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We have identified two phosphotyrosine-containing cellular proteins with relative molecular masses of
130,000 (pp130) and 110,000 (pp110) daltons in chicken embryo cells that coimmunoprecipitated with pp60*~"
and activated forms of chicken pp60°=™ (pp6052’F). Most if not all of the tyrosine-phosphorylated forms of
pp130 and pp110 could be immunoprecipitated from lysates with any of several src protein-specific monoclonal
antibodies directed against at least three spatially distinct epitopes. Consequently, of the more than 15
prominent phosphoproteins detected on immunoblots with phosphotyresine-specific antibodies, pp130 and
pp110 were selectively removed by src protein-specific immunoprecipitation, and their presence in the
immunoprecipitates appears to have been due to a direct interaction with activated src proteins. src protein
variants that induce different morphological phenotypes were altered in their ability to form detergent-stable
complexes with pp130 and pp110 or with pp110 alone. Mutant src proteins, defective for myristylation, showed
increased tyrosine phosphorylation of and association with pp110. Expression of src variants with mutations in
the A box (pp60°®¥52’Y) or B box (pp60”'5527F) of the src homology region induced differences in
phosphorylation of pp130 and ppl110, as well as changes in their association with variant src proteins.
Sequences within the B-box region appeared to be necessary for stable complex formation with pp130 and

pp110 and may be involved in the interaction of activated src proteins with cellular substrates.

The transforming gene of Rous sarcoma virus (RSV),
v-src¢, encodes a 60-kilodalton (kDa) protein tyrosine kinase
(pp60¥-*") whose expression is both necessary and sufficient
to initiate and maintain cellular transformation (1, 2, 19-21,
23, 35, 56; J. A. Cooper, in B. Kemp and P. F. Alewood,
ed., Peptides and Protein Phosphorvlation, in press). Its
normal cellular counterpart, c-src¢, encodes a similar protein
(pp60°*") which is not oncogenic, even when expressed at
high levels (22, 41, 57). Although there are numerous amino
acid differences between the two proteins, the major onco-
genic difference occurs at the C-terminal end, where 19
C-terminal amino acids in pp60°*" have been replaced with
12 unrelated amino acids in pp60¥~*" (55, 60). The kinase
activity of pp60°*" is restricted by phosphorylation of a
C-terminal tyrosine residue, Tyr-527, which is not present in
pp60¥-*"< (10, 11, 13, 34). Mutations within this C-terminal
regulatory region, e.g., Tyr-527 to Phe or Ser or the trunca-
tion of the c-sr¢ protein within the C-terminal 17 residues,
activate the tyrosine protein kinase activity of pp60°*"“ and
concomitantly, the transforming potential of the c-src¢ gene
product (8, 30, 31, 47, 52).

Other structural domains within pp60* have been shown
to influence transforming activity. Myristylation is required
for stable membrane association and transformation (6, 7,
14, 16, 54). Substitution of Ala or Glu for Gly-2 yields a
soluble src protein with unaltered tyrosine kinase activity (5,
24, 25, 51). The phenotypes of cells expressing these non-
myristylated sr¢ proteins suggest that myristylation and
membrane association are necessary for the phosphorylation
of transformation-specific cellular proteins. Two other re-
gions of pp60*“, referred to as the src homology region 2
(SH2) and the sr¢ homology region 3 (SH3), appear to be
important for transformation (23, 42, 44, 53). The SH2
region, common to nonreceptor cytoplasmic protein tyrosine
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kinases, is defined by amino acids 140 to 274 and appears
necessary for efficient fibroblast transformation by v-src¢ and
v-fps (23, 49, 53, 63). The SH3 region encompasses amino
acids 84 to 139 and, though not required for transformation
by pp60*~*" (49), deletions within this region activate the
transforming activity of pp60°~" (40; unpublished results).
The SH3 region is conserved in the src-like proteins and in
the c-abl protein but is absent from the c-fps/fes protein (53).
Sequences within the SH2 and SH3 regions bear striking
homology with several unrelated proteins which lack kinase
activity, e.g., phospholipase C 148, the crk oncogene prod-
uct; GAP, the GTPase activating protein; and a-spectrin (39,
58, 59, 62). These regions of homology are often referred to
as the A box (residues 88 to 137 of SH3), the B box (residues
148 to 187 of SH2), and the C box (residues 220 to 231 of
SH2) (39, 58). Cells expressing src¢ proteins containing
sequence alterations within these regions of pp60¥~" exhibit
a variety of phenotypic alterations, including fusiform mor-
phology and temperature-sensitive and transformation-de-
fective phenotypes (15, 23, 42, 64). Evidence from our
laboratory has shown that pp60°*"“ bearing deletions within
the A box induces a partially transformed phenotype (48;
unpublished results) characterized by an unusual elongated
cellular morphology. In contrast, small deletions within the
B box inactivate the transforming activity of pp60¥=*" or the
activated form of the c-src protein, pp60°>"F, without signif-
icantly affecting the intrinsic protein tyrosine kinase activity
of the variant proteins (63; unpublished results). The mor-
phological and biochemical properties of these deletion
variants indicate that the A and B boxes may modulate the
interaction of pp60°" with cellular regulatory proteins and/or
putative substrates (45, 63).

