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Transformation-defective (td) mutants with different sizes of genomic RNA
were isolated from the Prague strain of Rous sarcoma virus, subgroup C (PR-C).
All six td viruses (tdTYPR-C) isolated from a single UV-irradiated stock of PR-
C (clone 2 of TYPR-C) had slightly longer RNA than did the ordinary class b
RNA of tdB77 and Rous-associated virus-7. td viruses spontaneously segregated
in uncloned TYPR-C also contained genomic RNA of a size similar to tdTYPR-
C RNA. On the other hand, two td mutants isolated from another stock of PR-C
(LAPR-C) had the class b RNA. Fingerprint analysis confirmed that tdTYPR-C
and tdLAPR-C were derived by deletion from clone 2 of TYPR-C and LAPR-C,
respectively, and also showed that clone 2 of TYPR-C had sequences in its
genome RNA different from those of LAPR-C, although it gave a fingerprinting
pattern similar to the latter. These results strongly suggest that differences
between the nucleotide sequences in TYPR-C and LAPR-C RNA may result in
different extents of deletion.

The nondefective strain of avian sarcoma vi-
ruses (ASV) shows high spontaneous conversion
to transformation-defective (td) mutants (14), in
which the genomic RNA (class b) is about 16%
smaller than the parental nondefective ASV
RNA (class a) (3, 4, 7, 10, 12). The deletions
occur in a specific portion of the ASV genome,
including the src gene located near the 3' ter-
minus (5, 15). Since most independent isolates
of td mutants contained class b RNA (4), the
deletion is thought to be of rather uniform size.
However, a few recently isolated td mutants had
a slightly longer RNA genome than class b RNA
(6, 8, 13, 16), and some of them were shown to
retain a part of the src gene (6).
This paper reports that all six td mutants

isolated from a viral stock of the Prague strain
of Rous sarcoma virus, subgroup C (TYPR-C),
had an RNA genome slightly longer than class
b RNA. No ordinary td mutants with class b
RNA were isolated from this stock, although
they were isolated from another viral stock of
the Prague strain (LAPR-C). We found that
these two PR-C stocks gave slightly different
RNA fingerprints, suggesting that their different
extents of deletion were due to differences in the
RNA sequences of the genomic RNA.

MATERIALS AND METHODS
Cells and viruses. Chicken fibroblast cultures

were prepared from 10-day-old embryos of the C/E or
C/BE phenotype as described previously (17). The
subgroup C variant ofPR-C, donated by K. Toyoshima
and maintained in our laboratory, was designated as
TYPR-C, and the same strain donated by P. K. Vogt
was named LAPR-C. ASV strain B77 and the td
derivative tdB77 were supplied by K. Toyoshima.

Radioactive labeling and purification of virus.
Radioactive labeling and purification of virus were
carried out as described by Duesberg and Vogt (4).
The infected culture was mixed with 0.1 mCi of
[3H]uridine (specific activity, 46 Ci/mmol) per ml and
incubated for 8 to 10 h. The medium was collected,
and fresh medium without [3H]uridine was added
twice more for 4-h periods. The media were then
pooled, and the virus was purified by the method of
Duesberg et al. (2). The virus band between the 20
and 60% sucrose layer was collected for extraction of
viral RNA.

Preparation of viral RNA. Viral RNA was ex-
tracted with sodium dodecyl sulfate (SDS)-phenol
from semipurified virus. Radioactive virus from the
sucrose gradient was mixed with 200 Lg of yeast tRNA
and disrupted by treatment with 0.5% SDS and 0.1%
diethylpyrocarbonate. The mixture was kept for 5 min
at room temperature and then extracted twice with an
equal volume of phenol. The RNA was precipitated
from the aqueous phase by adding 3 volumes of
ethanol, leaving the mixture overnight at -20°C, and
then centrifuging it at 8,000 rpm for 10 min. The
precipitate was dissolved in buffer consisting of 0.01
M Tris-hydrochloride (pH 7.4), 0.1 M NaCl, 1 mM
EDTA, and 0.1% SDS, and ethanol precipitation was
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repeated once more. The final pellet of RNA was
dissolved in 0.1% SDS-0.01 M Tris-hydrochloride (pH
7.4) and stored at -70°C.

