from a precursor molecule by proteolytic
cleavage, which raises the possibility of
tissue-specific regulation through protease
activation. The structural homology of be-
tacellulin with members of the EGF family
and the relatively low affinity of betacellu-
lin for the classical EGF receptor suggests
that betacellulin might act through another
receptor. The possibility exists that betacel-
lulin is primarily a ligand for another
known member of the EGF receptor family,
which includes the erbB2 (new/HER2) (25)
and erbB3 oncogene products (26). Howev-
er, our analyses of ligand-dependent tyro-
sine phosphorylation indicate that the
erbB2 receptor is not stimulated by betacel-
lulin (22). Thus, erbB3 or another receptor
remain as candidates for the primary beta-
cellulin receptor. Finally, the fact that be-
tacellulin is mitogenic for smooth muscle
and retinal pigment epithelial cells and is
produced by proliferating pancreatic B cells
suggests the possibility that release of beta-
cellulin from B cells could have a role in the
vascular complications associated with dia-
betes.
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SH2-Containing Phosphotyrosine Phosphatase as
a Target of Protein-Tyrosine Kinases

Gen-Sheng Feng, Chi-Chung Hui, Tony Pawson*

A mouse phosphotyrosine phosphatase containing two Src homology 2 (SH2) domains,
Syp, was identified. Syp bound to autophosphorylated epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) receptors through its SH2 domains and was rapidly
phosphorylated on tyrosine in PDGF- and EGF-stimulated cells. Furthermore, Syp was
constitutively phosphorylated on tyrosine in cells transformed by v-src. This mammalian
phosphatase is most closely related, especially in its SH2 domains, to the corkscrew (csw)
gene product of Drosophila, which is required for signal transduction downstream of the
Torso receptor tyrosine kinase. The Syp gene is widely expressed throughout embryonic
mouse development and in adult tissues. Thus, Syp may function in mammalian embryonic
development and as a common target of both receptor and nonreceptor tyrosine kinases.

Protein tyrosine phosphorylation is a prin-
cipal biochemical mechanism by which
hormones and growth factors regulate cell
proliferation, differentiation, and metabo-
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lism. Activated receptor protein-tyrosine
kinases (PTKs) apparently stimulate intra-
cellular signaling pathways by binding and
phosphorylating regulatory cytoplasmic
proteins (I-5). These cytoplasmic targets
share a common structural element, SH2.
domain, that mediates their association
with specific phosphotyrosine-containing
sites on autophosphorylated receptors and
thereby controls the initial interactions of
receptors with their substrates (6). Because
cell growth and development are tightly
controlled physiological processes, dephos-
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phorylation of phosphotyrosine residues by
phosphotyrosine phosphatases (PTP) is also
likely to be highly regulated (7). A mam-
malian PTP containing two SH2 domains
has been identified (variously named
PTP1C, SH-PTP1, HCP, and SHP), raising
the possibility of a direct interplay between
PTKs and PTPs (8). However, expression of
this PTP is largely confined to hematopoietic
cells (8), and its role in the regulation of cell
signaling processes is unknown. According-
ly, we have pursued the isolation of more
widely expressed SH2-containing PTPs.
We designed a cloning strategy that made
use of the polymerase chain reaction (PCR)
(9). We amplified cDNA derived from the

ITGVERENLL

J2INCADPTSE Ri3j

TDLVEHYKKN

QLKQPLNTTR INAAEIESRV RELSKLAETT

241 DRKVKQGFWEE FETLQQQECK LLYSRKEGQR QENKNKNRYK
281 NILPFDHTRV VLHDGDPNEP VSDYINANII MPEFETKCNN
321 SKPKKSYIAT QGCLQNTVND FWRMVFQENS RVIVMTTKEV
361!RGKSKCVKY WPDEYALKEY GVMRVRNVKE SAAHD!?LRE
401 LKLSKVGQAL LQGNTERTVW QYEFRTEEEB GVPSDPGGVL
441 DFLEEVHHKQ ESIVDAGPVV VHCSAGIGRT GTFIVIDILI
481 DIIREKGVDC DIDVPKTIQM VRSQRSGMVQ TEAQYRFIYM

