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ABSTRACT  The genome size of 20 transformation-defective
(td) viruses derived from different strains of Rous sarcoma vi-
ruses [Prague (subgroups A and C), Schmidt-Ruppin (subgroups
A and D) (SR-D), Bratislava 77, and Carr-Zilber (subgroup D))
was examined by polyacrylamide gel electrophoresis. All of the
td viruses except td SR-D have 35S RNA of the same size—i.e.,
class b RNA. Two of five td SR-D viruses examined have a
slightly larger RNA, corresponding to a td deletion that is about
25% smaller than that of class If RNA. However, the RNase
T,-oligonucleotide fingerprints of all the td SR-D viruses are
identical, lacking two sarcoma-specific oligonucleotides. The
fingerprints of these viruses also showed a minor oligonucleo-
tide present at very low concentration. A study of heteroduplex
molecules formed between genome-length cDNA made from
wild-type SR-D and 35S RNA of td SR-D showed a deletion loop
of 2.0 and 1.5 kilobases, respectively, at the map position of the
src gene for these two classes of td SR-D viruses, confirming the
results of polyacrylamide gel electrophoresis. In addition, some
heteroduplex mc;{ecules with a substitution loop of 0.6-0.7 ki-
lobase at the same site as the deletion loop were observed in all
five of the td SR-D viruses. We conclude that some of the td
SR-D viruses have a partially deleted src gene and that all of the
td SR-D viruses have incorporated heterologous sequences of
distinct length in some RNA molecules at the position of the src
ﬁgne. ’1113 nature and origin of these heterologous sequences are
iscussed.

Transformation defective (td) viruses arise spontaneously in
stocks of nondefective avian sarcoma viruses at a high fre-
quency (1-3). These td viruses have a smaller 35S RNA ge-
nome, termed class b, than the parental sarcoma viruses which
have size class a RNA (4-6). td viruses are generated by a de-
letion of src, the viral gene responsible for the induction and
maintenance of oncogenic transformation in vitro and in vivo
(6). The deleted sequence has been estimated to represent about
13-15% of the avian sarcoma virus genome and appears to span
most of the temperature-sensitive lesions in the src gene (7-9).
Most independently isolated td viruses have class b RNA of the
same size, suggesting either that the src deletion of this size
occurs at high frequency or that it is selected for in the course
of virus growth. However, a few td viruses with a slightly larger
genome than class b RNA have been described (10, 11). These
appear to have retained part of src (S. Kawai and H. Hanafusa,
personal communication).

The purpose of this study was to examine genomes of inde-
pendently generated td viruses to see whether all of them have
the same size deletion and a uniform structure. In accord with
previous observations by Graf and coworkers (10) and by S.
Kawai and H. Hanafusa (personal communication), we found
that the Schmidt-Ruppin strain of Rous sarcoma virus (SR)
contains, besides the common deletions of src, also smaller
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deletions with a genome that is larger than that of the more
common td variants. We also show by heteroduplex mapping
that both types of deletion mutants contain RNA molecules with
short heterologous sequences of distinct length in the position
of the src gene. These heterologous sequences may represent
substitutions of cellular gene sequences.

MATERIALS AND METHODS

Viruses. td viruses of Prague strain Rous sarcoma virus of
subgroups A (PR-A), and C (PR-C), Carr-Zilber strain of
subgroup D, SR strain of subgroup D (SR-D), the same virus
passaged in mammalian cells, and avian sarcoma virus Bratis-
lava 77 (B77) were used. td viruses were isolated by picking
small areas of nontransformed fibroblasts with a capillary pi-
pette from plates of about 100 transformed foci induced by the
respective sarcoma virus. These nontransformed cells were then
tested for the presence of td virus by standard interference
techniques (12). No further cloning of the infected cells was
performed. The culture media from these infected cells were
harvested every 12 hr. Viruses were purified from pooled cul-
ture media and 35S RNA was extracted with phenol/sodium
dodecyl sulfate according to published methods (6).

