
Vol. 2, No. 7MOLECULAR AND CELLULAR BIOLOGY, July 1982, p. 875-880
0270-7306/82/070875-06$02.00/0

NOTE

Association of the Transforming Proteins of Rous, Fujinami,
and Y73 Avian Sarcoma Viruses with the Same Two Cellular

Proteins
LEAH A. LIPSICH, JOHN R. CUlT, AND JOAN S. BRUGGE*

Department of Microbiology, State University ofNew York at Stony Brook, Stony Brook, New York 11794

Received 3 February 1982/Accepted 11 March 1982

Two forms of the transforming proteins of Fujinami (ppl40WP') and Yamaguchi
73 (pp94YeS) sarcoma viruses were detected in lysates of chicken cells transformed
by these viruses; the majority of ppl4GfPS and pp94Yes molecules were present as
monomers; however, a small percentage of these proteins was associated in a
complex with two cellular proteins of Mr 90,000 and 50,000. These cellular
proteins were shown to be identical to those previously found to be complexed
with the transforming protein of Rous sarcoma virus, pp60rc. These results
suggest a common role for the interaction of pp90 and ppSO with viral transforming
proteins encoding tyrosyl-protein kinases.

Several different classes of sarcoma-inducing
retroviruses have been identified (J. M. Bishop
and H. Varmus, in R. A. Weiss et al., ed., RNA
Tumor Viruses, in press). The transforming
genes of these viruses can be distinguished from
one another by molecular hybridization, and the
protein products of these genes are immunologi-
cally and structurally distinct (Bishop and Var-
mus, in press). However, all of these viruses are
similar in that each unique transforming protein
is associated with a protein kinase activity spe-
cific for tyrosine (Bishop and Varmus, in press).
Furthermore, it has been shown that these vari-
ous transforming proteins may share cellular
targets for tyrosyl phosphorylation. Identical
proteins have been found to be phosphorylated
at tyrosine after transformation of several differ-
ent sarcoma viruses (7, 8). This suggests that at
least certain aspects of transformation may be
common to all of these retroviruses which en-
code tyrosine-specific protein kinases.
The best-characterized transforming protein

of this type is pp60src which is encoded by Rous
sarcoma virus (RSV) (4). It was recently demon-
strated that a small percentage of pp605rc mole-
cules is associated with two cellular proteins of
molecular weights 90,000 (pp9O) and 50,000
(ppSO) in RSV-transformed cell lysates (3, 15).
The precise function of this complex is not
understood; however, the ppSO protein contains
phosphotyrosine (11) and is thus a candidate
substrate of pp60src-mediated phosphorylation.
In view of the various common features associ-

ated with transformation by the viruses encod-
ing tyrosyl-protein kinases, it was of interest to
determine whether other transforming proteins
which are distinct from pp6(src interact with
these two cellular proteins.

In this report, we demonstrate the association
of pp9O and ppSO with the transforming proteins
of Fujinami sarcoma virus (FSV) and Yamagu-
chi 73 sarcoma virus (Y73), which represent two
unique classes of avian sarcoma viruses. Results
suggest that these cellular proteins of Mr 90,000
and 50,000 are involved in a common event
mediating transformation by this group of tumor
viruses.
To determine whether the cellular proteins,

designated pp9O and ppSO, coprecipitated with
the transforming proteins encoded by FSV and
Y73, [35S]methionine-labeled cell lysates were
first analyzed by direct immunoprecipitation.
Figure 1 shows the proteins precipitated from
normal chicken cells (lanes 1 and 2) and chicken
cells infected with either transformation-defec-
tive RSV (lanes 3 and 4), nondefective Schmidt-
Ruppin RSV (lanes 7 through 9), Y73 (lanes 5
and 6), or FSV (lanes 10 and 11), using either
normal rabbit serum, antiserum against the
structural protein ppl99a9 (provided by V.
Vogt), or serum from rabbits bearing tumors
induced by RSV (TBR serum). TBR serum
contains antibodies directed against many anti-
gens, both structural and nonstructural, which
are expressed in RSV-induced tumor cells. Both
TBR and anti-pp199a9 sera precipitated structur-
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RSV src gene (pp6Osrc) (2, 4, 17). The two
proteins of M, 90,000 and 50,000 (designated
pp9O and ppSO, respectively) coprecipitated with
pp65src as a consequence of a physical associa-o-_ .._ - e ,y ;;,.r.,tion with pp60src (3, 15). The protein which

