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IFIG. 1. Immunoprecipitation of p29 with antiserum prepared
against Ha-MSV nonproducer cells. After immunoprecipitation of
[35S]methionine-labeled cellular extracts NaDodSO4 gel electro-
phoresis was carried out on 10% polyacrylamide gels. Each immu-
noprecipitation reaction mixture contained approximately 5 X 106
acid-precipitable cpm. Lanes: 1, normal rat serum and NRK cells; 2,
normal rat serum and SD-1 cells; 3, normal rat serum and NRK
nonproducer cells transformed by RaSV (NST-5); 4, normal rat serum
and FRE cells; 5, normal rat serum and FRE/SD-1 cells; 6, normal
rat serum and FRE nonproducer cells (clone 6E) transformed by
RaSV; 7, Ha-NRK rat serum and NRK cells; 8, Ha-NRK rat serum
and BD-1 cells; 9, Ha-NRK rat serum and NST-5 cells; 10, Ha-NRK
rat serum and FRE cells; 11, Ha-NRK rat serum and FRE/SD-1 cells;
12, Ha-NRK rat serum and FRE-6E cells.

Immunoprecipitation and Competition of In Vitro Syn-
thesized Ha-MSV p21. To determine more directly whether
there was crossreactivity between Ha-MSV p21 and RaSV p29,
we first transplanted the FRE-6E cell in Fischer rats and pro-

duced an antiserum that precipitated RaSV p29 (see below for
details). This antiserum was found to precipitate in vitro syn-

thesized Ha-MSV p21, and a limiting dilution of this anti-p29
serum (2 Al) was used with in vitro synthesized [s5S]methio-
nine-labeled Ha-MSV p21 in a competition immunoprecipi-
tation assay. The competition assay is displayed on an acryl-
amide gel in Fig. 3. The immunoprecipitation of the Ha-MSV
p21 by the RaSV antiserum was almost completely blocked by
the addition of unlabeled cellular extract from 6E cells but not
from FRE cells, thus indicating that the RaSV cellular extract
contains a protein that interacts directly with the antibodies that
are specific for Ha-MSV p21. Similar results were obtained
when Ha-MSV antiserum replaced RaSV antiserum, because
the extract from RaSV-transformed cells could compete ef-
fectively with this antibody-antigen complex as well.

Peptide Analysis of p21 and p29. To analyze the methio-
nine-labeled peptides of the Ha-MSV p21 and RaSV p29, p21-
and p29-immunoprecipitated protein bands like those shown
in Fig. 1 were excised from the gel, treated with S. aureus V-8
protease, and electrophoresed on 17% acrylamide gels. The
results are shown in Fig. 4. The p21 cleaved by V-8 protease
yielded two peptide bands, slightly separated, which are visible
in lane 4. The p29 yielded three peptide bands, two of which
migrated identically to those observed with the Ha-MSV p21
(lane 3). The results using this one-dimensional peptide analysis
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FIG. 2. Immunoprecipitation of RaSV p29 and Ha-MSV p21 with
various rat antisera. Immunoprecipitation of [35S]methionine-labeled
cellular extracts were carried out in a final volume of 250 liters ofPD
buffer. [35S]Methionine (5 X 106 acid-precipitable cpm) was added
to each reaction mixture. Electrophoresis was performed on 12%
acrylamide gels. (A) Lanes: 1, normal rat serum and FRE cells; 2,
normal rat serum and FRE-6E cells; 3, rat serum 1 and FRE cells;
4, rat serum 1 and FRE-6E cells; 5, rat serum 2 and FRE cells; 6, rat
serum 2 and FRE-6E cells; 7, rat serum 3 and FRE cells; 8, rat serum
3 and FRE-6E cells; 9, rat serum 4 and FRE cells; 10, rat serum 4 and
FRE-6E cells; 11, rat serum 5 and FRE cells; 12, rat serum 5 and
FRE-6E cells; 13, rat serum 6 and FRE cells; 14, rat serum 6 and
FRE-6E cells; 15, rat serum 7 and FRE cells; 16, rat serum 7 and
FRE-6E cells; 17, iat serum 8 and FRE cells; 18, rat serum 8 and
FRE-6E cells.

