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The genetic compositions of two independently derived preparations of the
Bratislava-77 strain (B77) of Rous sarcoma virus were analyzed after each was
passaged seven or more times in duck embryo fibroblasts. RNase T1-resistant
oligonucleotide fingerprint analysis of virion RNA from both preparations of
duck-passaged B77 revealed the presence of two large noncontiguous deletions.
Approximately 75% of the RNAs contained a deletion which spans oligonucleo-
tides 304 to 4 on the viral genome (about 3,500 nucleotides) and encompasses all
of the B77 polymerase gene. More than 90% of the RNAs also contained a deletion
which spans src-specific oligonucleotides 6 and 5 (about 2,200 nucleotides) and is
identical to the deletion observed in transformation-defective B77. Virion RNA
from duck-passaged B77 also contained two oligonucleotides (Dl and D2) not
observed in the RNA of B77 virus grown on chicken embryo fibroblasts. Analysis
of the virion RNA of duck-passaged B77 by denaturing agarose gel electrophoresis
revealed four major subunits with molecular weights of 3.40 x 106, 2.65 x 106, 2.25
x 106, and 1.55 x 106. Whereas the 3.40- and 2.65-megadalton (Mdal) RNA species
comigrated with the nondefective and transformation-defective RNAs of B77
propagated on chicken embryo fibroblasts, no counterparts to the 2.25- and 1.55-
Mdal RNAs were observed in the RNA of B77 grown on chicken embryo fibro-
blasts. Oligonucleotide fingerprint analysis of these RNA species revealed that
the 2.65-Mdal RNA contains the src-specific deletion and that 2.25-Mdal RNA
contains the polymerase region deletion; both of these deletions were observed in
the 1.55-Mdal RNA, which was the major RNA subunit species detected in duck-
passaged B77. The new oligonucleotides (Di and D2) observed in the duck-
passaged virus were present in the 2.25- and 1.55-Mdal RNA species, but not in
the 2.65-Mdal RNA. The 1.55-Mdal RNA can function as an mRNA in vitro and
in vivo and directs the synthesis of a 130,000-dalton protein (p130). p130 contains
antigenic determinants specific for p27 (gag gene) and gp85 (env gene) but does
not contain sequences which cross-react with antisera directed against the a,f
form of RNA-dependent DNA polymerase (pol gene). This RNA, therefore, is
generated by a fusion of the gag and env genes of Rous sarcoma virus B77.

Until recently only two classes of noncondi-
tional mutants of avian sarcoma viruses have
been well characterized. Transformation-defec-
tive (td) mutants of avian sarcoma viruses are
generated by spontaneous deletion of avian sar-
coma virus src gene sequences and are ubiqui-
tous in uncloned avian sarcoma virus stocks (7,
36-38). On the other hand, the Bryan high-titer
strain of Rous sarcoma virus (RSV) and the
NY8 variant of Schmidt-Ruppin RSV are non-
conditionally defective in their capacity for
helper-independent replication (20, 35). Both of
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these viruses have substantial deletions in the
viral gene which encodes the virion envelope
glycoproteins (env) (11, 16, 20, 39). Although
derivatives of the Bryan high-titer strain ofRSV
and the NY8 variant of Schmidt-Ruppin RSV
which are additionally defective in the synthesis
of virion RNA-dependent DNA polymerase
have been obtained, the nature of these lesions,
believed to be small deletions, has not been
effectively ascertained (15, 20, 37).
More recently, additional nonconditional mu-

tations in replicative functions other than the
env gene have been described. These include a
replication-defective recombinant between the
Prague strain of RSV, subgroup C, and Rous-
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associated virus type 0 which has about 30% of
the RNA-dependent DNA polymerase gene

(pol) deleted (24), a replication-defective endog-
enous chicken virus which contains a deletion
spanning the 3' terminus of the group-specific
antigen (gag) gene and the 5' terminus of the
pol gene (12, 40), and a derivative of the Prague
strain of RSV, subgroup E (41), which appears

to produce all the requisite viral polypeptides
but fails to package virus-specific RNA (26).

Here we report the detection and characteri-
zation of a deletion mutant of the Bratislava-77
strain (B77) of RSV containing a large deletion
(about 3,500 nucleotides) in the polymerase re-

gion of the viral genome. This deletion mutant
accumulated after multiple passage of B77 RSV
on Peking duck embryo fibroblasts (DEF). In
each of two independently duck-passaged B77
stocks, more than 75% of the viral subunits
contain this deletion after seven or more pas-
sages. Using RNase T1-resistant oligonucleotide
fingerprint analysis of viral RNA, direct RNA
sequencing of selected oligonucleotides, and
analysis of virus-specific proteins synthesized in
vivo and in vitro, we determined that this dele-
tion encompasses the 3' terminus (about 250
nucleotides) of the gag gene, all of the pol gene,
and an undetermined amount (probably less
than 500 nucleotides) of the env gene.