4 pp!41tps migrated between pp60src and ppSO appeared to
be a cleavage product of pp6Osrc, since its pep-
tides were a subset of those of pp60src (data not
shown).

_ib -pp- 4yes Since the transforming genes of FSV and Y73
- p90 are fusion products of the gag gene linked to

r 76gag their unique transforming gene, the protein- ~ US !9" products of these genes can be immunoprecipi-
tated with antiserum to the gag gene-encoded

:r4s:i protein ppl9gag. The protein of Mr 140,000 (des-
ppSOsrc ignated ppl4OfPs) which was immunoprecipitat-- -PP ed from FSV-transformed cell lysates (Fig. 1,

lane 10) has previously been shown to be the
-pp5O gag-fps fusion product (9, 13), and similarly,

the protein of Mr 94,000 (designated pp94yes;
3 4 5 6 7 8 9 0 '1

Fig. 1, lane5) has been shown to be the gag-yes

fusion product (12). Immunoprecipitates of Y73-.1. Proteins immunoprecipitated from and FSV-transformed cell lysates incubated
thionine-labeled normal and RSV-, FSV-, and an tiserumt p werelso foundttoectdcicknell wih atipp1sagor BR with antiserum to ppl9gag were also found to.ected chicken cells with anipp9' or TBR contain proteins which comigrated with the pp9OUninfected chicken cells (Spafas, gs-) were andtapn proteins whichcomiate with pp90J with either nondefective or transformation- and ppSO proteins, which associate with pp6Osrcve (tdlO1) Schmidt-Ruppin, FSV, or Y73 virus in RSV-transformed cell lysates. The pp9O and

ribed previously (4). All viruses were obtained ppSO proteins were not precipitated from lysates
Hanafusa. Approximately 5 x 105 cells were of cells infected with transformation-defective

with 50,uCi of [35S]methionine per ml for 12 h virus, which are deleted in the src gene (Fig. 1,
ionine-free medium; the lysates were prepared lanes 3 and 4), nor from uninfected chicken cells
ribed (2) and immunoprecipitated with 2 l of (Fig. 1, lanes 1 and 2). The pp9O and ppSO
except Y73, which was first incubated with proteins were also not precipitated from lysates27gag (provided by R. L. Erikson). The pre- ofells iee withnondefecte rSV when
g withanti-pp27gag was performed to clear the of cells Infected with nondefective RSV when
)f most of Pr76 so that theanti-pp199ag serum anti-ppl9gag was utilized (Fig. 1, lane 8), owing
immunoprecipitate a greater percentage of to the fact that pp6Osrc is not a gag fusion. The immune complexes were suspended in product and is therefore not recognized by the
buffer and subjected to electrophoresis on a pplggag antiserum.
olyacrylamide gel as described (2). The types of To determine whether pp9O and pp5O were
nd sera used for immune precipitation were associated in a complex with ppl4GfPS and
-ted chicken cells (lanes 1 and 2); chicken cells pp94Yes, similar to the complex observed with

c with transformation-defective RSV (lanes 3 pp60src (3), a [32p]orthophosphate-labeled lysate
chicken cells transformed with Y73 (lanes 5 of FSV- or Y73-transformed chicken cells was

7, 8, and 9);FSV-transformed chicken cells sedimented through a 10 to 30% glycerol gradi-
and 11); normal rabbit serum (lanes 2,4, 6, 9, ent.Alternating fractions of the gradients were); anti-pp199'9 serum (lanes 1, 3, 5, 8, and 10); treated with either TBR serum or monoclonal