Antibodies to phosphotyrosine have been used to charac-
terize the pattern of tyrosine-phosphorylated proteins in
cells infected with RSV, activated forms of pp60°*“ (e.g.,
pp60°27F), or transformation-defective src mutants (9, 18, 26,
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27, 36, 37, 51). Comparison of the patterns of phosphoty-
rosine-containing proteins in cells infected with RSV (or
activated c-src) and unmyristylated sr¢ variants has led to
the identification of transformation-specific phosphoty-
rosine-containing proteins (18, 26, 37, 51). One such protein,
a 120-kDa protein (p120), was phosphorylated only in cells
infected with RSV or activated c-src (c-src¢*2’F) and not in
cells infected with unmyristylated variants of pp60*™ (37,
51). Cell fractionation studies showed that transformation-
specific p120 was associated with cellular membranes (37,
S1).

During the above-mentioned studies, we observed that
two tyrosine phosphoproteins, with Ms of 130,000 and
110,000 coimmunoprecipitated with activated mutants of
pp60°“. Here we demonstrate that the stable association of
pp130 and pp110 with pp60°“ is significantly increased, and
may be dependent upon, activation of the src protein kinase.
We also show that coimmunoprecipitation of pp130 and/or
ppl10 with pp60°“ is blocked by deletion of sequences
within the A and B boxes of activated src proteins and that
the pp130 protein and, to a lesser extent, pp110, appear to be
substrates for the pp60°"“ kinase in vitro. These observations
suggest that the association of pp60° with pp130 and pp110
may represent a functionally important interaction required
either for src-mediated cell transformation or for normal src¢
protein function.

MATERIALS AND METHODS

Cells, viruses, and plasmids. Primary chicken embryo cells
were prepared from group-specific” negative embryos
(SPAFAS, Inc.) as previously described (3, 4). Construction
and transfection of pRL plasmids bearing chicken c-src gene
mutants pRL-527F and pRL-2A/527F in a nonpermuted RSV
clone were previously described (4, 52). For transfection
experiments, DNA (1 to 2 pg) was applied to cells by
standard calcium phosphate transfection techniques, and
cell morphology was routinely monitored over a period of 4
to 21 days (4, 52). Replication of transformation-defective
virus was assessed by resistance to superinfection with PrA
RSV as described previously (4).

Preparation of cell extracts, metabolic labeling, immuno-
precipitation, and immune complex kinase assay. Cells were
labeled with 150 pCi of [**S]methionine (Dupont, NEN
Research Products, Boston, Mass.; 1,000 Ci/mmol) per mi
for 6 h in methionine-free Dulbecco modified eagle medium
supplemented with 10% dialyzed fetal calf serum and ex-
tracts were prepared as described previously (52). For
clearing experiments, the detergent lysis buffer used to
prepare extracts contained additional EDTA (5 mM) to
ensure that phosphorylation did not occur during the incu-
bation with monoclonal antibody (MAb) EC10. The protein
concentrations of individual lysates were determined with
the BCA protein assay kit (Pierce Chemical Co., Rockford,
Ill.). The lysates were adjusted to 1 mg/ml, and 0.4 mg of
total cell protein was reacted with 4pg of MAb EC10 (43).
After 1 h at 4°C, 25 pl (packed volume) of protein A-
Sepharose beads (Pharmacia, Inc., Piscataway, N.J.) was
washed once in lysis buffer, added to the tubes, and incu-
bated for 1 h. For kinase reactions, immunoprecipitates were
washed twice in lysis buffer and twice in phosphate-buffered
saline before initiation of the kinase reactions by the addition
of 10 pl of 2x reaction buffer {40 mM piperazine-N,N’-
bis(2-ethanesulfonic acid) (PIPES; pH 7.0), 20 mM MnCl,,
20 uCi of [y-2P]JATP (~6,000 Ci/mmol; Dupont, NEN)}.
The reactions were terminated after 10 min by the addition of
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20 wl of 2x Laemmli sample buffer (32). For [>**S]methionine
and Western immunoblotting experiments, immunoprecipi-
tates were washed four times in the detergent lysis buffer and
then rapidly denatured with hot (100°C) Laemmli sample
buffer for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