MATERLALS AND METHODS
Cells and viruses. Primary cultures of chicken

embryo fibroblasts (CEF) were prepared from 10-day-
old, gs-negative, chf-negative, Marek-negative em-

bryos (SPAFAS, Norwich, Conn.). Primary cultures of
DEF were prepared from 13-day-old Peking duck em-

bryos (Truslow Farms, Chestertown, Md.). Cultures
were maintained in Dulbecco modified Eagle medium
(Flow Laboratories, Inc., Rockville, Md.) supple-
mented with 10% tryptose phosphate (Difco Labora-
tories, Detroit, Mich.) and 5% calf serum (Flow Lab-
oratories). B77 RSV was provided by R. E. Smith,
Duke University. An uncloned preparation of B77
RSV, passaged seven times in DEF [DK1-B77(p7)],
was provided by M. S. Collett and A. J. Faras, Uni-
versity of Minnesota. Secondary cultures of either
CEF or DEF were routinely inoculated at a multiplic-
ity of 0.1 to 0.5 focus-forming units of B77 RSV per cell

or 0.1 to 0.5 ml of DK1-B77(p7) per 3 x 106 cells in the
presence of 2 yg of polybrene (Aldrich Chemical Co.,
Milwaukee, Wis.) per ml. Infected cells were subcul-
tured every 3 to 5 days.
An independently derived duck-passaged B17 virus

preparation was prepared by infecting DEF with B77
RSV as described above. After four or five subcultures,
the medium from confluent cultures was removed and
clarified by low-speed centrifugation. Part of this har-
vest [designated passage 1 virus or DK2-B77 (p1)] was
used to reinfect new secondary cultures of DEF. The
remainder was stored at -70°C. This protocol was

followed seven times and resulted in the production of
the DK2-B77(p8) virus preparation used in these stud-

ies. Unlike DK1-B77(p7), infection of DEF with DK2-
B77(p8) did not result in overt cellular transformation
until the fifth to seventh subculture.

Preparation of radiolabeled viral RNA. The
preparation of 32P-labeled virus was carried out as
described previously (30). In experiments in which the
[32P]RNA was to be used for RNase T1-resistant oli-
gonucleotide fingerprint analysis, the radioactive me-
dium (containing 200 to 250 1LCi of 32Pi [New England
Nuclear Corp., Boston, Mass.] per ml) was collected
after 24 h and replaced with 5 ml of unlabeled, phos-
phate-free medium 199. After 24 h, this medium was
collected, and the cells were subjected to a second 24-
h labeling with 32P-containing medium followed by
two 24-h chase periods. The medium collected after
each of the harvests was clarified at 13,000 x g for 15
min at 4°C and stored at -20°C until all harvests were
completed. If the [32P]RNA was to be used for analysis
of viral RNA subunit species, the radioactive medium
was collected after 12 h and replaced with 5 ml of
phosphate-free medium 199. This medium was har-
vested and replaced with 5 ml of phosphate-free me-
dium 199 at 2-h intervals for the next 12 to 14 h. The
medium collected after each of the 2-h chase periods
was clarified by centrifugation at 13,000 x g for 15 min
at 4°C and stored at 4°C. For virus purification, la-
beled virus was sedimented by centrifugation at 42,000
rpm for 40 min at 4°C in a Beckman 45Ti rotor. The
crude virus pellet was suspended in 5 ml of 100 mM
NaCl-20 mM Tris-hydrochloride (pH 8.0)-10 mM
EDTA (STE buffer) containing 0.5 mg of yeast RNA.
An equal volume of STE buffer-saturated phenol was
added, and the aqueous suspension was adjusted to 1%
sodium dodecyl sulfate (SDS). Labeled RNA was pre-
cipitated from the aqueous phase by the addition of
NaCl to 0.3 M and 3 volumes of 95% ethanol. For the
preparation of 60 to 70S B77 RNA, labeled viral RNA
was layered onto a 5 to 25% sucrose gradient (contain-
ing 20 mM Tris-hydrochloride, pH 7.6, 1 mM EDTA,
and 0.1% SDS) and centrifuged in an SW50.1 rotor for
80 min at 45,000 rpm and 15°C. Fractions containing
RNA sedimenting at 60 to 70S were pooled, and the
RNA was recovered by precipitation. The specific
activity of 32P-labeled 60 to 70S RNA was about 2 x
106 to 4 x 106 cpm/[Lg. 3H-labeled 60 to7OS viral RNA
was prepared by the same procedure, except that cells
were maintained in medium 199 supplemented with
5% calf serum and 100 to 150 ,iCi of [3H]uridine (25 to
30 Ci/mmol; Amersham/Searle) per ml. The specific
activity of 3H-labeled 60 to 70S RNA was about 2.5
x 105 cpm/tg.
Preparation of unlabeled DK2-B77(p8) viral

RNA. The unlabeled DK2-B77(p8) viral RNA used to
obtain RNase T,-resistant oligonucleotides for direct
RNA sequence analysis was obtained essentially as
described above. The medium from 40 to 50 100-mm
dishes of DK-B77(p8)-infected DEF was harvested at
24-h intervals for 10 to 14 days. Viral RNA was pre-
pared without the addition of yeast RNA and was
fractionated by centrifugation on a 5 to 25% sucrose
gradient without SDS at 40,000 rpm for 180 min in an
SW41 rotor at 4°C. The amount of RNA present in
each fraction was determined by measuring the optical
density at 260 nm. The yield of 60 to 70S RNA from
2 liters of culture fluid was 60 to 80 yg. To prepare
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unlabeled DK2-B77(p8) 60 to 70S RNA for translation
experiments, virus was harvested at 2-h intervals from
roller bottles (Bellco Glass, Inc., Vineland, N. J.) con-
taining DK2-B77(p8)-infected DEF. The medium was
clarified, the virus was pelleted, and unlabeled 60 to
70S RNA was purified as described above. A yield of
200 to 220 ,ug of 60 to 70S RNA was obtained from five
roller bottles harvested for 11 days.