IR serum (lane 7). antibody to the cellular pp9O protein, which has
been shown to be identical to the pp60src-com-
plexed pp9O protein (Yonemoto et al., unpub-
lished data). Figures 2A and B show the results

teins from FSV, Y73, transformation-de- of electrophoresis of proteins immunoprecipitat-
RSV, and nondefective RSV lysates. ed from even-numbered fractions with monoclo-

include Prl80, the translation product of nal antibody to pp9O. In Y73-infected cell ly-
g-pol genes; Pr76, the gag gene precursor sates, the major portion of pp9O sedimented in
n; and numerous intermediate and mature fractions 42 through 60, with a peak in fraction
ge products of Pr76. 46. Two proteins coprecipitated and cosedi-
De transformation-specific proteins were mented, with trailing portions of pp9O in frac-
iitated by the TBR serum from RSV-trans- tions 34 through 44. These proteins comigrated
d cells. The protein of Mr 60,000 has on the sodium dodecyl sulfate-polyacrylamide
iusly been shown to be the product of the gel with the Y73 transforming protein pp94Yes

Z.
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FIG. 2. Glycerol gradient sedimentation of lysates of [32P]orthophosphate-labeled FSV- and Y73-transformed
chicken cells. Lysates of FSV- or Y73-transformed chicken cells that were labeled with 1 mCi of [32P]orthophos-
phate per ml in phosphate-free medium for 12 h were prepared in radioimmune precipitation assay (RIPA) buffer
containing 1 mM EDTA and 1 mM EGTA, layered on a 10 to 30% glycerol gradient in RIPA buffer, and
centrifuged for 24 h at 40,000 rpm at 4°C in an SW41 rotor. Gradient fractions 20 through 60 (of 70 total fractions)
were treated with either 2 ,ul of anti-pp90 serum (even fractions [A and B]) or 2 p.l of anti-pp199"9 serum, except
Y73, which was first cleared with 2 p.l of anti-pp279'9 (odd fractions [C and D]), and the immunoprecipitates were

subjected to electrophoresis in a 7.5% sodium dodecyl sulfate-polyacrylamide gel. The top of each glycerol
gradient is on the left. A and C represent a gradient fractionation of Y73-transformed chicken cells treated with
monoclonal antibody to pp90 (A) or anti-pp199'9 serum (C). B and D show similar analyses of lysates from FSV-
transformed chicken cells with monoclonal antibody to pp90 (B) or anti-ppl9gag serum (D). Marker immunopre-
cipitates containing pp90, pp6fYrc, and pp5O as well as ppl4ofPr or pp94Yes were included on the ends of each gel
(data not shown). Only the relevant region of each glycerol gradient is shown here. Monoclonal antibody to pp90
was produced as described by Cepko and co-workers (5) for adenovirus 2 proteins, using pp90 purified from
chicken brain. This antibody was shown to immunoprecipitate the cellular pp90 protein, which is identical to that
bound to pp6Osrc (Yonemoto et al., unpublished data).

and the pp6osrc-associated ppSO protein. In FSV-
infected cell lysates, pp9O sedimented with a
peak in fraction 50. Coprecipitating with the
trailing fractions of pp9O were two proteins
which comigrated with ppl4WPs and ppSO in
fractions 26 through 40 (Fig. 2B). No proteins
with electrophoretic mobilities similar to those
of ppSO, pp94Yes, or ppl4&fP" were detected
when lysates of uninfected chicken cells were

precipitated with antibody to pp9O as described
above (data not shown). The precipitation of

ppSO, pp9O, and either pp94Yes or ppl4&fPS
strongly supports the possibility that the trans-
forming proteins of FSV and Y73 are associated
in a complex with pp9O and ppSO.