521 AVQHYIETLQ RRIEEEQKSK RKGHEYTNIK YSGELGYTET

561 RVGCPGHSVS PMDEVDGGWV EGLGT

SH2N

ARPSKSNPGD

RNA of mouse A31 cells with two degener-
ate oligonucleotide primers, one based on a
conserved SH2 sequence FLVRES (6) and
the other on a conserved PTP motif DF-
WXMXW (F, Phe; L, Leu; V, Val; R, Arg;
E, Gly; S, Ser; D, Asp; W, Trp; X, any
amino acid; M, Met) (10). A PCR product
of 0.5 kb was generated by this procedure
which, when cloned and sequenced, proved
to encode a previously undescribed SH2
domain. This sequence was then used as a
probe to screen a cDNA library from the
mouse mammary carcinoma cell line FM3A
(11). Four overlapping ¢cDNA clones en-
compassing 2031 nucleotides were isolated,
which in composite gave a single open read-

Fig. 1. Amino acid sequence
of Syp and comparison with
Csw and PTP1C. (A) The de-
duced 585-amino acid se-
quence of Syp. The two SH2
domains (SH2N and SH2C)
are boxed. Conserved resi-
dues in the COOH-terminal
PTP catalytic domain are un-
derlined. The GenBank acces-
sion number for the Syp nucle-
otide sequence is L08663. (B)
Comparison of the NH,- and
COOH-terminal SH2 domains
(SH2N and SH2C) of Syp,
Csw, and PTP1C. Dots repre-
sent amino acids in Csw and
PTP1C that are identical to
those found in Syp. Dashes in
Csw and PTP1C represent
gaps introduced for optimal
alignment. (C) Comparison of
the PTP catalytic domains of
Syp, Csw, and PTP1C. The
PTPase insert in Csw is not

PTP

8yp WFHPNITGVEAENLLLTRGVDGSFLARPSKSNPGDFTLSVRRNGAVTH ShOWn(78)
Csw +e..T.8.I...K..QEQ.F....... L.8....A....... GNE :
PTP1C ...RDLS.PD..T..KG...P........ RK.Q VvDDQ
8yp IKIQNTGDY!DLYGG!K?ATLA!LVQYYKBHBGQLKBKNGDVIBLKYPL
Csw ..... N..FF....co000cePociinns N-.BE......QA....Q..
PTPI1C .R...8..F.....c.c00n. T...!..TQQQ I.QDRD. TI H.....
SH2C

8yp WPHGHLSGKBABKLLTBKGKBGBFLVR!SQSEPGDPVLSVRTGDDRGE
Csw ceeeNooeeenes IL.R..N...oooeeooeKeoiooooeoe=0oo=m
PTP1C .Y...M..GQ..T..QA..EPWT...... L.Q.oeecnnn LSDQP AG
8yp BNDGKSKVTHVKIRCQBLKYDVGGGBRFDSLTDLVBBYKKNPKV!TLGT
cew  -------....... DK........ 8.GT.SE.ID...R...... c..
PTP1C -PGSPLR...IKVM. !GGR T...8.Tccccuucnenn F..TGIE.AS8.A

C
Syp GFWEEFETLQQQECKLLYSRKEGQRQENKNKNRYKNILPFDHTRVVLEHDGDPNEPVSDYINAN
Csw eeeeese8...-DSRDTF..N..YK...RL....R....Y.....K.L.VEHSVAGAE.....
PTP1C .......S..K..VKN.HQ.L....P...S8......... «ee8..I.QGR.8.I.G.......
Syp IIMPEFETKCNNSKPKKSYIATQGCL----QNTVNDFWRMVFQENSRVIVMTTKEVERGKSKC
Csw Y. [PTPase insert J]J....... .LTQQV...T...N. . W...T.........¥Y....E..
PTP1C YV---KNQLLGPDENAKTYIASQGCL----DA......Q.AW...T.......R...K.RN..
Syp VKYWPDEYALKEYGVMRVRNVKESAAHDYTLRELKLSKVGQALLQGNTERTVWQYHFRTWPDH
Csw AR.....GRSEQF.HA.IQC.S.NSTS......FLV.WRD.~-~-~---- PA.RIFH...QV....
PTP1C .P...BVGTQRV..LYS.T.SR.HDTAE.K..T.QI.----P.DN.DLV.EI.H.QYLS....
Syp GVPSDPGGVLDFLEEVHHKQESIVDAG----PVVVHCSAGIGRTGTFIVIDILIDIIREKGVD
Csw eesA...C..N..QD.NTR.SHLAQ..EKPG.IC....... eceeescees MIL.Q.VRN.L.
PTP1C ....B.....S..DQINQR...LPH..----,II....... ecseeel....M.MES.ST..L.
Syp CDIDVPKTIQMVRSQRSGMVQTEAQYRFIYMAVQHYIETLQRRIEEEQKSKRKGHEYTNIKYS
Csw TE..IQR.:.ccceceees L.......K.V.Y......Q..IA.KRA.EQ.LQV.R...... .T
PTP1C ....IQ..ccceeBivuccccennn .K...V.IAQF...TKKKL.II.SQ.GQES..G..T.P
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ing frame encoding a polypeptide of 585
amino acids (Fig. 1A). The presumptive
ATG translational initiation site is preceded
by several in-frame stop codons. Consistent