(B) Lanes: 1, normal rat serum and Schmidt-Ruppin (SR)-NIH
cells; 2, normal rat serum and Ha-MSV NIH cells; 3, rat serum 1 and
SR-NIH cells; 4, rat serum 1 and Ha-MSV NIH cells; 5, rat serum 2
and SR-NIH cells; 6, rat serum 2 and Ha-MSV NIH cells; 7, rat serum
3 and SR-NIH cells; 8, rat serum 3 and Ha-MSV NIH cells; 9, rat
serum 4 and SR-NIH cells; 10, rat serum 4 and Ha-MSV NIH cells;
11, rat serum 5 and SR-NIH cells; 12, rat serum 5 and Ha-MSV NIH
cells; 13, rat serum 6 and SR-NIH cells; 14, rat serum 6 and Ha-MSV
NIH cells; 15, rat serum 7 and SR-NIH cells; 16, rat serum 7 and
Ha-MSV NIH cells; 17, rat serum 8 and SR-NIH cells; 18, rat serum
8 and Ha-MSV NIH cells.

is additional evidence for the structural similarities of these two
proteins.

Further Characterization of p29. To further explore the
relationship between the p29 found in RaSV-transformed cells
and the Ha-MSV p21, the RaSV-transformed Fischer rat cells
were transplanted in 10-day-old Fischer rats. An antisera (used
above in the competition assay) obtained from a rat after 6
weeks of tumor growth was tested against Ha-MSV-transformed
cells and RaSV-transformed cells and the results are shown in
Fig. 5A. The antisera precipitated p29 from RaSV-transformed
cells (lanes 2, 4) and p21 from Ha-MSV-transformed mouse cells
(lane 6). As noted above, the same serum also precipitated the
in vitro.Ha-MSV p21. No additional rat helper virus-specific
protein bands were precipitated from nontransformed Fischer
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FIG. 3. Competition immunoassay with in vitro synthesized
Ha-MSV p21. Competition assays with utilabeled cellular extracts
from FRE cells and FRE-6E cells were performed. All lanes contain
4 X 105 35S acid-precipitable cpm obtained from the-in vitro trans-
lation of Ha-MSV viralRNA and 2 ul ofRaSV p29 antiserum. Lanes:
1 and 2, no added extract; 3-7,3,7.5,15, 30, and 45 pg ofprotein from
FRE clone 2; 8-12, 2, 5, 10, 20, and 30 jg of protein from RaSV-
transformed nonproducer FRE cells (clone 6E).

rat cells producing SD-1 rat type C virus or transformed SD-I
cells (not shown). The results indicate a reciprocal serological
relationship between RaSV p29 antiserum and Ha-MSV p21
antiserum, and are consistent with the two proteins' sharing
common immunological determinants.

Because of the difference in molecular weight and peptide
analysis between RaSV p29 and.Ha-MSV p21, we tested rabbit
antisera prepared against sucrose gradient isopycnically banded
SD-1 rat leukemia viruses with [35S]methionine-labeled extracts
from RaSV- and Ha-MSV-transformed cells. The results are
shown in Fig 5B. The SD-1 antiserum precipitated the p29 from
the RaSV-containing cells (lanes 2, 4). In contrast to the RaSV
p29 antiserum and the Ha-MSV p21 antiserum, the SD-I virus
antiserum did not precipitate the p21 of Ha-MSV (lane 6). This
SD-1 antiserum was able to'precipitate rat helper virus proteins
from [35S]methionine-labeled SD/FRE or SD-1 cellular extracts
(not shown). The results with the SD-1 virus antiserum suggest
that p29 contains determinants contained in a structural pro-
tein(s) of SD-1 rat type C virus, whereas p2i does not. These
results do not, however, allow us to determine to which rat virus
protein the p21-related peptides are linked. In other studies to
characterize p29, cells transformed by RaSV were labeled for
2 hr with inorganic 32p, and the extracts of these cells were