Electrophoresis and Fingerprinting. Polyacrylamide gel
electrophoresis was performed as described (6). Oligonucleotide
fingerprinting of 32P-labeled RNA was carried out by two-
dimensional polyacrylamide gel electrophoresis according to
published methods (13). ,

Preparation of Genome-Length cDNA. ¢cDNA was pre-
pared by a modification of the method developed by Junghans
et al. (14). The virus was incubated at 41° for 18 hr in 8 ml of
reaction mixture containing 1 mM each of dCTP, dGTP, and
dATP, 0.2 mM TTP, 150 uCi of [3H]TTP (40-60 Ci/mmol)
(New England Nuclear), 2 mM magnesium acetate, 30 mM
dithiothreitol, 0.1 M Tris-HCI (pH 7.6), and 0.02-0.03% Triton
X-100. The optimum concentration of Triton X-100 was de-
termined beforehand for every virus preparation. The DNA
product was treated with RNase A (50 ug/ml) at 37° for 1 hr
or 0.3 M KOH for 18 hr, and then analyzed by alkaline sucrose
gradient. About 1 ug of genome-length cDNA could be ob-
tained from 4 mg of virus.

Heteroduplex Studies. Heteroduplex molecules were formed
by hybridizing full-length cDNA with 35S RNA under the high
formamide condition described by Casey and Davidson (15).
Hybrids were spread with the urea—formamide method without
glyoxal treatment. This spreading condition greatly facilitated
the distinction between duplex hybrid regions and nonhy-

Abbreviations: td, transformation defective; SR-A, SR-D, subgroups
A and D of Schmidt-Ruppin strain of Rous sarcoma virus; PR-A, PR-B,
PR-C, subgroups A, B, and C of Prague strain of Rous sarcoma virus;
]B77, avian sarcoma virus Bratislava 77; SV40, simian virus 40; kb, ki-
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F1G. 1. Polyacrylamide gel electrophoresis of 35S RNA of td viruses. [32P]- (®) or [3H]uridine-labeled (a) 70S RNA of different viruses was
heated at 100° for 45 sec and then electrophoresed on 2% polyacrylamide gels. The electrophoresis was run at 5 mA-per gel for 6 hr (6). (4) @,
td B77; A, td SR-D isolate 3. (B) @, td B77; A, td SR-D isolate 14. (C) @, td SR-D isolate 21; A, td B77. (D) @, td SR-D isolate 21; A, td SR-D
isolate 3. (E) @, td SR-D isolate 14; A, td SR-D isolate 3. (F) @, td SR-D isolate 21; A, td SR-D isolate 25.

bridized single-stranded regions. In addition, there was no
random denaturation as was observed after treatment with
glyoxal (16). These conditions will be described in detail else-
where (Y. Chien and N. Davidson). Poly(A) mapping was done
by a modification of the previously described procedure (17).
The modification consisted of adding tails of poly(BrdUrd)
rather than of poly(dT) to the simian virus 40 (SV40) circular
duplex DNA. Poly(BrdUrd) forms a more stable hybrid with
poly(A) than does poly(dT), thus simplifying the spreading
procedure (W. Bender and N. Davidson, personal communi-
cation).

RESULTS

The Genome Size of Several Independently Isolated td
Deletion Mutants. In order to determine whether all td viruses
have an src deletion of uniform size, we examined the 35S RNA
of 20 separate isolates by polyacrylamide gel electrophoresis.
Included were two isolates of td PR-A, one isolate of td PR-C,
four isolates of td B77, four isolates derived from SR-D passaged
in mammalian cells, four isolates of td Carr-Zilber strain of
subgroup D, and five isolates of SR-D. All these viruses except
those obtained from SR-D had class b RNA of the same size as
that of td B77 (data not shown). Among the five isolates from
td SR-D, we found two that had a 355 RNA slightly larger than
that of td B77 (td SR-D isolates 3 and 14, Fig. 1 A and B)

whereas the other three (isolates 21, 22, and 25) had class b RNA
of uniform size (Fig. 1C). Coelectrophoresis of the 355 RNAs
from both types of td SR-D confirmed that ¢d isolate 3 had an
RNA genome larger than td isolate 21 (Fig. 1D). However,
there was no size difference between isolates 3 and 14, both of
which had larger RNA than that of td B77 (Fig. 1E); nor was
there a detectable size difference between isolates 21 and 25,
both of which had small RNA (Fig. 1F). The difference be-
tween the RNA of the two types of deletion mutants was esti-
mated from electrophoretic mobility to be about 25-30% of the
difference between class a and class b RNA—i.e., about 4% of
the total genome (Fig. 2). Thus, the td SR-D viruses we exam-
ined can be classified into two groups: one with a more extensive
deletion of the src gene, and the other with a smaller deletion,
retaining possibly about 25% of src. However, it could not be
ruled out that the latter group of viruses might have the same
size deletion as the former but with an insertion of some other
sequences.