4 SR T TR S e A e
75—

--0-.-1 Syp
44— 1

Fig. 2. Expression of Syp RNA in mouse embry-
os. (A) Polyadenylated mRNA was isolated from
mouse embryos at days 9.5 to 16.5 and subject-
ed to Northern blot analysis with the 2-kb com-
posite Syp cDNA (71) as a probe. A mouse
B-actin probe was also used as a control for the
amount of RNA and its integrity. Lanes 1 through
8: 9.5, 10.5, 11.5, 125, 13,5, 145, 155, and
16.5 days of embryogenesis, respectively. Mo-
lecular sizes are indicated at the left (in kilobas-
es). (B) 35S-labeled sense and antisense RNA
probes were synthesized by in vitro transcription
of the 2.0-kb composite Syp cDNA (71) cloned
in pBluescript and used for in situ hybridization
as described (20). Panels (a) through (d), dark-
field illuminations of sections hybridized with the
antisense Syp probe of (a) a sagittal section
through a head-fold stage embryo (d7.5); (b)
transverse section through an early somite stage
embryo (d8.5); (c) sagittal section of a d9.5
embryo; and (d) sagittal section of a d12.5
embryo. In parallel experiments, the Syp sense
probe gave no specific signals. The apparently
weaker hybridization signal in neural tissue is
due to quenching by the counterstain. Silver
grains were clearly visible under bright-field
optics. HF, head fold; PS, primitive streak; N,
neural fold; and H, heart.



with this prediction, in vitro transcription
and translation of the composite Syp cDNA
produced a polypeptide of 65 kD that was
specifically recognized by antibodies to bac-
terial glutathione S-transferase (GST) fusion
proteins containing either the Syp SH2 do-
mains or the Syp PTP domain (12).

At its NH,-terminus, Syp contains two
SH2 domains with residues that are highly
conserved among other SH2 domains and

Table 1. Similarity of the SH2 and PTPase do-
mains of Syp, Csw, and PTP1C. |, percentage of
amino acid residues that are identical; S, percent-
age of amino acids that are similar. The following
were considered conservative changes: R/K; E/D;
T/S; VIWWA; and Y/F (19).

SH2N SH2C PTPase
Comparison
| S | S | S
Syp-Csw 75 80 71 80 55 65
Syp-PTP1C 64 75 53 61 57 67
Csw-PTPIC 60 66 44 60 49 59
A31 R2 HER S7a
(EGF) R2 (v-sro)

(PDGF)  (PDGF)
+

180~ EGFR
116-

84—

58— Sy

ant-PY

: anti-Syp
Fig. 3. Phosphorylation of Syp by activated
tyrosine kinases and binding of Syp SH2 do-
mains to autophosphorylated receptors. (A)
Mouse A31 fibroblasts (A31), Rat-2 cells (R2),
and Rat-1 cells expressing the human EGFR
(HER) were grown in Dulbecco's modified Ea-
gle’s medium (DMEM) containing fetal bovine
serum (FBS) (10%) and then incubated for 48
hours in DMEM containing 0.5% FBS. Starved
cells were either unstimulated (=) or stimulated

