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Binding of Transforming Protein, P472%"%, to a
Broad Range of Phosphotyrosine-Containing Proteins

MiIcHIYUKI MATSUDA, BRUCE J. MAYER, YASUHIsA Fukui,

HIDESABURO HANAFUSA¥*

Although the oncogene product of CT10 virus, P475%<™*, does not itself phosphoryl-
ate proteins at tyrosine residues, it elevates phosphotyrosine in transformed cells. The
P47#%* oncoprotein contains SH2 and SH3 domains, which are conserved in several
proteins involved in signal transduction, including nonreceptor tyrosine kinases.
P47%%<* bound in vitro to phosphotyrosine-containing proteins from crk-transformed
cells and from cells transformed by oncogenic tyrosine kinases. The association
between P47%%<* and p60""™, a phosphotyrosine-containing protein, was abolished
by dephosphorylation of p60™™. This suggests that the SH2 and SH3 regions
function to regulate protein interactions in a phosphotyrosine-dependent manner.

ANY PROTEINS INVOLVED IN SIG-
nal transduction contain common
domains, named SH2 and SH3
(src homology 2 and 3), which were orig-
inally found in the regulatory regions of
nonreceptor tyrosine kinases (1-3). Al-
though regulatory functions for these do-
mains were suggested from mutational anal-
yses, their biological function is still unclear
(4). Because P478%€ consists almost en-
tirely of SH2 and SH3 domains (5), which
are indispensable for transformation by this
oncogene product (6), analysis of transfor-
mation by P472%* should provide an
understanding of the function of the SH2
and SH3 regions.
Several cellular phosphoproteins from
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CT10-transformed cells coimmunoprecipi-
tate with P478%<" and antibodies to Gag
(anti-Gag) or Crk (anti-Crk) (7). These cel-
lular phosphoproteins are identical, as
judged by V8 protease mapping, to those
precipitated from lysates of the same cells,
with an antibody to phosphotyrosine (anti-
phosphotyr) (7). These results suggest that
the proteins phosphorylated on tyrosine are
bound to P4782&rk,

To examine the specificity of the interac-
tion among these proteins, we performed
immunoprecipitations in the presence of an
excess of exogenously added P4728-<%, 32p.
labeled cellular proteins of 135, 120, 94, 87,
and 65 to 75 kD were precipitated from
lysates of crk-transformed 3Y1 cells (Crk-
3Y1) (8) by anti-phosphotyr (Fig. 1, lane
4). P47#°™ that was immunoprecipitated
with antibody to p19%%¢ (anti-p194°%) was
associated with nearly all of the phosphotyr-

osine-containing proteins (Fig. 1, lane 3).
The only protein detectable by anti-phos-
photyr but not coimmunoprecipitated with
anti-p19%°€ was the 120-kD protein (Fig. 1,
lane 5). The 120-kD protein was probably
difficult to detect by immunoprecipitation
with antd-p19%?¢ because it was weakly asso-
ciated with P47228-" Therefore, we used
beads coupled to recombinant P472%€<%
by means of anti-pl19%% (P472%"*_anti-
pl9%?8 complex) (9) to coimmunoprecipi-
tate the 120-kD protein from the fraction of
the lysate not bound by anti-p194“¢ alone
(Fig. 1, lane 6). If the cell lysate was first
treated with anti-phosphotyr, no phospho-
proteins were detected in supernatant sub-
jected to immunoprecipitation by anti-
pl92% or the P472%"*_anti-p19%*¢ com-
plex (Fig. 1, lanes 7 and 8). These results
suggest that P47 associates with phos-
phoproteins that contain phosphotyrosine
and with few, if any, phosphoproteins that
contain only phosphoserine or phospho-
threonine.