pTyr-Abs and immunoblotting. Antibodies to phosphoty-
rosine (pTyr-Abs) were prepared as described previously
(26, 27, 51), and their specificity has been documented (27,
29). Western immunoblotting was carried out as described
by Towbin et al. (61) except that the standard transfer buffer
was modified by the addition of SDS (0.075%) and sodium
orthovanadate (0.5 mM), as described previously (26, 27,
51). Transfer to nitrocellulose sheets was carried out at 400
mA for 2 h at 4°C in modified transfer buffer in a standard
blotter with an interelectrode distance of 7.5 cm. All remain-
ing steps were carried out at room temperature. Nonspecific
antibody-binding sites were blocked by incubation in 3%
bovine serum albumin (fraction V; Boehringer Mannheim
Biochemicals) for 4 to 16 h at room temperature. Affinity-
purified rabbit pTyr-Abs (2 ng/ml in blocking buffer) were
applied for 3 h at room temperature. The filters were then
rinsed twice (~5 min per rinse) with rinsing buffer (10 mM
Tris hydrochloride [pH 7.2], 0.9% NacCl, 0.01% NaN,), once
with rinsing buffer containing 0.05% Nonidet P-40 and 0.05%
Tween 20, and twice again with rinsing buffer. Rabbit
antibodies were detected by incubation of the rinsed filters
for 1 h with 1 uCi of [**°I]protein A (Amersham Corp.,
Arlington Heights, Ill.) per ml followed by rinsing again as
described above. The filters were exposed to X-RP film with
an intensifying screen for 30 min to 24 h at —70°C. For
detection of pp60°*“, Western immunoblotting was carried
out as described above, but src proteins were detected by
using purified MAb 327 (38) radioiodinated to a specific
activity of 10 pCi/pg.

Two-dimensional phosphoamino acid analysis. *2P-labeled
tyrosine phosphoproteins and pp60°“ proteins were sub-
jected to 8% SDS-PAGE and identified by autoradiography
of the gel. Individual polypeptide bands were isolated and
the proteins were eluted from the gel slice as previously
described (28). For phosphoamino acid analysis, the proteins
were precipitated with trichloroacetic acid, washed with
ethanol, and hydrolyzed in 100 pl of 5.7 M HCI at 110°C for
1.5 h (29). Hydrolyzed proteins were mixed with 0.3 pg each
of authentic phosphotyrosine, phosphoserine, and phospho-
threonine and resolved by two-dimensional thin-layer elec-
trophoresis (12). Autoradiographic identification was com-
pared with ninhydrin staining of authentic phosphoamino
acids.

RESULTS

Activated pp60° is associated with two tyrosine-phosphor-
ylated proteins. MAbs specific for pp60°< were used to
prepare immune complexes from cells infected with two
activated c-src variants. c-sr¢®?’F is a transforming variant
containing a single point mutation altering the site of regu-
latory phosphorylation, whereas c-src>*”>?’F is a nontrans-
forming variant containing the activating mutation at residue
527 but lacking the site of amino-terminal myristylation (51).
Whole-cell lysates and immune complexes isolated from
these extracts were subjected to SDS-polyacrylamide gel
analysis, and the presence of tyrosine-phosphorylated pro-
teins was assessed by immunoblotting with affinity-purified
antibodies to phosphotyrosine. The patterns of phosphoty-
rosine-containing proteins present in whole-cell lysates are
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FIG. 1. Coimmunoprecipitation of pp130 and ppl110 with acti-
vated c-src proteins. Chicken embryo cells expressing the indicated
src variants were lysed in hot (100°C) Laemmli sample buffer (A) or
in modified RIPA (29) for immunoprecipitation with the src-specific
MADb EC10 (B). Total proteins (A) or immunoprecipitates (B) were
separated by 8% SDS-PAGE and detected by immunoblotting with
pTyr-Abs as described in the text. Proteins coprecipitating with
activated src variants are designated (pp130 and ppl110), the trans-
formation-specific protein pp120 (lane 4) is indicated by an asterisk,
and ppl25 (lanes 1, 2, and 3) is indicated by a small arrowhead. C,
Cc-src.