participate in recognition of phosphoty-
rosine (6, 13). An exception is a conserved
arginine located in the al helix of the Src
SH2 domain, which is replaced by a glycine
in both Syp SH2 domains (Gly'* and
Gly'"®) and in the SH2 domains of PTP1C
(8). Although the arginine normally found
at this position is involved in the recogni-
tion of phosphotyrosine through interac-
tion of its amino group with the tyrosine
ring, it is apparently not essential for SH2
binding to proteins containing phosphoty-
rosine (14). Syp also contains all the amino
acid residues diagnostic of the catalytic
domains of PTPs (Fig. 1A). The overall
structure of Syp is very similar to that of
PTPI1C and to the product of the Drosophila
gene corkscrew (csw), which also encodes
an SH2-containing PTP (15). Sequence
comparisons revealed that mouse Syp is
most closely related to Drosophila Csw, es-
pecially within its SH2 domains, excluding
a 155-amino acid insert sequence in the
Csw PTP domain that is missing from Syp
(Table 1). Syp and Csw are more similar to

B
0

2

15' 15'R 30' 30'R €0' 60'R

£

GST GST-
SH2 SH2

GST GST-

(+) with BB-PDGF (75 ng/ml) (UBI) or EGF (80 nM) (UBI) for 5 min. Normal Rat-2 cells (R2) or
v-src-transformed Rat-2 cells (S7a) were grown in DMEM + 10% FBS. Cell lysates were prepared
and immunoprecipitated with anti-Syp (21) in the presence of protein A-Sepharose as described
(2). The resulting immune complexes were subjected to immunoblot analysis with anti-PY and
anti-Syp, which were detected with '2%I-labeled protein A. Molecular sizes are indicated at the left
(in kilodaltons). (B) A31 cells were stimulated with PDGF (75 ng/ml) for 1, 2, 5, 15, 30, and 60 min
as described above. The 0 time point represents unstimulated cells. For some samples (15'R, 30'R,
and 60'R), PDGF was removed after 5 min and cells were incubated in DMEM containing 0.5% FBS
for the indicated times before lysis. Cell lysates were prepared and immunoblotted with anti-PY and
anti-Syp as in (A). (€C) In vitro binding of Syp SH2 domains to activated growth factor receptors.
Lysates of A31 cells (left) that were unstimulated (—) or stimulated (+) for 5 min with PDGF (75
ng/ml) were incubated with purified GST or a GST-SH2 fusion protein containing Syp residues 2 to
216, both of which were attached to glutathione-agarose beads. The beads were washed, and the
bound proteins were immunoblotted with antibodies to PDGFR (2). (Right) HER cells were
unstimulated (-) or stimulated (+) with 80 nM EGF for 5 min. Cell lysates were incubated with
immobilized GST or GST-SH2, and associated EGFR was detected by immunoblotting with

antibodies to EGFR.
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one another than either is to mouse
PTPIC.

Northern blot analysis of embryonic
mouse RNA identified a single 7.0-kb Syp
transcript that was highly expressed in
mouse embryos at the stages analyzed, days
9.5 to 18.5 [Fig. 2A and (12)]. To examine
Syp expression during mouse embryogenesis
in more detail, we used in situ RNA hy-
bridization analysis of early mouse embryos
(days 7.5 to 15.5). At day 7.5, Syp RNA
was detected in both embryonic and ex-
traembryonic tissues and in the maternal
tissues (Fig. 2B). Expression continued to
be widespread at all later stages examined,
with small variations in the amount of
expression between tissues. For example, a
relatively large amount of Syp RNA was
present in the heart, whereas smaller
amounts were detected in the neural ecto-
derm and nervous system. Syp RNA was
also detected in various adult tissues, in-
cluding brain, heart, kidney, liver, lung,
and spleen. The highest amounts were pre-
sent in brain and heart (12). The abundant
and broad expression of Syp in the early
mouse embryo suggests that it may be nec-
essary for normal development. Mutant
analysis has demonstrated that csw is spe-
cifically required for the formation of termi-
nal structures of the Drosophila embryo,
although it is expressed throughout the
embryo (15).