Oligonucleotide Fingerprint Analysis. Nondefective sar-
coma viruses have been shown to contain sarcoma-specific,
RNase T;-resistant oligonucleotides that are missing from the
corresponding td derivatives (6, 18). Fig. 3 A and B shows oli-
gonucleotide fingerprints of 70S RNA from SR-D (which also
contained about 60% td segregants) and of ¢d SR-D isolate 21,
respectively. The sarcoma virus contained at least two oligo-
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FiG. 2. Polyacrylamide gel electrophoresis of 35S RNA of [3H]-
uridine-labeled td SR-D isolate 3 (A) and 32P-labeled B77 and td B77
(®@). a and b refer to RNA classes a and b, respectively.

nucleotides that were absent from td SR-D (arrows). If isolates
3 and 14 contain a partially deleted src gene, the oligonucleotide
fingerprints of these two viruses may retain some of these sar-
coma-specific oligonucleotides. However, as shown in Fig. 3C,
the fingerprint of ¢td SR-D isolate 3 RNA could not be distin-
guished from that of isolate 21. The same finding was made
with isolate 14 (data not shown). We conclude that both sar-
coma-specific oligonucleotides are deleted in both types of td
viruses.

The fingerprints of 70S RNA of SR-D and of all td SR-D vi-
ruses contained one minor oligonucleotide present at very low
concentrations (the circled spots in Fig. 3). Although its con-
centration varied from virus preparation to preparation, it was
always present in amounts that were substantially lower than
those of the remaining “regular” nucleotides that occurred in
equimolar quantities. This spot was also seen in the fingerprints
of 355 RNA of these viruses (data not shown). However, it could
not be determined whether it came from viral gene sequence
or some cellular sequences.

Heteroduplex Studies. Because the oligonucleotide finger-

(B) td SR-D isolate 21
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FI1G. 4. Circular heteroduplex molecules between cDNA from
SR-D and 35S RNA from td SR-D isolate 3. (A) Heteroduplex with
a deletion loop (b) (1.5 kb). (B) Heteroduplex with a substitution loop
(c) (0.6 kb). The 3’ end of the 35S RNA is attached to a circular SV40
DNA.

prints of all td SR-D viruses were identical, we could not dis-
tinguish between the following two possibilities: either the src
gene is deleted to a smaller extent in ¢d SR-D isolates 3 and 14
or these viruses have an src deletion that is similar or identical
in size to that in isolates 21 and 25 but have acquired some other
sequences instead. Therefore, we studied the heteroduplex
molecules formed between genome-length cDNA made from
nondefective SR-D and the 35S RNA of the td SR-D viruses.
About 25% of the heteroduplex molecules formed between
SR-D DNA and the td RNA were circular as shown in Fig. 4
A and B. This observation suggests that the 35S RNA of the
deletion mutants in the heteroduplex molecules were of full
genome length (16). The homologous and nonhomologous re-
gions were exactly the same in circular and linear heteroduplex
molecules. Both the circular and linear heteroduplex molecules
of td SR-D isolate 3 and td SR-D isolate 21 formed with the
cDNA of nondefective SR-D had only one deletion loop along
the entire genome (Figs. 4 and 5). The length of this loop was
2.0 kilobases (kb) and 1.5 kb for isolate 21 and isolate 3, re-
spectively (Table 1). The location of the deletion loop was

'I" (©)td SRD isolate 3

FIG. 3. Oligonucleotide fingerprinting of SR-D and deletion mutants. The 32P-labeled 70S RNAs of SR-D (A), td SR-D isolate 21 (B), and

tq SR-l? isolate 3 gC) were digested wfith RNase T, and then “fingerprinted” by two-dimensional polyacrylamide gel electrophoresis. First-
dlmensgon separation was perfox:med in 6 M urea at pH 3.3; the second dimension was in Tris-citrate buffer at pH 8.0 (13). Spots marked by
arrows in A are the oligonucleotides present only in SR-D. The circled spots in all three fingerprints are the oligonucleotides present at very

low concentration (see text).
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between SR-D and td SR-D isolate 21, showing a deletion loop (b) close to the 3’ end, which is attached to a circular SV40 DNA molecule. (B)
Heteroduplex between SR-D and td SR-D isolate 3. This heteroduplex is very similar to that in A. However, the deletion loop (b) is smaller
(see Table 1). (C) Heteroduplex between SR-D and td SR-D isolate 21, showing both deletion loop (b) and substitution loop (c) at the same
site. (D) Heteroduplex between SR-D and td SR-D isolate 21 showing a substitution loop (c) (0.6 kb) (see Table 1). a represents the distance
from circular SV40 DNA molecule (3’ end) to the deletion loop, b represents the length of the deletion loop, and c represents the length of the
substitution loop. The actual measurements for various clones are given in Table 1.