To see whether P472%¢°™* bound a broad
spectrum of phosphotyrosine-containing
proteins, we examined the binding of puri-
fied P472%¢™ in vitro to proteins phos-

Fig. 1. Association of phosphotyrosine-contain-
ing proteins with P4729€- (18). [32P]Ortho-
phosphate-labeled proteins from 3Y1 (lanes 1 and
2) and crk-transformed 3Y1 (Crk-3Y1) cells (lanes
3 to 8) were precipitated with anti-p195°¢ (3C2
monoclonal antibody (19) (lanes 1 and 3) or anti-
phosphotyr (20) (lanes 2 and 4). Protein (50 pg)
from Crk-3Y1, which contained ~0.01 pg of
P47298<% was used in each lane. Supernatants
from these immunoprecipitations were immuno-
precipitated with a second set of antibodies:
supernatant of anti-p19%¢ immunoprecipitation
(lane 3) was precipitated with anti-phosphotyr
(lane 5) or with anti-p194“# coupled with 0.5 pg
of recombinant P47298* produced in insect cells
(P47228"*_anti-p192°% complex) (9) (lane 6); su-
pernatant of anti-phosphotyr immunoprecip-
itation (lane 4) was precipitated with anti-p19¢“¢
(lane 7) or the P47#°#<"*_anti-p19%°¢ complex
(lane 8). Immunoprecipitates were analyzed by
SDS—polyacrylamide gel electrophoresis (SDS-
PAGE) (10% gel). Arrowheads indicate the ma-
jor phosphotyrosine-containing proteins in Crk-
3Y1 cells (from top of gel): 135, 120, 94, 87, and
65 to 75 kD. P47#2&" is indicated by the open
arrow. Bars at the left of the figure are molecular
size markers: 110, 84, and 47 kD.
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phorylated on tyrosine residues by oncogen-
ic nonreceptor (v-src and v-yes) and receptor
(v-erb-B) tyrosine kinases. Chicken embryo
fibroblasts (CEF) were infected with trans-
forming retroviruses carrying these onco-
genes, Rous sarcoma virus (RSV) [v-src
(10)], Y73 virus [v-yes (11)], and avian
erythroblastosis virus (AEV) [v-erb-B (12)]
as well as CT10. Lysates of transformed
CEF were subjected to immunoprecip-
itaton with ant-pl19%°¢ alone or P47%%"
ek _anti-p19#°¢ complex. Proteins were sep-
arated by SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) and detected by im-
munoblotting with anti-phosphotyr (Fig.
2A). Tyrosine-phosphorylated  proteins
present in transformed cells expressing the
tyrosine kinases were coprecipitated with
the P472°2™_anti-p198?¢ complex. Except
for P90%?8Y°, anti-p19%“¢ antibody alone
did not coimmunoprecipitate proteins con-
taining phosphotyrosine (Fig. 2A, Y73, lane
2). Phosphotyrosine-containing proteins in
CT10-transformed cells were immunopreci-
pitated by anti-p19% because of their as-
sociation with P4729<™ expressed from
CT10 virus. Association between P472%€<*
and phosphotyrosine-containing proteins
was not blocked by phosphotyrosine, which
competed for anti-phosphotyr (Fig. 2B).
Therefore, P47¢°¢™ must recognize con-
formational determinants that are depen-
dent on tyrosine phosphorylation rather
than tyrosine phosphate itself.

To show that phosphorylation of tyrosine
was essential for binding of proteins by
P478%<  we studied the interaction be-
tween P47gag—crk and P60V-J’c. 'I'llc P60V-J’C

A _Mock CT10 RSV Y73 AEV
12:8:4:23:1°P 312 81815023

kD
205
130 —
.-
77 — -
-
B Crk-3Y1 SR-3Y1
YeSEay 8

b

Anti-ptyr

Anti-ptyr P47 Pa7

1538

Fig. 3. Effect of tyrosine phosphorylation on the
association between p60¥~"® and P472%8-" (22).
Cell lysates of SR-3Y1 were incubated without
(lane 1) or with anti-Src (lanes 2 to 6). Immune
complexes were incubated in kinase buffer con-
taining ATP and Mg?* (lanes 2, 5, and 6), lacking
Mg?* (lane 3), or lacking ATP (lanc 4). Some
samples were further incubated in phosphatase
buffer without (lane 5) and with potato acid