Csw functions downstream of the Torso
receptor tyrosine kinase and transduces a
signal from Torso to effectors that partici-
pate in terminal formation in the Drosophila
embryo (15). However, there is no direct
biochemical evidence to show that Csw is
directly regulated by or physically interacts
with the Torso kinase. To test if Syp might
be a downstream target of receptor tyrosine
kinases in mouse cells, we treated A31
fibroblasts with PDGF for varying periods of
time. Proteins from cell lysates were immu-
noprecipitated with antibodies to Syp (anti-
Syp), and the resulting immune complexes
were then blotted with anti-Syp or antibod-
ies to phosphotyrosine (anti-PY) (Fig. 3, A
and B). Tyrosine phosphorylation of the
65-kD Syp polypeptide was evident within
1 min after stimulation of cells with PDGF,
reached a maximum within 5 to 15 min,
and remained high for at least 60 min in the
presence of PDGF (Fig. 3B). If PDGF was
removed from A31 cells after 5 min of
treatment, Syp was slowly dephosphoryl-
ated. PDGF stimulation of Rat-2 cells also
induced phosphorylation of Syp on tyrosine
(Fig. 3A). Syp phosphorylation was exam-
ined directly by metabolic labeling of A31
cells with 3*P. Syp was poorly phosphoryl-
ated in unstimulated cells; however, PDGF
stimulation induced a marked increase in
Syp phosphorylation. Phosphoamino acid
analysis showed that Syp from PDGF-stim-
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Fig. 4. Syp in vitro phosphatase activity. Equal amounts of 80
A31 cell lysates were immunoprecipitated with preimmune
serum (O) or with anti-Syp (®). The immune complexes were
then assayed for phosphatase activity. Syp was immunopre-
cipitated with the use of protein A-Sepharose beads as
described for Fig. 3 except that the precipitates were washed
three times with buffer containing 50 mM Hepes (pH 7.5), 150
mM NaCl, 1.5 mM MgCl,, 10% glycerol, 1% Triton X-100, 1
mM EGTA, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
leupeptin (10 ng), and aprotinin (10 png). The tyrosine phos-
phatase assay was performed as described (76). Bovine
MBP (Sigma) was phosphorylated on tyrosine by the p43v-a®/
kinase (Oncogene Science) (16). Dephosphorylation of MBP
was done at room temperature in buffer containing 50 mM
imidazole (pH 7.5), 10 mM dithiothreitol, 5 mM EDTA, immu-
noprecipitated Syp, and 110,000 cpm of substrate in a final
volume of 30 wl. The reaction was terminated by the addition
of 200 ! of 20% ice-cold trichloroacetic acid. After centrifu- 098 10 20
gation, 32P in the supernatant was counted to measure the

extent of dephosphorylation.

ulated cells was principally phosphorylated
on tyrosine and contained lower amounts of
phosphothreonine and phosphoserine (12).

To investigate whether Syp is a more
general substrate for tyrosine kinases, we
stimulated Rat-1 cells (HER) expressing the
human epidermal growth factor receptor
(EGFR) with EGF; incubation with EGF
for 5 min induced tyrosine phosphorylation
of Syp. Syp from EGF-stimulated HER cells
coprecipitated with a 175-kD protein con-
taining phosphotyrosine (Fig. 3A) that cor-
responds to the autophosphorylated EGF
receptor as confirmed by immunoblotting
with antibodies to the EGFR (12). Consis-
tent with this finding, bacterially expressed
Syp SH2 domains, synthesized as GST fu-
sion proteins, bound to the activated plate-
let-derived  growth  factor  receptor
(PDGFR) and EGFR in vitro (Fig. 3C).
These results suggest that autophosphoryl-
ated growth factor receptors can bind to
Syp SH2 domains in vivo and subsequently
phosphorylate Syp on tyrosine. These are
the hallmarks of an SH2-mediated recep-
tor-target interaction, suggesting that Syp
may function downstream of multiple
PTKs.

Transforming nonreceptor tyrosine ki-
nases, such as v-Src, deliver a mitogenic
signal that results in malignant cell growth.
Although Syp was not phosphorylated on
tyrosine in parental Rat-2 fibroblasts, it was
highly and constitutively tyrosine phos-
phorylated in a Rat-2 cell line transformed
with v-src (Fig. 3A). This suggests that Syp
may also be a target of the v-Src oncopro-
tein. A number of other more minor phos-
photyrosine-containing proteins coprecipi-
tated with Syp from v-src—transformed S7a
cells, as well as from EGF-stimulated cells.