Preparation of poly(A)-containing viral RNA.
Samples of 60 to 70S RNA were dissolved in 0.45 ml
of 20 mM Tris-hydrochloride (pH 7.6)-0.5 mM EDTA
(TE buffer), heated to 100°C for 1 min, and rapidly
cooled on ice. The samples were adjusted to 0.5 M
NaCl with 0.05 ml of 5M NaCl and applied to a 0.2-ml
oligodeoxythymidylic acidl2 ,8-cellulose column (T-3;
Collaborative Research, Inc., Waltham, Mass.). Non-
polyadenylated RNA was removed by washing the
column with seven 0.5-ml portions of 0.5 M NaCl-20
mM Tris-hydrochloride (pH 7.6)-0.5 mM EDTA.
Polyadenylic acid [poly(A)]-containing RNA was then
eluted by washing the column with four 0.5-ml por-
tions of 10 mM Tris-hydrochloride (pH 7.6). The total
recovery of RNA was always greater than 95%.
Agarose gel electrophoresis of viral RNA.

Seakem agarose powder (ME) was obtained from Ma-
rine Colloids, Rockland, Maine. A 1 M aqueous solu-
tion of methyl mercuric hydroxide was obtained from
Alfa Products. Electrophoresis of 32p- and 3H-labeled
viral RNAs on 0.75% agarose gels containing 5 mM
CH3HgOH was performed as described by Bailey and
Davidson (2). Radiolabeled RNA samples containing
20,g of yeast RNA were collected by ethanol precip-
itation, washed once with 1 ml of absolute ethanol,
and air dried. The samples were redissolved in 20 pl of
sample buffer, loaded onto cylindrical gels (0.5 by 17
cm), and electrophoresed at 50 V (2.3 mA/gel) for 5 or
7 h. After electrophoresis the gels were sliced into 1-
mm fractions.

Elution ofRNA from denaturing agarose gels.
Two to four 1-mm-thick gel slices were incubated with
20 Mug of yeast RNA and 0.5 ml of 90% (vol/vol)
formamide-50 mM Tris-hydrochloride (pH 7.6)-1 mM
EDTA-1% SDS at 60°C until the agarose slices were
completely dissolved (about 5 min). STE buffer-satu-
rated phenol (5 ml) was added at room temperature,
and the samples were mixed vigorously. A 0.5-ml
amount of STE buffer was added, and the mixture was
extracted for 5 min at room temperature. The aqueous
and phenol phases were separated by centrifugation
at 13,000 x g for 10 min at 15°C. The aqueous phase
was removed and re-extracted as described above with
5 ml of STE buffer-saturated phenol. RNA was re-
covered from the aqueous phase by ethanol precipi-
tation. The recovery of RNA was generally 70 to 80%
of the input, and of that amount, 65% migrated as
intact molecules after re-electrophoresis on denaturing
agarose gels. [32P]RNA used to prygram a rabbit retic-
ulocyte cell-free protein-synthesizing system was sep-
arated from carrier RNA and residual traces of
CH3HgOH or phenol by chromatography on a 1.5-ml
column of Sephadex G-100 (in TE buffer) poured on
top of a 0.5-mi column of Dowex chelating resin.
[32P]RNA recovered in the excluded volume of the
column was precipitated with a solution containing 5
Mg of yeast RNA, 0.06 volumes of 5 M NaCl, and 3

volumes of ethanol at -20°C.
Analysis of RNase T1-resistant oligonucleo-

tides. 32P-labeled viral RNA was incubated in 10pl of
TE buffer containing 100Mug of yeast RNA and 20 U of
RNase T, (Calbiochem, La Jolla, Calif.) at 37°C for 30
min. Samples were subjected to two-dimensional gel
electrophoresis by a modification of the procedure of
Billeter et al. (4). Electrophoresis in the first dimension
on 10% polyacrylamide gels containing 6 M urea and
25 mM citric acid (pH 3.5) was at 600 V until the
bromophenol blue dye marker had migrated 17.5 cm
(4.5 to 5.5 h). The second-dimension gel solution con-
sisted of 21.8% acrylamide (reagent grade; lx recrys-
tallized and deionized; Eastman Organic Chemicals,
Rochester, N. Y.), 0.71% bisacrylamide (Eastman), 100
mM Tris-citrate (pH 8.0), 0.06% (wt/vol) ammonium
persulfate, and 0.015% (vol/vol) N,N,N',N'-tetrameth-
ylenediamine. Electrophoresis was carried out at 300
V until the bromophenol blue dye had migrated 17 cm
(about 25 to 30 h). Oligonucleotides were located by
autoradiography, using a DuPont Lightning Plus in-
tensifying screen, and excised from the gel with a cork
borer. RNA was eluted from the gel disks and precip-
itated with isopropanol as described by Coffin and
Billeter (7). The nucleotide composition of the individ-
ual oligonucleotides was determined by digestion with
RNase A (Calbiochem) as described by Adams et al.
(1). Selected oligonucleotides were also characterized
by RNase U2 digestion by incubating the oligonucle-
otide for 2 h at 37°C in 10 pl of a solution containing
50 mM sodium acetate (pH 4.5), 2 mM EDTA, 0.1 mg
of bovine serum albumin (freed of nuclease by auto-
claving) per ml, and 2 U of RNase U2 (Calbiochem)
per ml. RNase U2 digestion products were resolved by
ionophoresis on DEAE-cellulose paper (DE81; What-
man). Base compositions of RNase U2 digestion prod-
ucts were determined as described by Cashion et al.
(6).
Preparation of 3"P-labeled RNase T1-resistant