Electrophoresis. Polyacrylamide gel electropho-
resis of viral RNA was carried out as described by
Duesberg and Vogt (4). 3H-labeled RNA was mixed
with '4C-labeled viral RNA and then with 1/10 volume
of 10-times-concentrated sample buffer (40 mM Tris-
hydrochloride, pH 7.4, 20 mM sodium acetate, 1 mM
EDTA, and 0.1% SDS). The mixture was heated at
95°C for 1 min, cooled rapidly in ice water, and layered
on a 2.2% polyacrylamide gel in the same buffer con-

taining 2 M urea. Electrophoresis was carried out at 6
V/cm for 7 to 8 h. After electrophoresis, gels were

wrapped in Parafilm and frozen at -70°C. They were

then cut into 1-mm sections, and the sections were

extracted overnight with 0.5 ml of 0.1 N NaOH in
scintillation viaLs. The extracts were neutralized with
HCl and mixed with 10 ml of toluene-based scintillator
containing 30% Triton X-100, and radioactivity was

counted in a Beckman scintillation spectrometer.
Assay of reverse-transcriptase activity. The

procedure for assay of reverse-transcriptase activity
was as described by Wang et al. (15). The culture fluid
was centrifuged to remove cells and cell debris and
then incubated for 30 min at 37°C in a reaction mixture
containing 50 mM Tris-hydrochloride (pH 8.0), 6 mM
MgCl2, 1 mM EDTA, 5 mM dithiothreitol, 1 ,tM
[3H]TTP (specific activity, 42 Ci/mmol), 2 ,ug of poly-
adenylic acid, 0.4 ,ug of oligo(dT,2 18), and 0.1% Triton
X-100. The reaction was stopped by adding 10% tri-
chloroacetic acid, and the precipitate was collected on
a nitrocellulose membrane filter and washed three
times with 3 ml of 5% trichloroacetic acid. The mem-

brane was then dried, and its radioactivity was counted
in a toluene-based scintillator.

Oligonucleotide fingerprinting. 32P-labeled vi-
ruses were prepared by the method of Wang et al.
(15), and RNA was extracted as described above. 35S
viral RNA was heat dissociated as described by Dues-
berg (1) and purified on a sucrose gradient. The puri-
fied 3P-labeled 35S RNA was digested with RNase T,
and separated by two-dimensional gel electrophoresis
according to a modification (Y. F. Lee, unpublished
data) of the methods described by Lee and Wimmer
(9).

RESULTS
Isolation of td mutants from PR-C. Ini-

tially, UV irradiation was used to increase the
frequency of isolation of td mutants (11). A viral
stock (clone 2) of the Prague strain of RSV
(TYPR-C) was irradiated with UV light for 6 to
9 min, resulting in more than 95% inactivation
of the virus. The UV-irradiated virus was then
inoculated into a secondary culture of chicken
embryo fibroblasts and covered with a layer of
agar. The smaller foci that developed were trans-
ferred to normal chicken embryo fibroblasts.
After two cell passages, some cultures lost trans-
formed cells, but most cultures became com-

pletely transformed.
Measurement of the reverse-transcriptase ac-

tivity in the culture fluid showed that the six

cultures that lost transforned cells all produced
viruses (Table 1). These viruses seemed to be
defective in transforming ability, because they
did not form foci under an agar layer and the
cells had an apparently normal morphology.
Cells that were fully infected with these viruses
were challenged with the parental TYPR-C and
also with the Schmidt-Ruppin strain of Rous
sarcoma virus, subgroup D (SR-D), or PR-A to
determine the subgroup of the virus. Complete
interference with transformation by the parental
PR-C but not with transformation by SR-D or
PR-A was observed. These results indicate that
these nontransforming viruses belong to sub-
group C, like the parental strain of TYPR-C.
Thus, these viruses were designated as tdTYPR-
C, tdTY4-9 (Table 1).
Genome size of tdTYPR-C. To determine

whether the tdTYPR-C viruses were deletion
mutants, we examined their heat-dissociated vir-
ion RNA by polyacrylamide gel electrophoresis.
As shown in Fig. 1, the RNA subunits of one of
them, tdTY9, migrated more rapidly than did
those of the parental PR-C, which had been
cloned recently. This clearly indicates that
tdTY9 was a deletion mutant. However, tdTY9
RNA was found to migrate slightly slower than
the subunits of tdB77, used as a marker of or-
dinary class b RNA (Fig. 1B). This slightly larger
size of tdTY9 RNA was also confirmed by coe-
lectrophoresis of tdTY9 RNA with Rous-asso-
ciated virus-7 and tdLAPR-C, which were pre-
viously shown to have class b RNA (Fig. 1C and
D) (4, 16). From the electrophoretic mobilities,
tdTY9 RNA was estimated to be smaller than