0.6-0.8 kb from the 3’ end of the RNA molecule. This location
was consistent with the site of the src gene estimated from oli-
gonucleotide and heteroduplex mapping (16, 18). Because the
deletion loop of td SR-D isolate 3 was smaller, less of the src
gene must have been deleted in this virus than in td SR-D isolate
21. The size difference between the RNA genomes of isolates
3 and 21 is therefore not due to an insertion of some other se-
quences. The heteroduplex molecules of isolates 14 and 22 were
similar to those of isolates 3 and 21, respectively. The td SR-D
isolate 25 was not examined by heteroduplex studies. These data
are in agreement with the results of polyacrylamide gel elec-
trophoresis.

In both types of td SR-D viruses, one other kind of hetero-
duplex was observed in which, besides the src deletion loop of
2.0 or 1.5 kb, a substitution loop of 0.6 and 0.7 kb occurred at
the site of the src gene (Fig. 5C). This substitution loop repre-
sented a completely heterologous gene sequence that could not
form a duplex with the deletion loop representing src gene se-
quence for the following reasons: (i) The hybridization and
spreading conditions used in this study did not cause any de-
tectable partial denaturation of perfectly matched bases. (i)
Both the size and location of the substitution loops were re-

Table 1. Site and length of deletion loops and substitution loops

td
virus
isolate a*t b* c*
3 0.74 £ 0.10(36) 1.52+0.20(34) 0.55+0.14 (13)
14 0.86 £0.18(31) 1.47+0.22(28) 0.60 £+ 0.03 (3)
21 0.75+£0.17(20) 1.98+£0.23(16) 0.73 £ 0.08 (6)
22 0.69 +0.16 (35) 1.87+0.24(27) 0.70 £ 0.14 (13)

The numbers in parentheses are the numbers of heteroduplex
molecules observed and measured.
* a represents the distance between 8’ end [including poly(A)] and
deletion loop; b represents the length of deletion loop; and ¢ rep-
resents the length of substitution loop as described in Figs. 4 and

5.

t Circular SV40 DNA (1.76 um) was the internal standard used for
length measurement. For single-stranded DNA or RNA, 1 yum =
3.906 kb; for RNA-DNA hybrids, 1 um = 3.153 kb.

producible. (i) The two single-stranded arms of the substitu-
tion and deletion loops were of different lengths. The substi-
tution loop was observed in all preparations of td SR-D RNA.
The fraction of RNA molecules with this substitution loop
varied from 5 to 30% in different RNA preparations. However,
this number could only be taken as a rough estimate because
only a fraction of the heteroduplex molecules was interpretable
in electron micrographs. The observation of this substitution
loop suggests that the src gene sequence was replaced by het-
erologous sequences in some of the td genomes. A third kind
of heteroduplex molecule with a smaller deletion or insertion
loop of 0.6-0.7 kb at the site of the src gene was also observed
in all five isolates of td viruses (Figs. 4B and 5D). These mole-
cules probably represented the heteroduplexes formed between
td RNA with inserted heterologous sequences and cDNA made
from td segregants present in the stocks of SR-D. This conclu-
sion is supported by the following observations: (i) In length and
location, the loop was similar to the substitution loop in the
heteroduplex molecules that show both deletion and substitution
loops. (#) The entire length of these heteroduplex molecules
was equal to the total length of td RNA.