oligonucleotides for direct RNA sequence anal-
ysis. 3P-labeled DK2-B77(p8) 60 to 70S RNA (20 Mg;
specific activity, 30,000 cpm/Mg) was incubated in TE
buffer with 4 U ofRNase T, for 30 min at 37°C. RNase
T,-resistant oligonucleotides were resolved by two-di-
mensional gel electrophoresis, as described above. 01-
igonucleotides were eluted from the gel without added
carrier RNA. The eluant was diluted with 20 volumes
of 50 mM Tris-hydrochloride (pH 8.0) and applied to
a 0.2-ml DEAE-cellulose column (DE52; Whatman).
Bound RNA was eluted with 150 Al of elution buffer
and desalted by gel filtration on columns of Sephadex
G-50 (120 to 150 mesh) equilibrated with 0.1 mM Tris-
hydrochloride (pH 8.1). RNA eluting from the column
was concentrated by lyophilization. Recoveries of oli-
gonucleotides at this stage ranged from 35 to 60% of
the amount present in the original gel slice. Each
oligonucleotide (0.5 to 2 pmol) was labeled with 1 U of
polynucleotide kinase (Boehringer Mannheim Corp.,
New York, N. Y.) and [y-32P]ATP (20 pmol; specific
activity, 3,000 Ci/mmol; Amersham/Searle) in a final
volume of 20 Al as described by Maxam and Gilbert
(27), except that the pH was 8.1 rather than 9.5. Each
oligonucleotide was then repurified by electrophoresis
on 20% polyacrylamide gels containing 7 M urea, 50
mM Tris-borate (pH 8.3), and 1 mM EDTA (27). RNA
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was eluted from the gel in elution buffer containing 25
yg of yeast RNA, purified by DEAE-cellulose chro-
matography, and precipitated with an equal volume of
isopropanol at -20°C. Since oligonucleotides Dl and
D2 (see Fig. 1) were found to be contaminated at this
stage with a small amount of oligonucleotide 15, oli-
gonucleotides Dl and D2 were further purified by
electrophoresis on 10% polyacrylamide-6 M urea-25
mM citric acid (pH 3.5) gels.

Direct RNA sequence analysis of 32P-labeled
RNase T1-resistant oligonucleotides. Partial en-
zymatic hydrolysis of [5'-32P]RNA was performed as
described by Gupta and Randerath (13) and Donis-
Keller et al. (10). Electrophoresis was performed on
20% polyacrylamide slab gels containing 50 mM Tris-
borate (pH 8.3), 7 M urea, and 1 mM EDTA, as
described by Donis-Keller et al. (10). After electropho-
resis gels were autoradiographed at -20°C by using
DuPont Lightning Plus intensifying screens.

Cell-free protein synthesis. Staphylococcal nu-
clease-treated rabbit reticulocyte cell-free lysates were
prepared essentially by the method of Pehlam and
Jackson (31). [32P]RNA precipitates were redissolved
in 22 IlI of lysate supplemented with 5.5 ,LCi (4 pmol)
of [35S]methionine (1,200 to 1,400 Ci/mmol; Amer-
sham/Searle) and were incubated for 2 h at 30°C.
Reaction mixtures were adjusted to 10 mM EDTA
and 100 ,ug of RNase A per ml and incubated for
another 30 min at 370C. Samples were diluted into 100
pl of sample buffer (0.07 M Tris-hydrochloride, 11%
glycerol, 3% SDS, 0.01% bromophenol blue, 5% ,B-mer-
captoethanol, pH 6.8) and heated for 3 min at 100°C,
and a 30-yL portion was removed for analysis by SDS-
polyacrylamide slab gel electrophoresis as described
below.

Immunoprecipitation of labeled cell proteins.
Rabbit antisera directed against p27 and gp85 of the
Prague strain of RSV, subgroup C, were a gift from D.
Bolognesi, Duke University. Goat antiserum directed
against af3 polymerase was a gift from D. Grandgenett,
St. Louis University Medical School. Labeling of cells
with [35S]methionine was carried out as follows. Cells
were washed one time with labeling medium (Dul-
becco modified Eagle medium minus methionine) con-
taining 5% calf serum and incubated for 2 h in the
same medium. Cells were incubated for 2 h in fresh
labeling medium containing 100,uCi of [35S]methionine
(1,200 to 1,400 Ci/mmol; Amersham/Searle) per ml.
The preparation of cell extracts and immunoprecip-

itates has been detailed elsewhere (S. J. Parsons, S. C.
Riley, E. E. Mullen, E. J. Brock, D. C. Benjamin, W.
M. Kuehl, and J. T. Parsons, J. Virol., in press), except
that cell extracts were incubated with 5 pl of anti-p27
serum, 10 IlI of anti-gp85 serum, or 15 Al of anti-
polymerase serum. Immunoprecipitates were analyzed
by SDS-polyacrylamide gel electrophoresis as de-
scribed below.

Analysis of proteins by polyacrylamide gel
electrophoresis. Polyacrylamide gel electrophoresis
was carried out by using the discontinuous buffer
system described by Laemmli (22). The stacking gel
contained 4.5% acrylamide and 0.12% bisacrylamide,
pH 6.8. The separating gel contained 9.0% acrylamide
and 0.24% bisacrylamide, pH 8.8. Gels were stained in
0.1% Coomassie brilliant blue-50% methanol-7.5%
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acetic acid and destained in 5% methanol-7.5% acetic
acid. Photofluorography was performed as described
previously (5).