1 2 3 4

FIG. 4. Peptide analysis ofRaSV p29 and Ha-MSV p21. Peptide
analysis of RaSV p29 and Ha-MSV p21 was carried out as described
(17). Lanes: 1, RaSV p29; 2, Ha-MSV p21; 3, RaSV p29 and 2 gg of
V-8 protease; 4, Ha-MSV p21 and 2 ,g of V-8 protease.

FIG. 5. Immunoprecipitation ofRaSV p29 and Ha-MSV p21 with
rat RaSV antiserum and rabbit SD-1 antiserum. Immunoprecipitation
of [MS]methionine-labeled cellular extracts was carried out in a final
volume of 250 jAl of PD buffer. [35S]Methionine (5 X 106 acid-pre-
cipitable cpm) was added to each immunoprecipitation reaction
mixture. Electrophoresis was performed on 13% acrylamide gels. B
was overexposed to enhance the lower molecular weight proteins. (A)
Rat RaSV antiserum. Lanes: 1, FRE cells; 2, FRE-6E cells; 3, NRK
cells; 4, NST-5 cells; 5, C127 cells; 6, Ha-MSV C127 cells. (B) Rabbit
SD-1 antiserum. Lanes: 1, FRE cells; 2, FRE-6E cells; 3, NRK cells;
4, NST-5 cells; 5, C127 cells; 6, Ha-MSV C127 cells.

immunoprecipitated with either Ha-MSV p2i antiserum or
SD-1 antiserum. In results not shown, 32P-labeled p29 was
shown to be precipitable by the same Ha-MSV p21 antiserum,
RaSV p29 antiserum, and SD-1 virus antiserum that precipi-
tated the [35S]methionine-labeled p29; therefore the p29, like
the Ha-MSV and Ki-MSV p21, is a phosphoprotein.

Hybridization Analysis of RaSV. Because of the immuno-
logical relationships between RaSV p29 and Ha-MSV and Ki-
MSV p2i, we compared the genetic composition of RaSV to that
of Ki-MSV by molecular hybridization. Hybridization analysis
was performed to RaSV nonproducer cellular RNA with
[3H]cDNA homologous to either rat helper virus (RT21C) (18),
Ki-MSV, Mo-MuLV, or the 3' end of the Mo-MuLV (22). As can
be seen in Fig. 6, considerable homology to rat helper virus
cDNA was detected in the nonproducer cellular RNA whereas
no significant homology to Ki-MSV or to either Mo-MuLV
cDNA was detected. Though not shown in this figure, a Ki-
MSV-specific probe cycled to remove the mouse sequences
present in the Ki-MSV genome produced identical results to
those with the Ki-MSV cDNA shown here. The results indicate
that RaSV, as expected, contains no mouse genetic information
and that we cannot detect homology between Ki-MSV (or
Ha-MSV) and RaSV with our currently available cDNA
probes.

DISCUSSION
Three distinct fibroblast-transforming retroviruses have been
isolated from rats. Two of these viruses, Ki-MSV and Ha-MSV,
were isolated by experimental inoculation of mouse type C
viruses into rats (8, 9). These viruses were shown to be mouse-rat
recombinant viruses, and a general model for generation of
oncogenic retroviruses was proposed (23). The third virus,
RaSV, was isolated in cell culture by cocultivation of a cell
producing rat type C viruses and a Fischer rat cell transformed
after exposure to 4-nitroquinoline (7). The current studies, and
those recently reported by us (10), indicate that these three
different retroviruses, each of which can transform fibroblasts
in cell culture, code for a related intracellular phosphoprotein
which is not a virion structural protein. Ki-MSV and Ha-MSV
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FIG. 6. Hybridization analysis of RaSV-transformed nonpro-