shown in Fig. 1A. Activation of the c-src protein by mutation
of Tyr-527 to Phe (lane 4) resulted in an increase in the
number (15 to 20) of phosphotyrosine-containing proteins.
As previously reported (51), the additional mutation of the
site of myristylation (Gly — Ala) led to a substantial de-
crease in the tyrosine-specific phosphorylation of a transfor-
mation-specific 120-kDa cellular protein (compare lanes 4
and 5). Cells expressing activated but unmyristylated pp60°"
also contained several new phosphotyrosine-containing pro-
teins with relative molecular masses of 39, 64, 110, and >200
kDa (lane §; 51).

When pTyr-Abs were used to probe immunoblots contain-
ing immune complexes (prepared with the src protein-spe-
cific MAb EC10) from cells infected with c-sr¢”>’F and the
unmyristylated variant c-src?2*?’F (Fig. 1B, lanes 1 and 2),
three major phosphotyrosine-containing proteins were de-
tected, pp60*“ and two cellular proteins with relative mo-
lecular masses of approximately 130 and 110 kDa. Comigra-
tion of ppl30 and ppll0 in SDS-PAGE with major
phosphotyrosine-containing proteins present in whole-cell
lysates of cells infected with either c-src>?’F or c-src?A/327F
(Fig. 1A, lanes 4 and 5) suggested that these proteins were
the same.

The identity of ppl30 and ppll0 with two proteins in
whole-cell lysates that comigrated in SDS-PAGE was con-
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firmed by antibody-clearing experiments (Fig. 2C). Lanes 1
and 10 contained whole-cell lysates denatured at the begin-
ning and the end of the experiment, respectively, to control
for protease and phosphatase activities. pp60°A°?’F was
immunoprecipitated from 50 pg of total protein of a cell
lysate with increasing amounts of MAb EC10 (lanes 2 to 5).
The immune complexes (lanes 2 to 5) and the cleared lysates
after immunoprecipitation (lanes 6 to 9) were then analyzed
by SDS-PAGE and Western blotting with pTyr-Abs. Com-
parison of lanes 2 and 5 indicates that the presence of src
protein complexes depended on the presence of MAb EC10
in the immunoprecipitation reaction mixture. In addition,
comparison of lanes 6 and 9 indicates that with the appear-
ance of ppl30 and ppll0 in the immunoprecipitates, a
substantial proportion of these proteins was cleared from the
lysates. Preclearing whole-cell extracts with protein A-
Sepharose or Pansorbin prior to immunoprecipitation did not
affect the subsequent recovery of pp60°“-pp130/pp110 com-
plexes (data not shown).

To show that the presence of cellular phosphotyrosine-
containing proteins in immune complexes was directly at-
tributable to the immunoprecipitation of pp60°“, immune
complexes were prepared from extracts of chicken embryo
cells infected with c-src>?’F and c-src?25?’F, using a poly-
clonal rabbit anti-bacterial src serum (anti-bp60*“ [17]), two
src protein-specific MAbs, EC10 (43) and 327 (38), nonspe-
cific rabbit serum, or nonspecific mouse MAbs (MAb 1 and
MAD 2 [50]) (Fig. 2). Immune complexes were then analyzed
by immunoblotting with pTyr-Abs. In addition, the patterns
of whole-cell phosphotyrosine-containing proteins were ex-
amined before and after immunoprecipitation. The results of
this analysis for cells infected with c-src>A>2F are shown in
Fig. 2A (comparable results were obtained for c-src>?’F-
infected cells [data not shown]). Rabbit anti-bp60°“ serum
(lane 3) and two src-specific MAbs (lanes 4 and 5) readily
immunoprecipitated pp60°’“ and the cellular proteins pp130
and ppl110. None of the nonspecific antisera (lanes 2, 6, and
7) immunoprecipitated pp60°“ or tyrosine-phosphorylated
cellular proteins. Furthermore, the overall pattern of phos-
photyrosine-containing proteins present in the extracts be-
fore and after immunoprecipitation remained essentially
unchanged (lanes 1 and 9). A duplicate immunoblot probed
with *’I-labeled MAb 327 (Fig. 2B) confirmed the recovery
of pp60°“ in the immune complexes prepared with the
individual antibodies. Immune complexes formed with src
protein-specific MAbs EB7, EB8, and GD11, which bind
epitopes distinct from those bound by MAbs EC10 and 327
(44), also contained the pp130 and ppl10 proteins (data not
shown). The data indicate that under the extraction condi-
tions described above, ppl130 and ppl10 were specifically
and tightly associated with activated src proteins in the
immune complex.