RESULTS
Detection ofdeletion mutants in the DK1-

B77(p7) virus stocks. Infection of secondary
cultures of DEF with B77 RSV which had been
previously passaged multiple times on DEF cells
[DK1-B77(p7) virus] resulted in complete trans-
formation of cells after three to four subcultures
(10 to 14 days). Since alterations in the primary
sequence of viral RNA upon passage of the virus
in DEF might be detectable by the presence of
one or more new large RNase Ti-resistant oli-
gonucleotides, 32P-labeled 60 to 70S RNA was
prepared from virions harvested from either
DK1-B77(p7)-infected DEF or CK-B77-infected
CEF (CK-B77 denotes virus propagated only on
CEF) and digested to completion with RNase
T1, and the oligonucleotides were resolved by
two-dimensional gel electrophoresis. A compar-
ison of the two fingerprints (Fig. 1) revealed that
all oligonucleotides present in the RNA of CK-
B77 (Fig. 1A) were also observed in the 60 to 70S
RNA of the duck-passaged virus (Fig. 1B). How-
ever, two features were noticeably different in
the fingerprint of DK1-B77(p7). First, a large
number of oligonucleotides were present in sub-
stantially lower amounts (Fig. 1C, shaded cir-
cles), and second, DK1-B77(p7) contained two
new oligonucleotides, Dl and D2 (also in re-
duced yield), not detected in the CK-B77 viral
RNA (Fig. 1C, solid circles, and Fig. 1B and
inset, arrows).

Since the reduced yield of some oligonucleo-
tides in DK1-B77(p7) indicated that selected re-
gions of the genome were disproportionately rep-
resented in the DK1-B77(p7) stock, a quantita-
tive determination of the yield of each oligonu-
cleotide was made by taking 9.8 x 106 cpm
(Cerenkov radiation) of 32P-labeled CK-B77 60 to
70S RNA and 9.1 x 106 cpm of DK1-B77(p7) 60
to 70S RNA and fingerprinting each as described
above. Each oligonucleotide was excised from
the gel and counted, and its recovery (expressed
as percentage of input radiolabel recovered) was
plotted as a function of its location on the phys-
ical map ofthe B77 RSV genome (19). The results
(Fig. 2) clearly demonstrate that the DK1-
B77(p7) virus contains two classes of deletions,
one spanning oligonucleotides 304 to 4 and one
encompassing oligonucleotides 6 and 5. From
the measured recoveries of oligonucleotides 403
to 11 (738 + 58 cpm/nucleotide) and 109 to 10
(729 + 30 cpm/nucleotide), we estimated that
approximately 75 to 80% of the subunits in this
preparation contained deletions spanning oligo-
nucleotides 304 to 4 (168 ± 34 cpm/nucleotide)
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FIG. 1. Two-dimensional gel analysis of RNase
T,-resistant oligonucleotides of CK-B77 RSV and
DKI-B77(p7) RSV RNA. B77 viral RNA was labeled
with 32Pi, and the 60 to 70S RNA was isolated as

described in the text. The identity ofeach oligonucle-
otide numbered in (C) was established by analysis of
the products released after secondary digestion with
RNase A. (A) RNase T,-resistant oligonucleotide fin-
gerprint of CK-B77 60 to 70S RNA. A total of 1.5 x 106
cpm of CK-B77 60 to 70S [32P]RNA was digested with
RNase T1 and subjected to two-dimensional gel elec-
trophoresis as described in the text. Electrophoresis
in the first dimension was from left to right, and in
the second dimension it was from bottom to top.
Autoradiography was for 4 days at 4°C. (B) RNase
T1-resistant oligonucleotide fingerprint of DK1-
B77(p7) 60 to 70S [32P]RNA (3.6 x 106 cpm). Exposure
was for 2 days at 4°C. Arrows identify oligonucleo-
tides not present in CK-B77 60 to 70S RNA. (C) Sche-
matic representation of the oligonucleotide finger-
print of DKI-B77(p7). Shaded circles identify oligo-
nucleotides present in reduced yield. Solid circles
identify oligonucleotides not present in CK-B77.
Dashed circles indicate two oligonucleotides which
were analogs ofoligonucleotide 13. These components

and that more than 90% contained deletions
spanning oligonucleotides 6 and 5 (<50 cpm/
nucleotide). The recoveries of the new oligonu-
cleotides Dl and D2 were 270 and 170 cpm/
nucleotide, respectively. In three separate viral
RNA preparations the percentage of subunits
containing the deletion spanning oligonucleo-
tides 304 to 4 varied between 63 and 82%. In a
fourth preparation only 38% of the subunits were
found to contain a deletion of this region.
The recoveries of all oligonucleotides in CK-

B77, with the exception of oligonucleotides 6 and
5, were approximately the same, with a mean
measured recovery of 538 + 70 cpm/nucleotide.
This constitutes approximately 55% of the the-
oretical yield and is in good agreement with
previous estimates, for which a similar gel sys-
tem was used (4). The measured recoveries of
oligonucleotides 6 and 5 were only about 25% of
the level observed for the remainder of the ge-
nome, indicating that td B77 was present in the
CK-B77 stock at about a threefold excess over
transforming virus.
The sequences located between oligonucleo-

tides 304 and 4 appear to fall within the region
of the genome coding for RNA-dependent DNA
polymerase and, in addition, may encompass the
3' end of the gag gene as well as the 5' end of
the env gene. The linear arrangement of RNase
TI-resistant oligonucleotides shown in Fig. 2 was
derived by Joho et al. (19) and has been modified
in the present work to accommodate the data
shown above by reversing the order of oligonu-
cleotides 303 and 304 and oligonucleotides 109
and 4 (see below). Since the boundaries of the
viral genes shown in Fig. 2 are also based in part
upon data presented below, a complete justifi-
cation of these assignments appears below.
Analysis ofthe RNA subunit composition

of DKI-B77(p7) by denaturing agarose gel
electrophoresis. To determine the RNA sub-
unit composition of DK1-B77(p7), 60 to 70S
RNAs prepared from virions harvested at 2- to
3-h intervals from cultures of DK1-B77(p7)-in-
fected DEF (labeled with 32Pi) and CK-B77-in-
fected CEF (labeled with [3H]uridine) were
mixed and electrophoresed on 0.75% agarose gels
containing 5 mM methyl mercuric hydroxide as
a denaturing agent (2). Four major subunits were
detected in the DK1-B77(p7) RNA, with molec-
ular weights of 3.40 x 106, 2.65 x 106, 2.25 x 106,
and 1.55 x 106 (Fig. 3). Although the two largest
subunits comigrated with the nondefective (nd)

were present in variable quantities in all B77 stocks
analyzed. RNase T,-resistant oligonucleotides simi-
lar in composition to those characterized by Joho et
al. (19) were assigned the same number.