We assayed Syp phosphatase activity in
vitro using immunopurified Syp, with ty-
rosine-phosphorylated myelin basic protein
(MBP) as a substrate (16). As shown in Fig.
4, Syp was associated with PTP activity in

1610

601

40+

201

Dephosphorylation (CPM, x1000)

Time (min)

vitro. There was no significant difference
between the in vitro phosphatase activities
of endogenous Syp immunoprecipitated
from unstimulated A31 cells or from PDGEF-
stimulated A31 cells (12). It is diffcult,
however, to assess the effect of tyrosine
phosphorylation on Syp phosphatase activ-
ity in such an assay because immunoblot-
ting with anti-PY showed that Syp was itself
rapidly dephosphorylated in the reaction,
possibly as a result of autodephosphoryla-
tion (12).

One possible role- for Syp is to act as a
negative regulator by dephosphorylating re-
ceptor autophosphorylation sites. However,
the observation that Syp itself becomes,
and remains, highly tyrosine phosphorylat-
ed in growth factor-stimulated cells and is
stably associated with tyrosine-phosphoryl-
ated EGFR might argue against this simple
model. We did not observe dephosphoryl-
ation of the Syp-associated EGFR in im-
mune complex phosphatase assays in which
Syp was active in dephosphorylation of
MBP and was itself dephosphorylated (12).
An alternative possibility is that Syp also
acts as a positive regulator or signal trans-
ducer by dephosphorylating inhibitory phos-
photyrosine sites. The best example of such
an inhibitory site is Tyr>?? in the COOH-
terminal tail of c-Src, whose phosphoryla-
tion blocks c-Src tyrosine kinase activity
(17). A PTP that selectively dephosphoryl-
ates c-Src Tyr*? or the corresponding site of
other Src family members in vivo would be
expected to have a positive effect on mito-
genic signaling. The finding that Syp is
phosphorylated on tyrosine in v-src—trans-
formed cells and hence is likely a v-Src
substrate is consistent with the notion that
Syp can interact directly with Src-like ki-
nases.

Binding of the Syp SH2 domains to
activated growth factor receptors may con-
trol the access of the Syp phosphatase
domain to its physiological substrates and
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stimulate Syp tyrosine phosphorylation.
Tyrosine phosphorylation of Syp may in-
duce its association with the SH2 domains
of other tyrosine-phosphorylated proteins
in vivo, which could then be rapidly de-
phosphorylated by the Syp catalytic do-
main. Several phosphotyrosine-containing
proteins did coprecipitate with Syp from
v-src—transformed and EGF-stimulated cells
(Fig. 3A). Occupancy of the Syp phospho-
rylation sites by an SH2 domain might also
block autodephosphorylation. These no-
tions are amenable to biochemical and ge-
netic investigation.

Note added in proof: The predicted prod-
uct of the human SH-PTP2 cDNA (18) is
very similar to mouse Syp.
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Activation of a Phosphotyrosine Phosphatase by
Tyrosine Phosphorylation

Wolfgang Vogel, Reiner Lammers, Jiaoti Huang, Axel Ulirich*

Regulation of cell proliferation, differentiation, and metabolic homeostasis is associated
with the phosphorylation and dephosphorylation of specific tyrosine residues of key reg-
ulatory proteins. The phosphotyrosine phosphatase 1D (PTP 1D) contains two amino
terminally located Src homology 2 (SH2) domains and is similar to the Drosophila cork-
screw gene product, which positively regulates the torso tyrosine kinase signal transduc-
tion pathway. PTP activity was found to be regulated by physical interaction with a protein
tyrosine kinase. PTP 1D did not dephosphorylate receptor tyrosine kinases, despite the
fact that it associated with the epidermal growth factor receptor and chimeric receptors
containing the extracellular domain of the epidermal growth factor receptor and the
cytoplasmic domain of either the HER2-neu, kit-SCF, or platelet-derived growth factor
B (BPDGF) receptors. PTP 1D was phosphorylated on tyrosine in cells overexpressing the
BPDGF receptor kinase and this tyrosine phosphorylation correlated with an enhancement
of its catalytic activity. Thus, protein tyrosine kinases and phosphatases do not simply
oppose each other’s action; rather, they may work in concert to maintain a fine balance

of effector activation needed for the regulation of cell growth and differentiation.