pp130 and ppl10 proteins do not form complexes with
mutant pp60°“. To investigate the nature of the interaction of
pp60°" and the cellular proteins, pp130 and ppl110, immune
complexes were prepared from cells infected with different
transforming and nontransforming src variants. Cells in-
fected with the variant c-src?°? (deletion of amino acids 92 to
95) exhibited an elongated, partially transformed morphol-
ogy (48). Fully activating the kinase activity of this variant
by introducing the Tyr-527-to-Phe mutation resulted in an
increase in in vivo phosphorylation (Fig. 3A, lanes 3 and 4).
The elongated morphology was retained, but the cells be-
came highly disorganized (data not shown). A second variant
(c-src?>5/°27F) " with a small deletion (residues 155 to 157)
within a region of the SH2 region (B-box mutation) of



3954 REYNOLDS ET AL. Mot. CELL. BioL.

A B C
e 3 e o
O s Og
e 2 s“‘:.:. 2 =2 "NI:.-
T g xRN A2 0w
AT EEEE EE YT REEEES
- - .
4
- -«apl30 -
- -p110 - -=p130
-p110
- -ap60 - :
- - @ <ap - P e <p60 - E 3
- —p60

J

-

1 23 4 58 7 83 3N
1 23456768 9 1234 56708 9

FIG. 2. Specificity of interaction between activated src proteins and pp130 and pp110. Lysates were prepared from chicken embryo cells
expressing c-src>2>2’F and immunoprecipitation reactions were performed with MAb EC10. Sample lysates or immunoprecipitates were
divided equally, separated by electrophoresis in an 8% SDS-polyacrylamide gel, and analyzed by immunoblotting with pTyr-Abs (A) or the
src-specific MADb 327 (B). Lanes 1, 8 and 9, Total cell lysates either prior to immunoprecipitation (lane 1) or after immunoprecipitation with
MADb EC10 (lane 8) or an irrelevant MAb (50), MADb 1 (lane 9); lanes 3 to 5, immunoprecipitates prepared with src-specific antibodies (lane
3, rabbit anti-bp60°" serum; lane 4, MAb EC10; lane 5, MAb 327); lane 2, rabbit nonimmune serum; lane 6, MAb 1; lane 7, a second irrelevant
MADb, MADb 2 (50). (C) pTyr blot of proteins remaining in the lysate after immunoprecipitation of pp60?*/*2’F cell lysates. Lanes 1 and 10, Total
cell lysates before and after immunoprecipitation, respectively; lanes 2 to 5 immunoprecipitates obtained by using 0, 0, 0.5, and 4.0 pg,
respectively, of MAb EC10. Immune complexes were collected with 100 wl (lane 2) or 30 pl (lanes 3 to 5) of Pasorbin. The cleared lysates
from lanes 2 to 5 are shown in lanes 6 to 9, respectively.

activated src (c-src>?’F), was defective for transformation. A % = B & «
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(lane 5), c-src*A*?’F (lane 6), and the deletion variants
c-sre®? | c-sre?®?527F | and c-sre“*3¥5?7F (lanes 3, 4, and 8,
respectively). In all cases, the tyrosine-specific phosphory-
lation of pp130 was evident, as was the phosphorylation of
ppl10 in the unmyristylated variant. Analysis of pp60*
immune complexes prepared from lysates of infected cells
(Fig. 3B) revealed the presence of ppl30 and ppll0 in
immune complexes from cells infected with c-src®*’F (lane
S5), c-src*A3?’F (lane 6), and v-src (lane 7). However, im-
mune complexes from cells infected with c-src/*°?7F (lane
8) lacked both pp130 and ppl110, while cells infected with
either c-src®? or c-src*®?>?’F (lanes 3 and 4, respectively)
appeared to lack ppl110. Though not evident in Fig. 3B, a
minor phosphotyrosine-containing band migrating at 125 to o

130 kDa was often seen in immunoprecipitates of pp60°~".