390 47
045 452~~0 o -2
545i03 hO 25'

403 1o-,C02 ~~ 3qA I0

5
0 0 3 1 >-401

4 3
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FIG. 2. Recovery ofRNase Ti-resistant oligonucleotides from CK-B77 and DK1-B77(p7) 60 to 70S [32PIRNA.

CK-B77 60 to 70S [3"PIRNA (9.8 x 106 cpm) and DK1-B77(p7) 60 to 70S ['2P]RNA (9.1 x 106 cpm) were digested
with RNase T, and subjected to two-dimensional gel electrophoresis. Oligonucleotides were located by
autoradiography, each oligonucleotide was excised from the gel and counted, and its recovery (expressed as
the percentage of input radiolabel recovered) was plotted as a function of its location on the physical map of
the B77 RSV genome (19). The proportion of the total counts contributed by each component in the gel slice
containing oligonucleotides 5 and 308 (Fig. IC) was determined by eluting the RNA from the gel slice and
determining the amount of A3C (indicative of the amount of oligonucleotide 5) by RNase A digestion. Solid
bars, CK-B77; open bars, DK1-B77(p7). N.A., Not assayed. The map position of each oligonucleotide with
respect to the individual viral genes (see text) is shown beneath the abscissa: ldr, leader sequence observed in
subgenomic viral mRNA's; gag, group-specific antigen gene; pol, polymerase gene; env, envelope glycoprotein
gene; src sarcoma gene.

and td RNA subunits, respectively, of CK-B77,
no counterparts to the 2.25- and 1.55-megadalton
(Mdal) subunits were observed in the B77 stock
propagated on CEF (Fig. 3). Based on the mo-
lecular weight of the nd RNA (3.4 x 106), we
estimate that the 2.65-, 2.25-, and 1.55-Mdal
RNA species contain deletions of about 21%
(about 2,200 nucleotides), 34% (about 3,500 nu-
cleotides), and 54% (about 5,600 nucleotides) of
the nd B77 RSV genome, respectively. These
data are consistent with the hypothesis that the
2.65-Mdal subunit contains an src deletion span-
ning oligonucleotides 6 and 5 and the 2.25-Mdal
subunit contains a pol region deletion spanning
oligonucleotides 304 to 4. Since the 1.55-Mdal
subunit contains a deletion of approximately
5,600 nucleotides, this subunit, which represents
the major component of DK1-B77(p7), appears
to be missing sequences from both of these re-
gions. The data of Fig. 3 (see also Fig. 5D) permit
an approximation of the molar ratio of the indi-
vidual subunits which are present in DK1-
B77(p7) RNA, about 0.1:1.0:0.3:5.0 (3.40-Mdal/
2.65-Mdal/2.25-Mdal/1.55-Mdal RNAs, respec-
tively). Based on the assignments of deletions
made above, we estimate approximately 85% of
the subunits contain a deletion in the pol region
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FIG. 3. Analysis of CK-B77 and DK1-B77(p7) 60 to

70S RNAs by denaturing agarose gel electrophoresis.
DK1-B77(p7) 60 to 70S [32PIRNA (0; 89,000 cpm) and
CK-B77 60 to 70S [3HIRNA (0; 42,000 cpm) were
prepared from radiolabeled virions harvested at 2-h
intervals, mixed, and electrophoresed on 0.75% aga-
rose gels containing 5 mM methyl mercuric hydrox-
ide. Electrophoresis was performed at 50 V (2.4 mA/
gel) for 7 h. The molecular weight of individual RNA
species was estimated relative to the position of
chicken 28 and 18S [3H]rRNA electrophoresed in a
parallel gel. Md, Megadaltons.
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(oligonucleotides 304 to 4) and that approxi-
mately 95% of the subunits contain a deletion in
src (oligonucleotides 6 and 5). This result is in
good agreement with the estimates obtained by
RNase T1 oligonucleotide fingerprinting (Fig. 1
and 2).
Polymerase deletions in two independ-

ently derived preparations of duck-pas-
saged B77 RSV. To determine whether a second
preparation of B77 RSV with properties similar
to those of DK1-B77(p7) could be generated by
independently passaging CK-B77 in DEF, and to
examine the rate at which the defective subunits
accumulate, a cloned stock of CK-B77 was pas-
saged multiple times in DEF as described above.
Virus obtained after eight passages onDEF [des-
ignated DK2-B77(p8)] differed from the DK1-
B77(p7) virus in that infection ofDEF with DK2-
B77(p8) virus frequently did not result in overt
cellular transformation until 3 to 5 weeks post-
infection. However, when cultures of DK1-
B77(p7)- and DK2-B77(p8)-infected DEF were
analyzed for virus production after subculturing
three to five times, both appeared to be produc-
ing approximately equivalent amounts of virus,
as judged by the amount of labeled 60 to 70S
RNA recovered from culture fluids (data not
shown).
The RNase T1-resistant oligonucleotide fin-

gerprint of 32P-labeled DK2-B77(p8) 60 to 70S
RNA is shown in Fig. 4. A comparison of the
fingerprints shown in Fig. 4 and 1 clearly shows
that not only was DK2-B77(p8) RNA deficient in
the same oligonucleotides as DK1-B77(p7), but
that it also contained two new oligonucleotides,
again in reduced yield, with the same relative
electrophoretic mobilities as Dl and D2 (Fig. 4A
and inset, arrows, and Fig. 4B, solid circles).
Although an oligonucleotide with the apparent
mobility of D2 is not readily visible in Fig. 4A,
it could be observed on the original autoradi-
ograph and has been readily detected in subse-
quent preparations (e.g., see Fig. 6F). Secondary
digestion of oligonucleotides Dl and D2 with
RNase A yielded the same digestion products as
were obtained from oligonucleotides Dl and D2
derived from DK1-B77(p7) (Table 1). By these
criteria, the RNA composition of DK2-B77(p8)
appears remarkably similar to that of DK1-
B77(p7).
To compare the RNA subunits of the two DK-