Anti-Src

Anti-ptyr [

Anti-Crk

phosphatase (lane 6). Immune complexes were incubated with purified P472°#<"* (9). After washing,
proteins associated with these immune complexes were analyzed by SDS-PAGE (10% gel) and
immunoblotting with anti-Src and anti-ptyr for p60"~" or anti-Crk for P47298<%,

protein, which is partially phosphorylated at
Tyr*'¢ in vivo by autophosphorylation (13),
was immunoprecipitated with an antibody
to p60¥-*"® (ant-Src). This immune complex
was then incubated with purified P472%8",
Binding of P472°¢*™ to p60"~*"*~anti-Src
complex was detected by immunoblotting
with anti-Crk, and was enhanced after addi-
tional incubation with adenosine triphos-
phate (ATP) and Mg?* in vitro (Fig. 3,
lanes 2 to 4). Under this condition p60*~"
was autophosphorylated exclusively on tyro-
sine (13). Further treatment of p60*-" with
potato acid phosphatase greatly reduced
binding to P472°"* (Fig. 3, lanes 5 and 6).
These results show that P472°¢™ bound to
p60"*"¢ in a phosphotyrosine-dependent
manner.

The ability of P472%¢<" to bind phospho-
tyrosine-containing proteins can be attribut-
ed to the c-ark—derived region of this pro-
tein. The gag-encoded proteins of avian retro-
viruses immunoprecipitated with anti-p195°¢
did not associate with phosphotyrosine-con-
taining proteins from transformed cells (Fig.
2A). In addition, Crk protein lacking Gag
can associate with phosphotyrosine-contain-
ing proteins as well as P47828~"% (7).

Physical interaction of molecules plays an
important role in signal transduction. We
propose that a function of the erk oncogene
product, consisting almost entirely of SH2

Fig. 2. (A) P47¢°#<"* binding of substrates for
various oncogenic tyrosine kinases. CEF infected
with various transforming avian retroviruses were
lysed and incubated with antibodies as described
in the legend to Fig. 1. Total proteins (lane 1) and
those immunoprecipitated with anti-p19¢%¢ (lane
2) or with the P47#98<™_anti-p19°¢ complex
(lanc 3) were scparated by SDS-PAGE (7.5%
gel), transferred to Immobilon (Millipore), im-
munoblotted with anti-phosphotyr, and visual-
ized by ZI-labeled protein A (Amersham).
Arrowheads indicate, from top to bottom,
P90Esres op68°b-B . and "<, Bars indicate
molecular size markers. (B) [*2P]Orthophos-
phate-labeled proteins from Crk-3Y1 and src-
transformed 3Y1 cells (SR-3Y1) (21) wcggrecip—
itated with cither anti-ptyr or the P47#9¢~"*—anti-
p19%2¢ complex (P47) in the absence or presence
of 10 mM phosphotyrosine (Y) or phosphoserine
(S), analyzed by SDS-PAGE (7.5% gel), and
visualized by autoradiography. Bars indicate mo-
lecular size markers.

p60*°  —mO— (533)
P479%9C% 10 (440)
p38°°* . m-m (305)
PLC-y
GAP

CHHOH.
——{HHH—————(1044)

Fig. 4. Comparison of the structures of p60°~™
(1, 5), P47895 % (5) p38<<r* (23) PLC-y (PLC-
148) (2), and GAP (3). Black and white boxes
denote the SH3 and SH2 domains, respectively.
The numbers at the right indicate the total num-
ber of amino acids in each protein.

(1292)

and SH3 domains, is to modulate protein-
protein interactions in response to tyrosine
phosphorylation. Two proteins that contain
SH2 and SH3, phosphatidylinositol-specific
phospholipase C (PLC-y) (2) and ras p21
guanosine triphosphatase (GTPase)—activat-
ing protein (GAP) (3) (Fig. 4), are phos-
phorylated by the platelet-derived growth
factor (PDGF) receptor and by the epider-
mal growth factor (EGF) receptor after lig-
and stimulation, which induces autophos-
phorylation of these receptors on tyrosine
residues (14). This autophosphorylation ap-
pears to be essential for the physical associa-
tion of PLC-y with the PDGF or EGF
receptor (15). Cellular nonreceptor tyrosine
kinases, which contain SH2 and SH3 re-
gions (Fig. 4), are negatively regulated by
tyrosine phosphorylation of their extreme
COOH-termini (16), whereas NH,-termi-
nal regions of nonreceptor tyrosine kinases,
which contain SH2 and SH3 regions, are
closely apposed to their COOH-terminal
catalytic domains (17). Mutations in the
SH2 and SH3 regions and in the COOH-
terminus near the site of tyrosine phospho-
rylation activate these tyrosine kinases (4,
16). This suggests that the SH2 and SH3
regions might associate intramolecularly
with a phosphotyrosine residue at the ex-
treme COOH-terminus and thereby regu-
late tyrosine kinase activity.
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Antibodies to Clathrin Inhibit Endocytosis But Not
Recycling to the Trans Golgi Network in Vitro