When present, it was similar in intensity to the 125- to

130-kDa band in Fig. 3A, lane 2. The identity and potential
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FIG. 4. Coimmunoprecipitation of pp130 and ppl10 from [**S]
methionine-labeled cells. Immunoprecipitates were prepared with
src-specific MAb EC10 from [**SImethionine-labeled chicken em-
bryo cells expressing the indicated variant src proteins, as described
in the text. Proteins were separated by 8% SDS-PAGE and sub-

jected to autoradiography for 8 days. C, c-src.

individual transforming and nontransforming c-src variants
were labeled with [**S]methionine. Immune complexes were
prepared with MAb EC10 and analyzed by SDS-PAGE. A
labeled protein of approximately 130 kDa was clearly evi-
dent in immune complexes from c-src*?’F-infected cells (Fig.
4, lane 3), and proteins of 130 and 110 kDa were present in
c-src*A?"F_infected cells (lane 4). These data confirm the
association of ppl30 and ppl10 with activated pp60°" pro-
teins, an association previously detected only by pTyr-Abs.
Immune complexes from cells infected with c-src (lane 2) or
c-sre9M35527F (lane 6) contained no detectable ppl30 (or
pp110), indicating that neither the tightly regulated pp60°~"¢
nor the deletion variant pp604**32’F forms stable com-
plexes with the major component of the complex, ppl30.
Finally, immune complexes prepared from cells infected
with c-sre?®?52°F contained significant amounts of pp130 but
undetectable amounts of ppll0, as implied by Western
blotting experiments, suggesting that the structural altera-
tion of pp60°" in this variant altered the association of
pp60*" with pp110 but not with pp130. However, ppl10 is
difficult to detect by *°S labeling, as reflected by its absence
from pp60°>’F immune complexes, in which it was consis-
tently observed by Western blotting with pTyr-Abs.

In vitro phosphorylation of pp130 and pp110 on tyrosine.
The association of ppl30 and ppll0 in pp60°“ immune
complexes isolated from cells infected with activated forms
of the src gene (e.g., c-src*?’F or c-sre?2°2’F) prompted us to
investigate the possibility that pp60°< might directly phos-
phorylate pp130 and/or ppl10 in vitro. Immune complexes
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FIG. 5. In vitro phosphorylation of ppl30 and ppl110. (Left
panel) Immune complexes obtained by using MAb EC10 (odd-
numbered lanes) or a nonspecific MAb (even-numbered lanes) were
prepared from cells expressing c-src (lanes 1 and 2), c-src*2"F (lanes
3 and 4), c-src**?7F (lanes 5 and 6), or c-src?'5327F (lanes 7 and 8).
Immune complexes were incubated with [y-*2PJATP and Mn?*
under standard immune complex kinase conditions as described in
the text. (Right panel) Phosphoamino acid analysis of in vitro-
labeled proteins pp60° (a), pp130 (b), and pp110 (c).

were prepared from cells infected with c-src, c-src®?'F,

c-src*AP2F and c-sre?5527 ) Following incubation with
[y-32P]JATP and Mn?* under standard immune complex
kinase conditions (28, 43), the in vitro-labeled products were
resolved by SDS-PAGE (Fig. 5). Immune complexes (MAb
EC10 [odd-numbered lanes] or nonspecific MAb [even-
numbered lanes]) containing pp60°*"“ displayed significant
autophosphorylation, but little phosphorylation of pp130 and
ppl10 was observed. In contrast, immune complexes con-
taining c-src>2’F or c-sre?A’527F exhibited both autophosphor-
ylation activity and readily detectable phosphorylation of
ppl30 (lanes 3 and 5, respectively). Interestingly, ppl110
appeared to be labeled less efficiently. Immune complexes
containing pp6041**32’F showed a significantly reduced
phosphorylation of pp130 and no detectable phosphorylation
of ppl10. The in vitro phosphorylation of pp130/pp110 and
pp60°" was dependent upon the presence of Mn?* or Mg?*
and was not stimulated by the addition of Ca?* (data not
shown). The tyrosine-specific phosphorylation of pp60°™,
pp130, and ppll0 was confirmed by phosphoamino acid
analysis of the in vitro-labeled products (Fig. 5). Further, we
have previously shown that pp130 and pp110 are labeled on
tyrosine, as well as on serine and threonine, in vivo (29).