B77 virus preparations, 3H-labeled poly(A)-con-
taining RNA isolated from DK2-B77(p8) virions
was mixed with similarly prepared 32P-labeled
virion RNA derived from DK1-B77(p7)-infected
DEF (Fig. 5D) and electrophoresed on denatur-
ing agarose gels. DK2-B77(p8) was composed
primarily of two RNA subunits, which comi-
grated with the 2.65- and 1.55-Mdal RNA sub-

FIG. 4. Two-dimensional gel electrophoresis of
RNase T,-resistant oligonucleotides of DK2-B77(p8)
viral RNA. (A) DK2-B77(p8) 60 to 70S [32P/RNA (1.5
X 106 cpm) was digested with RNase T, and subjected
to two-dimensional gel electrophoresis as described
in the text. Exposure was for 2 days at 4°C. Arrows
indicate positions of oligonucleotides Dl and D2 ob-
served in DKJ-B77(p7) 60 to 70S RNA (see text). (B)
Schematic representation of the oligonucleotide fin-
gerprint of DK1-B77(p7). Shaded circles identify oli-
gonucleotides present in reduced intensity. Solid cir-
cles identify oligonucleotides indicated by arrows in
(A).

units of DK1-B77(p7). The molar ratio of the
subunits in DK2-B77(p8) was approximately the
same as that observed in DK1-B77(p7) (1:9 and
1:6, respectively; Fig. 5D). Viral RNA species
comigrating with the 3.40- and 2.25-Mdal RNA
subunits observed in DK1-B77(p7) were not
readily detectable in DK2-B77(p8) virion RNA,
although in subsequent preparations small
amounts of both subunits were observed (data
not shown).
To examine the extent to which defective

RNAs had accumulated in B77 RSV preparations
passaged multiple times in DEF cells, 3H-labeled
poly(A)-containing RNA from DK2-B77(p8) vir-
ions was mnixed with 32P-labeled poly(A)-con-
taining RNA purified from B77 virus passaged on
CEF (Fig. 5A), B77 passaged once on DEF (Fig.
5B), or B77 passaged four times on DEF (Fig.
5C) and electrophoresed on denaturing 0.75%
agarose gels. A single passage of CK-B77 in DEF
resulted in substantial amplification of the td
(2.65-Mdal) RNA relative to the nd (3.40-Mdal)
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RNA. The molar ratio of nd RNA to td RNA in
CK-B77 grown on CEF was approximately 1.0:
0.75 (Fig. 5A), whereas the same ratio for CK-
B77 passaged one time on DEF was approxi-
mately 1:5 (Fig. 5B). CK-B77 RSV passaged one
time on DEF did not appear to contain signifi-

TABLE 1. Compositions ofRNase T1-resistant
oligonucleotidesa

nucleo- RtiNaseprAdigts RNase U2 digestion products
tide

304 G, 3AU, 2AC, (U3C)G, U2A, 2(U,C)A, CA,
2C, 4U A

DI G, 3AU, 2AC, (U3,C2)G, U2A, 2(U,C)A,
3C,4U CA,A

D2 G, 2AU, 3AC, (U3,C2)G, 3(U,C)A, CA, A
3C, 4U

15 G, AU, 9C, UG, (U6,Cs-io)A
6U

a Compositions of oligonucleotides were determined
as described in the text.
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cant amounts of the 1.55-Mdal RNA. Analysis
of virus passaged four times on DEF revealed
that the molar ratio of nd RNA to td RNA
remained fairly constant, but this virus also con-
tained a new RNA, which comigrated with the
1.55-Mdal RNA of DK2-B77(p8) and represented
approximately 18% (molar concentration) of the
major RNA species. These results suggest that
a deleted RNA of 1.55 Mdal becomes amplified
after multiple passages on DEF.
RNase T1-resistant oligonucleotide fin-

gerprint analysis ofthe major B77 RNA spe-
cies. To determine the extent of the deletions
present in each of the viral RNA subunits of
duck-passaged B77 and to determine which viral
RNA subunits contained the new oligonucleo-
tides D1 and D2, 32P-labeled viral RNA was
prepared, and the RNA subunits were resolved
on 0.75% denaturing agarose gels. Gel fractions
containing the individual subunit RNAs were
pooled, and the labeled RNA was extracted from
the agarose with formamide-phenol and sub-
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FIG. 5. Comparison ofthe RNA subunits ofDK-B77(p7) and DK2-B77(p8) and analysis ofthe accumulation

