cells expressing exogenous FcyRIIA, Syk-dependent
phagocytosis requires the linker B sites of tyrosine phosphoryl-
ation including Tyr-317. This is the first system identified in
which Tyr-317 plays a positive role in signaling and is consist-
ent with a role for Tyr-317 in the activation of PISK, which is
also required for phagocytosis in these cells. In a recent study
on the capabilities of Syk linker B mutants to reconstitute
signaling in mast cells from Syk-deficient mice, we found that
the elimination of Tyr-317 was able to correct multiple signal-
ing defects arising from the loss of Tyr-342 and Tyr-346 with
the notable exception of Akt activation.® Consistent with this
observation, elimination of linker B tyrosines also attenuated
the FcyRITA-induced activation of Akt in COS-7 cells.

3 Simon, M., Vanes, L., Geahlen, R. L., and Tybulewicz, V. L. J. (2005)
J. Biol. Chem., in press.
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Our observation of a direct interaction between Syk and p85
provides a reasonable explanation for the constitutive associa-
tion of TEL-Syk with p85 in cells that express the fusion
protein (19). The TEL gene is frequently involved in rearrange-
ments that yield TEL-protein-tyrosine kinase fusion proteins
that become constitutively active because of oligomerization of
the TEL HLH/SAM domain (51). In atypical myelodisplastic
syndrome with a t(9,12)(q22;p12) translocation, the TEL gene
has become fused in-frame with the gene coding for Syk, re-
sulting in the formation of a TEL-Syk fusion protein (52). The
resulting protein is constitutively active, phosphorylated on
tyrosine, and bound to p85, leading to the activation of PI3K
(19). Because Syk can catalyze the phosphorylation of all three
linker B tyrosines that play a role in the binding of p85 (28), it
is likely that the oligomerization of the TEL-Syk protein results
in its autophosphorylation at these sites resulting in the re-
cruitment of p85. This is consistent with the observation that
mutated forms of TEL-Syk lacking the dimerization domain
are not constitutively phosphorylated and do not bind p85 (19).

The preferred specificity determinant of pYXXM for the p85
SH2 domains matches the consensus sequence for substrate
recognition by the insulin receptor tyrosine kinase, suggesting
that the insulin receptor is particularly well suited for the
phosphorylation of proteins that provide docking sites for p85
(53). In contrast, cytoplasmic Src family tyrosine kinases often
catalyze the phosphorylation of sites recognized by proteins
with group I SH2 domains (54). It is interesting to note that
Syk Tyr-317, which is within the sequence pYEPT, is in B cells
a prominent phosphorylation site for Lyn, a Src family kinase
(10). Sequences related to pYEPT thus may serve in general as
a distinct class of sites on p85-binding proteins that connect the
activities of Src family kinases to the activation of PISK.
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