DISCUSSION

We have identified two phosphotyrosine-containing cellu-
lar proteins, pp130 and ppl10, that coimmunoprecipitate
with pp60¥~" and activated forms of pp60°-*" (pp60°2"F). Of
the more than 15 prominent phosphoproteins detected on
immunoblots with pTyr-Abs, pp130 and ppl110 were selec-
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tively removed by immunoprecipitation with src¢ protein-
specific antibodies. The apparent physical association of
these proteins, in vitro, and their altered association with
several src deletion variants indicates that these proteins
may be relevant to pp60* function in vivo.

Several lines of evidence establish that the presence of
pp130 and ppl10 in src protein immunoprecipitates was due
to a direct interaction with activated pp60*" proteins. pp130
and pp110 were immunoprecipitated by five different MAbs
previously shown to recognize at least three spatially distinct
epitopes on pp60°*’“ (43, 44) and were absent in immunopre-
cipitates formed with MAbs to proteins other than src. In
addition, a short deletion in the putative ppl130 binding
region (e.g., pp609/*>352’F) reduced the immunoprecipitation
of ppl130 with src-specific MAbs even though ppl30 was
phosphorylated in these cell lysates. Immunoblotting of src¢
protein complexes with MAb EC10 (data not shown) or 327
labeled only pp60°"“, indicating that the src protein-specific
MADbs did not cross-react with epitopes on pp130 or pp110.
Finally, pp130 and pp110 were present as prominent endog-
enous tyrosine-phosphorylated proteins in src-transformed
cell lysates prior to immunoprecipitation and were removed
from these lysates by immunoprecipitation of pp60*“. Thus,
under the extraction conditions used in this work, pp130 and
pp110 appear to be specifically and tightly associated with
activated src proteins in immune complexes.

src variants exhibit altered association with pp130 and
ppl110. Expression of an unmyristylated src¢ variant
(pp60?4°?’F) or variants with mutations in the A box
(pp60‘”92 and pp60dl92/527F) or the B box (pp60d1155/527F)
resulted in altered phosphorylation of pp130 and ppl10 and
altered association of these proteins with immunoprecipita-
ble src protein. Lysates from cells expressing the nonmyri-
stylated src protein showed increased levels of tyrosine-
phosphorylated pp110 compared with cell lysates of 527F-
infected cells, in which tyrosine-phosphorylated pp110 was
often at or below the limit of detection. It is possible that
ppl110 and unmyristylated pp60*“ become sequestered in a
functional interaction that is unresolved (or unusually stable)
in the cytoplasm because of the lack of access to normal
association with a key component(s) in cellular membranes.
The phosphorylation of a number of other proteins (e.g.,
pp64 and pp39) was also selectively induced by expression of
pp6024/52’F " yet for these proteins there was no evidence of
complex formation.

Tyrosine-phosphorylated pp130 present in whole-cell ly-
sates of cells infected with A-box mutants (pp60“°* or
pp609°%527F) migrated as a heterogeneous band on SDS-
polyacrylamide gels, a characteristic that remained even
after immunoprecipitation with src-specific MAbs. Attempts
to demonstrate glycosylation of these proteins were unsuc-
cessful (data not shown). The heterogeneity of pp130 could
therefore reflect the altered phosphorylation which, in vivo,
occurs on tyrosine, serine, and threonine (29). Although the
amount of tyrosine-phosphorylated pp110 was reduced in
immunoprecipitates with dl92 src proteins, the amount of
pp130 appeared similar to that found associated with 527F
src¢ proteins. These results raise the possibility that altering
the association of ppl110 by deletion (or alteration) of its
binding site could affect phosphorylation of pp130. Since
immunoblotting with pTyr-Abs revealed that neither pp130
nor ppl10 was associated with variant src proteins contain-
ing B-box mutations, formation of the ppl130-pp60°" com-
plex could be a prerequisite for pp110 binding and/or phos-
phorylation. Preliminary phosphotryptic mapping of ppl10
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and ppl30 indicated that the tryptic peptides of these pro-
teins are unrelated (S. Kanner, unpublished results).