Figures 2C and D show the results of analysis
of immunoprecipitates obtained from the odd-
numbered fractions with anti-pp199'9 serum. In
Y73-infected cell lysates, the major portion of
pp94YeS sedimented in fractions 41 through 57,
with a smaller proportion cosedimenting with
proteins of Mr 90,000 and 50,000 in fractions 31

B
52 48 44 40 36 32 28 24 20

-ppi40

-pp 90

C

-ppl4O

NOTE 877



878 NOTE

through 39 (Fig. 2C). In FSV-infected cell ly-
sates, ppl4OfPs sedimented in fractions 30 to 51.
Two proteins which comigrated with pp9O and
pp5O were found to be precipitated, in addition
to ppl4Ofp5, in fractions 28 through 41 (Fig. 2D).
The identities of other proteins which appear in
various gradient fractions have not been inves-
tigated; however, their absence in immunopre-
cipitates obtained with monoclonal anti-pp90
suggests that these proteins are either nonspecif-
ically precipitated or gag-related proteins.

This set of glycerol gradients indicates that a

small fraction of the transforming proteins of
FSV and Y73 is physically complexed with two
proteins of Mr 90,000 and 50,000. Since mono-

clonal antibody to the pp60src-associated pp9O
protein was used to immunoprecipitate ppl4GfP'
and pp94Yes (Fig. 2A and B), it is clear that the
proteins of Mr 90,000 which are associated with
the transforming proteins of FSV, Y73, and RSV
are identical. In addition, we have confirmed the
identity of these proteins of Mr 90,000 by pep-
tide analysis (data not shown).
To determine whether proteins of Mr 50,000

immunoprecipitated from FSV- and Y73-infect-
ed cells were similar to that precipitated from
RSV-infected cells, partial proteolytic cleavage
with V8 was performed (Fig. 3). The cleavage
patterns of the pp5O from RSV-, Y73-, and FSV-
infected cell lysates were indistinguishable.

It has been demonstrated previously that a

phosphoserine-containing form of pp5O is pres-
ent in uninfected chicken cells, and upon trans-
formation with RSV, a phosphotyrosine-con-
taining form of pp5O is also present (1). These
two species of ppSO can be identified by two-
dimensional analysis as two distinct spots. Since
the results in Fig. 1, 2, and 3 suggest that the
Y73- and FSV-transforming proteins are associ-
ated with pp5O, [32P]orthophosphate-labeled ly-
sates from Y73- and FSV-transformed chicken
cells were subjected to such an analysis to
examine the phosphorylation states of the cellu-
lar pp5O protein (Fig. 4). Uninfected and
Schmidt-Ruppin RSV-infected cells were includ-
ed as negative and positive controls. Uninfected
chicken cells contained only one pp5O species,
designated pp5OB (Fig. 4A). However, RSV-,
Y73-, and FSV-transformed cells contained an

additional ppSO spot (Fig. 4B, C, and D), desig-
nated pp5OA. Brugge and Darrow (1) have pre-
viously demonstrated that the pp5OB species
present in RSV-transformed cells contains phos-
phoserine, whereas the pp5OA species contains
phosphotyrosine in addition to phosphoserine.
This additional phosphorylation could be re-

sponsible for the shift in the migration of the
ppSO which is apparent in transformed cells.
Thus, the above results suggest that the interac-
tion of pp14GfP5 and pp94Yes with ppSO results in
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a phosphorylation of ppSO similar to that found
in RSV-transformed chicken cells. Phospho-
amino acid analysis is necessary to confirm that
this phosphorylation is on tyrosine.
We have shown that a minor population of the