TABLE 1. Characterization of nontransforming
viruses isolated from various stocks ofPR-C

Reverse- Interference
Parental Focus transcrip- with focus
stock td viruses forma- tase ac- formation by:

tion tivity in
medium' PR-C SR-D

None None - 2.6 - -
TYPR-C None + 42.3

clone 2
tdTY4 - 18.2 + -
tdTY5 - 12.1 + -
tdTY6 - 21.3 + -

tdTY7 - 15.4 + -
tdTY8 - 27.3 + -

tdTY9 - 47.8 + -

TYPR-C tdTY105 - 108.0
clone 3

tdTY107 - 18.8

LAPR-C tdLA1004 - 20.8
tdLA1045 - 15.3

Incorporation (counts x 103 per minute) of [3H]TTP into
the trichloroacetic acid-insoluble fraction per 30 pl of culture
fluid.
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FIG. 1. Polyacrylamide gel electrophoresis of 35S RNA of tdTY9 isolated from TYPR-C, clone 2. (A) 3H-
labeled TYPR-C, clone 2 (A) and '4C-labeled tdTY9 (A); (B) 3H-labeled tdB77 (A) and '4C-labeled tdTY9
(A); (C) 3H-labeled tdLAPR-C (A) and '4C-labeled tdTY9 (A); (D) 3H-labeled Rous-associated virus-7 (A)
and '4C-labeled tdTY9 (A).

class a RNA by about 12% of the total genome
RNA, assuming that normally 16% deletion oc-
curs (7, 12). The other five isolates were all
found to have the same-sized RNA as tdTY9,
which was slightly larger than the ordinary class
b RNA, indicating that the unusual intermediate
size of tdTY9 RNA was not a unique feature of
the one isolate (data not shown).

Genome size of spontaneously formed td
mutants. The unexpected finding that all of the
isolates of tdTYPR-C had the same intermedi-
ate size of genomic RNA could be a result of the
isolation procedures, i.e., UV irradiation of the
virus stock and selection of transformed cells
that regressed later. To exclude this possibility,
original TYPR-C viral stock that had not been
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cloned recently was labeled with [3H]uridine,
and its RNA size was analyzed. Figure 2 clearly
shows that the td mutants that spontaneously
accumulated in the TYPR-C viral stock had the
same intermediate size of genome RNA as that
of tdTY9. On the other hand, spontaneously
segregated td mutants in uncloned B77 virus
stock had class b subunits, which are shorter
than those in tdTY9. These findings clearly in-
dicate that the isolation procedures did not af-
fect the size of the deletion and also that the
sizes of the deletions in the two viral stocks,
TYPR-C and B77, were different, but that they
were fairly uniform within either of the stocks.
Attempts to isolate ordinary td mutants from
TYPR-C have so far failed, indicating that the
frequency of fornation of ordinary td mutants,
if they are formed, is very low.
td mutants from another stock of PR-C.

As described above, all td mutants from TYPR-
C had RNA slightly larger than that of tdB77.
These results were not consistent with the report
by Duesberg and Vogt (4) that td mutants iso-
lated from PR-C and B77 had the same size of
RNA genome, i.e., class b subunits. To exclude
the possibility that this difference is due to the
type of cells used for propagation of viruses, the
isolation procedure, and/or the technique for
analysis of viral RNA, we tried to isolate td
mutants from another stock of PR-C, LAPR-C.
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Analysis of two isolates, tdLAPR-C 1004 and
1045, showed that both contained class b RNAs,
which are shorter than those of tdPR-C (Fig.
3A). One td mutant isolated and supplied by P.
K. Vogt was also confirmed to have the ordinary
class b RNA as reported by Duesberg and Vogt
(4) (data not shown).
We also isolated the td mutants tdTY105 and

tdTY107 from clone 3, cloned from the original
stock ofTYPR-C, by the same procedure as that
used for the other td viruses and found that the
RNAs of these td viruses were also longer than
those of ordinary td viruses and similar to that
of tdTY9 (Fig. 3B).
Oligonucleotide fingerprints of 35S RNA.