RoOCKFORD K. DRAPER,* YUKIKO GODA, FRANCES M. BRODSKY,

SuzANNE R. PFEFFERT

Mannose 6-phosphate receptors carry newly synthesized lysosomal enzymes from the
trans Golgi network (TGN) to prelysosomes and then return to the TGN to carry out
another round of lysosomal enzyme delivery. Although clathrin-coated vesicles medi-
ate the export of mannose 6-phosphate receptors from the TGN, nothing is known
about the transport vesicles used to carry these receptors back to the TGN. Two
different in vitro assays used in this study show that an antibody that interferes with
clathrin assembly blocks receptor-mediated endocytosis of transferrin, but has no
effect on the recycling of the 300-kilodalton mannose 6-phosphate receptor from
prelysosomes to the TGN. These results suggest that the transport of mannose 6-
phosphate receptors from prelysosomes to the TGN does not involve clathrin.

EWLY SYNTHESIZED, SOLUBLE LY-

sosomal enzymes undergo a

unique posttranslational modifica-
tion that facilitates their delivery to lyso-
somes (1). As lysosomal enzymes traverse
the secretory pathway, their N-linked oligo-
saccharides acquire one or two mannose 6-
phosphate (man6P) residues. The presence
of man6P enables lysosomal enzymes to
bind to man6P receptors in the TGN; the
receptor-ligand complexes are then thought
to be carried in clathrin-coated vesicles to
prelysosomes. The acidic interior of pre-
lysosomes (also termed “late endosomes™)
triggers the release of the enzymes from
man6P receptors, and lysosomal enzymes
later appear in lysosomes. Meanwhile,
man6P receptors are carried back to the
TGN to complete the transport cycle. A
small fraction of man6P receptors are also
present at the cell surface, where they can
bind extracellular lysosomal enzymes and
deliver them to lysosomes by conventional
receptor-mediated endocytosis.

We have recently reconstituted the recy-
cling of the 300-kD man6P receptor from
late endosomes to the TGN in a cell-free
system (2). The assay takes advantage of the
localization of sialyltransferase to the trans
Golgi and TGN (3) and utilizes a mutant
cell line [Chinese hamster ovary (CHO)
clone 1021] in which glycoproteins are not
sialylated (4). Man6P receptors (metaboli-
cally labeled with [**S]methionine), present
in late endosomes in a mutant cell extract,
acquire sialic acid residues when they are
transported to the TGN of wild-type Golgi
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complexes, which are present in reaction
mixtures. The acquisition of sialic acid by
man6P receptors in this system reflects a
vesicular transport process, since it is depen-
dent on time, temperature, adenosine tri-
phosphate (ATP), and cytosol and also re-
quires guanosine triphosphate (GTP) hy-
drolysis (2). Furthermore, man6P receptors
and sialyltransferase remain in sealed mem-
brane compartments throughout the reac-
tion, and nonspecific membrane fusion is
ruled out by several criteria (2).
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Fig. 1. Anti-clathrin IgG inhibits endocytosis but
not man6P receptor recycling to the TGN in
vitro. Endocytosis (closed symbols) was measured
as described in Table 1; the different symbols refer
to three independent endocytosis experiments and
include the data presented in Table 1. Transport
of 300-kD man6P receptors from endosomes to
the TGN (open triangles) was assessed in three
independent experiments by transport-coupled
sialylation of man6P receptors (2) in reaction
volumes of 200 pl; a typical result is shown.
Endosome-TGN reactions were preincubated
with antibodies for 30 min at 0°C. Samples were
then warmed to 37°C for 2 hours. In control
endosome-TGN reactions in the absence of anti-
body, 10 to 20% of total man6P receptors ac-
quired sialic acid. Antibody preincubation had no
effect on the inhibition observed for endocytosis.
Data are presented as the percent transport ob-
served relative to transport measured in the pres-
ence of a control IgG.
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