DISCUSSION

Two conclusions can be drawn from this study: (§) Two of five
td isolates from SR-D have an src gene deleted to a smaller
extent than most of the td viruses described in the literature.
(#%) All of these td SR-D viruses contain a subpopulation of vi-
ruses that have incorporated heterologous gene sequences at
the site of src in their RNA genome. Both polyacrylamide gel
electrophoresis and heteroduplex analysis showed that td SR-D
isolates 3 and 14 have retained about 25% of the src gene se-
quences. These residual src sequences remain to be charac-
terized; they are not represented in the two src-specific oligo-
nucleotides identified in fingerprints. The deletion loop of all
td SR-D viruses starts at 0.6-0.8 kb from the 3’ end. The vari-
ation of 0.1-0.2 kb among different td clones could be ac-
counted for by the slippage in the hybrids between the poly(A)
tract of RNA molecules and the BrdUrd tails of marker SV40
DNA molecules (16, 17). Thus, the deletions of src in both types
of td SR-D viruses appear to start at the same distance from the
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8’ end of the genome, leading to the tentative conclusion that .

the residual src sequences in the td mutants with smaller de-
letions are derived from the 5’ end of the src gene, possibly those
sequences adjacent to the env gene (19, 20). td mutants with
residual sequences will, of course, be useful in mapping point
mutations in the src gene.

A substitution loop of 0.6-0.7 kb at the site of the src deletion
occurs in some RNA molecules of all ¢td SR-D viruses. The
percentage of the RNA molecules with this substitution is ap-
parently low so that no heterogeneity of RNA size could be
detected in the polyacrylamide gel electrophoresis. Whether
the heterologous sequences present in this loop correspond to
the minor oligonucleotide of the fingerprints is not known.
Preliminary characterization showed that the minor oligonu-
cleotide has the same base sequences in all five td viruses
studied. The lengths and locations of the heterologous sequences
are also the same in all cases. However, it is not clear whether
these heterologous regions in different ¢d isolates are identical.
The origin of the heterologous sequences is also unknown. They
could have been acquired from the cellular genome, or they
could represent redundant viral sequences. The latter possibility
is less likely, because we did not detect any additional cDNA
hybridized to the substitution loops in any heteroduplex mol-
ecules. However, the presence of these kinds of redundant se-
quences could not be completely ruled out by our tech-
niques. '

There are several possible mechanisms for the acquisition of
the heterologous sequences in td genomes. They could have
been present in the genome of the wild-type SR-D, or they
could have been derived during or after deletion of the src gene.
Because the SR-D we used had not been rigorously cloned re-
cently, it is possible that some of the SR-D genomes might have
incorporated heterologous sequences. A deletion in the src gene
of such RNA would produce td viruses with heterologous se-
quences. This possibility has not been ruled out. Alternatively,
the acquisition of heterologous sequences might be related to
the generation of td viruses in one of the following three ways.
First, the deletion of src could occur during reverse transcrip-
tion and before integration of proviral DNA, and the heterol-
ogous sequences could be acquired by some of the td viral ge-
nomes after loss of src. This mechanism would require that the
insertion of heterologous sequence occur at a high frequency,
because it was found in all preparations of td SR-D virus. In the
second mechanism, insertion of heterologous sequences could
be coupled to the deletion of src. This could happen if we as-
sume that the deletion of the src gene takes place when proviral
DNA is integrated in the chromosome. The deletion of src and
insertion of cellular sequence could result from a difference in
the integration site. The third mechanism would involve first
the insertion of heterologous sequences into a nondefective
sarcoma viral genome by “illegitimate recombination” (21).
The insertion of this heterologous DNA could then induce the
deletion of the src gene. It has been previously reported that
the presence of an inserted sequence (IS-element) in the
Escherichia coli chromosome can induce the formation of de-
letions around the IS-element (22, 23). If this is the mechanism
of src deletion, it would be expected that some of the RNA
genomes of avian sarcoma viruses might contain inserted cel-
lular sequences. Indeed, it has been reported that nondefective
avian sarcoma viruses produced by clonal colonies of trans-
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formed cells occasionally contain an RNA genome that is larger
than 35 S. The size of this RNA is genetically unstable; it may
reflect cellular sequences incorporated in the viral genome and
lost upon passage (5). Whether our SR-D stock also has incor-
porated heterologous sequences requires further study.
Partial deletions of the src gene have so far been found only
in SR (10, 11) (S. Kawai and H. Hanafusa, personal communi-
cation). Despite extensive screening in this and other labora-
tories, no similar viruses have been discovered in PR, in B77,
or in the Carr-Zilber strain of Rous sarcoma virus (P. H.
Duesberg and P. K. Vogt, unpublished data). Whether SR uses
a unique mechanism for the deletion of the src remains to be

investigated.
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