ducer cell RNA. Hybridization of RaSV-transformed nonproducer
total cellular RNA (6E) to rat helper-independent virus (RT21c)
[3H]cDNA, Ki-MSV [3H]cDNA, Mo-MuLV cDNA, and Mo-MuLV
3' cDNA was carried out as described (18). The preparation of Mo-
MuLV 3' cDNA has also been described (22). [3H]cDNA (-2500
acid-precipitable cpm) was added to each hybridization reaction, and
cDNA-RNA hybrids were analyzed by using S1 nuclease (19). Hy-
bridization at 100% represents hybridization of each cDNA to satu-
rating levels of viral RNA. *-*, RT21c [3H]cDNA to 6E RNA;
0-0, Ki-MSV [3H]cDNA to 6E RNA; *----, RT21c [3H]cDNA
to FRE RNA; 0--- 0, Ki-MSV [3H]cDNA to FRE RNA; O-0,
Mo-MuLV [3H]cDNA to 6E RNA; X-X, 3' Mo-MuLV [3H]cDNA
to 6E RNA.

code for a phosphoprotein, p21, and RaSV for a phosphoprotein,
p29. These proteins share immunological crossreactions and
common V-8 protease-generated peptides. The p21 is not
precipitated by any serum prepared against mouse or rat
helper-independent type C virions, or mouse or rat type C
virion structural proteins (10). The p29 is precipitated by var-
ious p21 antisera and also by antisera against rat helper-inde-
pendent type C virus. The results suggest that the p29 is a
p21-like protein fused to an unidentified rat leukemia virus
structural protein. The biological method of isolation of RaSV
and the molecular hybridization data presented herein indicate
that RaSV is a purely rat sarcoma virus. Previous physical maps
of Ki-MSV and Ha-MSV suggested that any proteins coded for
by these viruses would of necessity be translated from rat-
derived genes (6). The relationships between the p21 and p29
described herein strongly suggest that both the p21 of Ki-MSV
and Ha-MSV and a portion(s) of the p29 of RaSV are translated
from rat-derived gene(s) with related coding sequences and that
this gene(s) has been introduced into each sarcoma virus by
recombination involving different helper-independent type
C viruses either in rats or in rat cells under in vitro cell culture
conditions.
The results raise several questions that cannot be answered

at this time: (i) What rat leukemia virus protein is the p21-like
portion of the p29 fused to? Is the p29 then like other larger
fusion proteins, called polyproteins, that have been described
for various replication-defective transforming viruses (24-27)?
(ii) Why can we not detect homology by molecular hybrid-
ization between Ki-MSV and RaSV even though we can dem-
onstrate immunological relationships between the p21 and p29
proteins? This could be due to the inadequacies of our cDNA
probes or to the fact that degeneracy of the genetic code could
allow somewhat diverse genes with similar amino acid coding
information to code for immunologically related proteins. Too
much diversity might exist between such genes to allow nucleic

acid cross-hybridization to be detected by our methods. We
cannot resolve these possibilities at this time. (iii) What is the
function of the p29 and is it active as p29, or after processing
to its p21-like portion? Recently we have shown that the p21
of Ki-MSV demonstrated thermolability by in vitro heating
studies in a mutant of Ki-MSV temperature-sensitive for the
maintenance of transformation (28). These results would imply
that the gene of RaSV that codes for the p29, by virtue of its p21
coding sequences, would be required for the maintenance of
transformation induced by RaSV. (iv) Is a p21-related protein
expressed in the cell transformed after exposure to 4-nitro-
quinoline that was then used in the cocultivations to isolate
RaSV? Additional studies are necessary to test these hypotheses
and answer the questions posed.
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