The reason for the highly frequent occurrence
of different sizes of deletion in TYPR-C and
LAPR-C viral stocks was examined by compar-
ing the oligonucleotide fingerprints of their
RNAs. RNase T1-resistant oligonucleotides of
the purified 32P-labeled 35S RNA samples were
separated by two-dimensional gel electrophore-
sis (Fig. 4). Comparison of the fingerprints of
tdTY9 and the original TYPR-C showed that
the dense spots 8, 15 + 15', and 17, which are
indicated in Fig. 4A, were found to be composed
of two or three oligonucleotides, as judged from
the yield of 32P counts (Table 2). The yields of
these three spots from tdTY9 were lower than
those from TYPR-C, indicating that tdTY9

0 20 40 60 0 20 40 60 80

Distance moved from origin (mm)
FIG. 2. RNA size of spontaneously segregated td viruses from TYPR-C (A) and B77 (B). Uncloned viral

stock of TYPR-C and B77 was infected, the viral progeny was labeled, and heat-denatured viral RNA was
analyzed on a polyacrylamide gel. (A) Uncloned 3H-labeled TYPR-C (A) and '4C-labeled tdTY9 (A); (B)
uncloned 3H-labeled B77 (A) and '4C-labeled tdTY9 (A).
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FIG. 3. RNA size oftd viruses isolated from LAPR-C and another clone ofTYPR-C, clone 3. (A) 3H-labeled

tdLA1045 isolated from LAPR-C (A) and uncloned "C-labeled TYPR-C (A); (B) 3H-labeled tdTY105 isolated
from TYPR-C, clone 3 (A), and uncloned "C-labeled TYPR-C (A).

lacked the three large oligonucleotides by the
deletion (Table 2). The comparison also showed
that two spots, 11 and 22, which were produced
in lower yields and marked by closed symbols in
Fig. 4A, are missing from the fingerprint of
tdTY9 (Fig. 4D). The lower yield of these spots
might be explained by the presence of a minor
population of modified or variant viruses in the
viral stock of clone 2. Isolation of tdTYPR-C
clone 9 would eliminate these variant viruses.
The spots in the fingerprint of tdLAPR-C were
identical to those ofthe original LAPR-C, except
that three dense spots of large oligonucleotides,
8, 15 + 15', and 17, were missing (Fig. 4B and E
and Table 2). These results clearly indicated
that tdTY9 and tdLAPR-C are deletion mutants
derived from the respective parental strains.
The fingerprints of TYPR-C and LAPR-C

showed clear differences in several spots (Fig.
4A and B), indicating that the RNA sequences
of these two viral stocks of PR-C are different.

In addition, td mutants (tdTY105 and
tdTY107) were isolated from another clone
(clone 3) of TYPR-C and found to have an

intermediate genome size like that of tdTY9.
The fingerprints of clone 3 and LAPR-C are
identical (Fig. 4B and C), and those of the re-
spective td mutants, tdTY105 and tdLA1045
(Fig. 4E and F), are also identical. This confirms
that clone 3 is a clone ofPR-C and not ofanother
strain ofvirus contaminating the TYPR-C stock.
No evidence for a different nucleotide sequence
in the genome RNA of clone 3 could be obtained
from the fingerprint. The unique RNase Ti-re-
sistant oligonucleotides in these fingerprints,
however, represent only about 10 to 20% of the
total genome; therefore the results do not ex-
clude the possibility that the nucleotide se-
quences in clone 3 and LAPR-C RNAs differ.

DISCUSSION
This study showed that different viral stocks

of PR-C can produce td mutants with different
sizes of genomic RNA. Our viral stock (TYPR-
C) produced tdTYPR-C containing 12% smaller
genomic RNA, which is longer than the ordinary
td mutants formed by 16% deletion (12). On the