Protein phosphorylation and dephospho-
rylation are key events in the pathways that
regulate cell growth and differentiation.
These processes are triggered by secreted
polypeptide growth factors or hormones
that activate tyrosine kinases to induce
specific cellular responses (1). The cellular
factors that participate in these signaling
pathways include polypeptide substrates
that contain the Src-homology regions,
SH2 and SH3, either alone or in combina-
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tion with regions that provide enzymatic
activity (2). The SH2 domain elements of
such substrates bind with high affinity to
specific phosphorylated tyrosine residues of
activated tyrosine kinases and thereby ini-
tiate the subsequent intracellular signal
transduction cascade (1). For example,
phospholipase Cv interacts through its SH2
domain with the cytoplasmic domain of a
receptor tyrosine kinase (RTK) and is acti-
vated by subsequent phosphorylation (3).
Protein tyrosine phosphatases (PTPs) are
potential regulators of protein tyrosine ki-
nases (PTKs), but it is not clear how these
crucial components of phosphotyrosine sig-
naling cascades are activated (4).

The large number of currently known
members of the PTP family suggests that
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there may be specificity in PTP-RTK inter-
actions. Recently, a cDNA encoding a PTP
designated PTP 1C was cloned from several
sources (5, 6). In addition to a single
catalytic domain, the structure of this PTP
includes a pair of SH2 regions near the
NH,-terminus, which suggested that PTK
activity might be regulated by SH2 do-
main—-mediated interaction of tyrosine-
phosphorylated RTKs with a PTP.

We identified a PTP, designated PTP
1D, that contains an SH2 domain and has
extensive sequence similarity to PTP 1C
(7). Overlapping clones from a ¢cDNA li-
brary from SK-BR-3 mammary carcinoma
cells covered 6.8 kb and included in the 5’
portion an open reading frame of 1779 bp
that encoded a protein of 593 amino acids
with a calculated molecular size of 68 kD
(Fig. 1). The coding sequence was flanked
by 129 nucleotides of 5'-untranslated se-
quence and approximately 4.9 kb of 3'-
untranslated sequence. The predicted ami-
no acid sequence contains a PTP catalytic
domain at the COOH-terminus and two
adjacent SH2 domains that are located in
the NH,-terminal portion. PTP 1D and
PTP 1C are very similar in their overall
structure, with only minor divergence to-
ward the COOH-terminus. The two pro-
teins exhibit 55% sequence identity and
71% overall similarity.

The recently characterized product of
the Drosophila corkscrew (csw) locus (8), a
gene that participates in signaling by the
tyrosine kinase encoded by the torso gene
(9), is similar to PTP 1C and PTP 1D in the
SH2 and PTP domains. Within the se-
quences that could be aligned, csw was 69
and 76% similar to PTP 1C and PTP 1D,

1 M PN ITGVEAENLL LTRGVDGSFL ARPSKSNPGD)
41 SVRRNGA VTHIKIQNTG DYYDLYGGEK FATLAEL
81 HGQLKE KNGDVIELKY ICADPTSE RFFEGHLSGK

121 [BAEKLLTEKG KHGSFLVRES QSHPGDFVLS V
161 INDGKSKVTHV MIRCQELKYD VGGGERFDSL TDLVEHYKKN
INAARIESRV RELSKLAETT

201 [PMVETLGTVL QLK

BKGVDCDIDV. PRTLOMVRSG REGH STREIMAQH
521 YIETLQRRIE EEQKSKRKGH EYTNIKYSLA DQTSGDQSPL
561 PPCTPTPPCA EMREDSARVY ENVGLMQQOK SFR*

Fig. 1. Amino acid sequence of PTP 1D. The
deduced amino acid sequence is shown. SH2
and PTP domains are boxed and the latter is
shaded. The nucleotide sequence was deter-
mined with the chain termination method (79).
Abbreviations for the amino acid residues are;
A Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.
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