A deletion of three amino acids (residues 155 to 157) in the
B box results in a transformation-defective variant of
pp60°2"F (pp604133527F) which appeared to phosphorylate
pp130 in vivo but did not form detectable detergent-stable
complexes with ppl130 and ppl10. Analysis of other dele-
tion and insertion mutations within this region revealed that
two other mutants, one having a deletion of residues 161 to
163 (c-src“'**Y527F) and the other containing an insertion
of Leu-Glu-Leu-Glu between residues 161 and 162
(c-src™101527F) " reduced the formation of stable complexes
between pp60*“ and pp130 (data not shown). This region of
the src protein exhibits substantial sequence homology with
several nontyrosine kinase proteins, such as phospholipase
C 148, the crk oncogene product, and the GTPase activating
protein, GAP (39, 58, 59, 62). The presence of similar
structural motifs in several tyrosine kinases and membrane-
associated proteins thought to be involved in the cellular
signaling pathway has led to the suggestion that these motifs
may direct or influence the association of these proteins with
unique cellular components (39, 45, 58, 59). Although it is
possible that interaction with pp130 and/or pp110 is required
for transformation, the transformation-defective phenotype
could also be due to a general failure of B-box variants to
interact with transformation-relevant substrates or, alterna-
tively, to the decreased half-lives of src¢ proteins with struc-
tural alterations in this region (63).

Association of pp60° with pp130 and pp110 is correlated
with activation of protein kinase activity. The association of
pp60°*"< with pp130 and/or pp110 appeared to depend on the
enzymatic activation of the src protein and the tyrosine
phosphorylation of complexed proteins. In addition, if cell
extracts were prepared in the absence of the phosphatase
inhibitor orthovanadate, the amount of ppl30 and ppl10
associated with pp60*¢ was reduced, as determined by
immunoprecipitation of sr¢ complexes from [**S]me-
thionine-labeled cells (data not shown). The data indicate
that tyrosine phosphorylation of ppl30 and ppl10 or the
autophosphorylation of pp60*” may contribute to the stable
complex formation.

The extent of [**S]methionine labeling of pp130 or pp110
in immune complexes with pp60*" suggests that only a small
percentage of the src protein is complexed with pp130 and/or
pp110. Interestingly, immunoblotting of immune complexes
with pTyr-Abs generates a pp130 (and pp110) signal almost
equal to that of pp60°“, leading us to speculate that either
pp130 or ppll0 is hyperphosphorylated on Tyr or that the
pTyr-Abs have unusually high affinity for the pTyr epitopes
present in ppl30 and ppll0. Further characterization of
these proteins, including the relative abundance and the
stoichiometry of phosphorylation, await the development of
specific antibodies to detect both the tyrosine-phosphory-
lated and unphosphorylated forms of these proteins.

Using different antibodies directed against pp60*“, Lau
(33, 33a) has reported that a 120-kDa protein containing
phosphotyrosine can be immunoprecipitated from a variety
of RSV-transformed mammalian cells but not from unin-
fected cells. Proteolytic peptide mapping and immunological
analysis have shown that pp120 is unrelated to RSV virion
proteins, vinculin, or pp60* itself (33a). Furthermore, Lau
has recently reported that pp120 is a potential substrate for
pp60¥~"“ (33a). Based on MAb EC10 immunoprecipitation
and pTyr-Ab Western blotting experiments with RSV-in-
fected field vole cells, we have concluded that the pp130



VoL. 9, 1989

protein described here is similar, if not identical, to the
pp120 protein previously described by Lau (33, 33a).

The precise role of pp130 and ppl10 in the regulation of
pp60°™ activity remains to be defined. However, the appar-
ent requirement for conserved sequences within the A and B
boxes for association of pp60°" and pp130/pp110, along with
the observation that activation of kinase activity is required
for complex formation, provides an impetus to further char-
acterize these proteins. We have recently isolated MAbs
specific for pp130 and ppl110 (unpublished results). These
antibodies should provide reagents to determine whether the
phenotypes associated with the src variants used in this
work are directly related to their altered interactions with
pp130 and ppl10.
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