FIG. 4. Oligonucleotide fingerprinting of TYPR-C and LAPR-C and their td mutants. The purified 32P-
labeled 35S RNAs of TYPR-C, clone 2 (A), LAPR-C (B), TYPR-C, clone 3 (C), tdTY9 from clone 2 (D),
tdLAPR-C (E), and tdTY105 from clone 3 (F) were digested with RNase T,, and the oligonucleotides were
then separated by two-dimensional gel electrophoresis, as described in the text. Spots indicated by open
arrows are the oligonucleotides present only in wild-type viruses, and those indicated by asterisks are specific
to the viral stock asjudged by comparison with TYPR-C and LAPR-C.
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TABLE 2. Recovery of some oligonucleotides from 35S RNA of two stocks of transforming and td viruses of
PR-C

3p cpm tdLAPR- Relative 3p cpm tdTY9/ RelativeSpot tdLAPR-C LAPR-C C/LAPR-C ratio tTY9 TYPR-C TYPR-C ratio

1 389 329 1.18 1.00 243 296 0.82 1.00
3 335 309 1.08 0.92 205 260 0.79 0.96
8 219 387 0.57 0.48 128 338 0.38 0.46
9 169 175 0.97 0.81 122 165 0.74 0.90

15 + 15' 181 520 0.35 0.30 131 452 0.29 0.35
16 195 199 0.98 0.73 180 295 0.61 0.74
17 343 443 0.77 0.65 171 343 0.50 0.61
18 247 243 1.02 0.86 114 190 0.60 0.73

other hand, LAPR-C produced the ordinary td
mutants. Because there was no difference be-
tween the genomic RNA size of these two viral
stocks of PR-C, TYPR-C and LAPR-C (Fig. 5),
these observations suggested that tdTYPR-C
were formed by a deletion smaller than the
ordinary deletion size. Substitution of RNA se-
quences in td mutants, rather than a smaller size
of deletion, could be possible, as described by
Lai et al. (8); however, this seemed unlikely
because all isolates and spontaneously accumu-
lated TYPR-C showed the slightly larger RNA.
We have reported that tdTY9, containing a
slightly larger RNA genome, can induce some
transformation phenotypes after several pas-
sages of infected cells, such as those showing
altered cell morphology, glucose uptake, and
colony-forming ability in soft agar (16). Because
these properties were not reproducibly found in
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FIG. 5. Comparison ofRNA sizes of two wild-type

viral stocks ofuncloned "C-labeled TYPR-C (0) and
3H-labeled LAPR-C (0) RNAs.

tdLAPR-C containing ordinary class b RNA, it
was suggested that tdTY9 might still retain some
of the src gene sequences, like the td mutants
described by Kawai et al. (6).

td mutants with intermediate sizes of genome
RNA have been found previously in other ASV
strains, SR-A (6), SR-D (8), and also B77 (13).
A difference between our findings and those of
others is that all six isolates of tdTYPR-C had
RNA subunits longer than the ordinary class b
RNA. Furthermore, spontaneous td mutants
that accumulated in uncloned viral stock also
showed slightly longer RNAs. Other workers
isolated both types of td mutants from one viral
stock, and the isolation frequencies of td mu-
tants with a longer RNA genome were lower
than those of the ordinary td mutants. Since, in
our system, the two viral stocks of the same
strain produced td mutants with respectively
different sizes of genome RNA, it should be
possible to use this system to analyze the cause
of the difference in deletion size.

Fingerprints ofRNase T1-resistant oligonucle-
otides of TYPR-C and LAPR-C gave rather
similar patterns, but differences in several large
oligonucleotides indicated a difference in the
RNA sequences. Since these two viral stocks
produce td mutants of different respective RNA
sizes, this finding strongly suggests that the dif-
ference in size of td viral RNA was due to
differences in nucleotide sequences, possibly
around the deletion site. Since our TYPR-C was
originally derived from LAPR-C, it seems pos-
sible that accumulation of mutations or modifi-
cation of the LAPR-C genome, followed by se-
lection, may have caused the differences in RNA
sequences in these two viral stocks of the same
strain. If such a modification or mutation of the
cloned virus can occur in a short period in a
particular strain, this could be the cause of the
simultaneous occurrence of two different sizes of
deletions in a particular stock of virus. Of course,
the appearance of different deletions from ge-
nomes with the same RNA sequences is possible,
as discussed by Lai et al. (8).

J. VIROL.460 YOSHIDA ET AL.
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The oligonucleotide fingerprint of tdTY9 was
similar to that of TYPR-C, except that three
large oligonucleotides were missing. This finding
clearly indicates that tdTY9 was derived from
TYPR-C by deletion.
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