transforming proteins of two unique sarcoma
viruses, FSV and Y73, is physically complexed
with two proteins of Mr 90,000 and 50,000 in
lysates from FSV- or Y73-transformed chicken
cells. We based this conclusion on the sedimen-
tation behavior of pp140APs, pp94Yes, pp9O, and
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FIG. 3. Partial proteolytic digestion of the 50,000-
dalton proteins immunoprecipitated from RSV-, Y73-
and FSV-transformed cells. RSV-, Y73- and FSV-
transformed chicken cells were labeled with 1 mCi of
[32P]orthophosphate per ml in phosphate-free medi-
um for 12 h. Lysates were prepared in radioimmune
precipitation assay (RIPA) buffer, and immu-
noprecipitation, utilizing TBR antiserum for RSV and
anti-pp199'9 for FSV and Y73, was performed as
described in the legend to Fig. 1. The gel represents
the ppSO excised from the gel and re-electrophoresed
on a 12.5% sodium dodecyl sulfate-polyacrylamide gel
with 25 ng of V8 (Miles Laboratories, Inc.) by the
method of Cleveland and co-workers (6). Lane 1, pp50
from Y73-transformed chicken cells; lane 2, pp50 from
FSV-transformed chicken cells; lane 3, pp50 from
RSV-transformed chicken cells.
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FIG. 4. Two-dimensional analysis of phosphopro-
teins from normal and RSV-, Y73-, and FSV-trans-
formed chicken cells. Normal and RSV-, Y73-, and
FSV-transformed cells were labeled for 12 h with 1
mCi of [32P]orthophosphate per ml in phosphate-free
medium. The cells were processed by the Garrels
modification (10) of the O'Farrell procedure (14) for
two-dimensional analysis of protein as described pre-
viously (1). Samples of 15 p.l (approximately 105 cells)
were run in the first dimension on 17-cm cylindrical
gels, and the gel sections from 3 to 8 cm from the
acidic end were then subjected to electrophoresis in
the second dimension in a 7.5% sodium dodecyl sul-
fate-polyacrylamide gel. The gels were dried immedi-
ately and exposed to film for 16 h, using a Lightning-
Plus (Kodak) intensifying screen. (A) Lysate prepared
from normal chicken cells; (B) lysate from RSV-
transformed chicken cells; (C) lysate from Y73-trans-
formed chicken cells; (D) FSV-transformed chicken
cells. Spot A indicates pp5OA; spot B indicates pp5OB.

pp50 on glycerol gradients. The pp9O and pp5O
proteins sedimented with the transforming pro-

teins as a complex similar to that seen with
ppW0src, and these complexes were distinct from
free ppl4ofPS or pp94Yes. Antisera directed

against either the gag protein ppl9 or the pp9O
protein were able to immunoprecipitate the com-
plex of proteins in the same gradient fractions.
We concluded that the pp9O and pp5O proteins
are precipitated from transformed cell extracts
because of their association with ppl4GfPs or
pp94Yes. The pp9O and ppSO proteins are identi-
cal to the proteins associated with pp6Osrc, based
on the following criteria: (i) monoclonal anti-
body directed against the pp9O protein which is
pp6()src associated was found to immunoprecipi-
tate both pp94yes and ppl4VPs, and (ii) the
peptide map of the ppSO protein bound which
coprecipitated with pp94yes and ppl4OfPS is iden-
tical to that of the ppSO protein associated with
pp6Src
These results strongly suggest that the cellular

pp9O and ppSO proteins described here may have
a common role in the mechanism of transforma-
tion induced by the sarcoma-inducing viruses
which encode tyrosine-specific protein kinases.
The functional role of this complex in transfor-
mation is not known. Since ppSO has been
shown to be phosphorylated on tyrosine after
transformation by RSV (1, 11), one can specu-
late that ppSO is a substrate of the tyrosyl-
phosphorylating activity of this class of trans-
forming proteins. The pp9O protein, however,
does not contain phosphotyrosine and therefore
does not appear to be a substrate of the viral
protein kinases. pp9O is an abundant cellular
protein (3) which has been shown to be identical
to one of several "stress" proteins which are
induced after heat or arsenite treatment of chick-
en cells (16). However, no function has been
assigned to these stress proteins, and the role of
pp9O in the pp9O:pp6Osrc:ppSO complex is un-
clear. Further studies are in progress to eluci-
date the functional nature of this interaction.
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