of defective RNA subunits in DK2-B77 virus preparations. Poly(A)-containing [3H]RNA from DK2-B77(p8)
was mixed with the poly(A)-containing [32P]RNA purified from DKI-B77(p7), from B77 virus passaged in CEF
(CK-B77), from B77 passaged once in DEF [DK2-B77(pl)], or from B77 passaged four times in DEF [DK2-
B77(p4)] and electrophoresed on denaturing 0. 75% agarose gels containing 5 mM methyl mercuric hydroxide.
Electrophoresis was performed at 50 V (2.3 mA/gel) for 5 h. The molecular weights of viral RNA species were
estimated relative to the positions of 28 and 18S [3H]rRNA's electrophoresed in parallel. (A) DK2-B77(p8)
[3H]RNA (0; 80,000 cpm) mixed with CK-B77 [32P]RNA (-; 40,000 cpm). (B) DK2-B77(p8) [3H]RNA (0; 80,000
cpm) mixed with DK2-B77(pl) [32P]RNA (0; 40,000 cpm). (C) DK2-B77(p8) [3H]RNA (0; 80,000 cpm) mixed
with DK2-B77(p4) [32P]RNA (0; 40,000 cpm). (D) DK2-B77(p8) [3H]RNA (0; 60,000 cpm) mixed with
DKlB77(pl) [32P]RNA (0; 20,000 cpm). Md, Megadaltons.
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jected to RNase T1-resistant oligonucleotide fin-
gerprint analysis. The 3.40-Mdal RNA of CK-
B77 (Fig. 6A) contained all of the oligonucleo-
tides found in nd B77 RNA, whereas the 2.65-
Mdal RNA subunit contained significantly re-
duced amounts of the src-specific oligonucleo-
tides (oligonucleotide 6) (Fig. 6B). The finger-
print of the 2.65-Mdal RNA of DK2-B77(p8) was
identical to that of the CK-B77 td subunit (Fig.
6B and C). This species contained no detectable
oligonucleotide 6, and the spot which contains
oligonucleotides 5 and 308 was reduced in inten-
sity, indicating that it contained a single com-
ponent (Fig. 6A and C). More importantly, the
2.65-Mdal subunit of DK2-B77(p8) did not con-
tain oligonucleotides Dl and D2.
The oligonucleotide fingerprint of the 1.55-

Mdal RNA clearly demonstrates that this RNA
contains both the src gene deletion characteris-
tic of td subunits (oligonucleotides 6 and 5) and
the pol region deletion spanning oligonucleo-
tides 304 to 4 (Fig. 6F). Oligonucleotides Dl and
D2 are present in the 1.55-Mdal RNA (Fig. 6F
and inset, solid arrows), although the relative
intensities of these oligonucleotides were re-
duced. The reduced intensity may indicate the
presence in the 1.55-Mdal RNA of either Dl or
D2, but not both.
The oligonucleotide fingerprint of the 2.25-

Mdal RNA is shown in Fig. 6E. Inspection of the
fingerprint of this RNA revealed high levels of
oligonucleotides 6 and 5, representative of the
src gene region, and low levels of oligonucleo-
tides 304 to 4. This fingerprint suggests that the
majority of the 2.25-Mdal RNA contains all of
the src gene and is deleted in the polymerase
region of the genome. However, the small
amount of the 2.25-Mdal RNA precluded a com-
plete analysis.
In vitro translation of DK2-B77(p8) virion

RNA. Virion RNA has been observed to pro-
gram cell-free translation systems for the pro-
duction of both Pr769'c and Pr1809'9-P" (3, 32).
To determine whether the 1.55-Mdal RNA ob-
served in DK2-B77(p8) virions can function as an
mRNA for synthesis of viral proteins, purified
virion RNA was used to program an in vitro
protein-synthesizing system. 32P-labeled DK2-
B77(p8) poly(A)-containing virion RNA (20 ytg)
was electrophoresed on 0.75% agarose gels con-
taining 5 mM methyl mercuric hydroxide. RNA
was extracted from the regions of the gel con-
taining the 2.65- and 1.55-Mdal RNA species
and used to program a rabbit reticulocyte cell-
free protein-synthesizing system (Fig. 7). Un-
fractionated DK2-B77(p8) virion RNA directed
the synthesis of Pr769G', trace amounts of
Pr1809ag~"', and three additional high-molecu-
lar-weight polypeptides with molecular weights

of 90,000, 110,000, and 130,000 (Fig. 7, lane 2).
Translation of the 2.65-Mdal RNA yielded pre-
dominantly Pr769'9, although small amounts of
the 90,000-, 110,000-, and 130,000-dalton proteins
were observed (Fig. 7, lanes 3 through 5). Trans-
lation of the 1.55-Mdal RNA resulted in the
synthesis of large amounts of the 90,000-,
110,000-, and 130,000-dalton proteins but only
small amounts of Pr76Wg (Fig. 7, lanes 6 through
8). Whereas the 2.65-Mdal RNA programmed
the synthesis of trace amounts of Pr1809'9-P",
none of this protein was observed in the reac-
tions programmed by the 1.55-Mdal RNA. From
these data, we conclude that the 1.55-Mdal RNA
can function as an mRNA in vitro and primarily
directs the synthesis of three large polypeptides
having molecular weights of 90,000, 110,000, and
130,000. Based on data presented below, it is
likely that the 130,000-dalton protein (p130) rep-
resents the primary translation product and that
the 90,000- and 110,000-dalton proteins are de-
rived by premature termination of translation.
Analysis of virus-specific proteins syn-

thesized in DK2-B77(p8)-infected DEF. To
determine whether the 1.55-Mdal RNA func-
tions as an mRNA in cells infected with DK2-
B77(p8), DEF infected with either DK2-B77(p8)
or CK-B77 and CEF infected with CK-B77 were
incubated for 3 h in media containing [35S]me-
thionine, and the virus-specific proteins were
analyzed by immunoprecipitation and polyacryl-
amide gel electrophoresis. Immunoprecipitation
of 35S-labeled proteins from DK2-B77(p8)-in-
fected DEF with antisera directed against the
major core protein, p27, revealed the presence
of p27-containing polypeptides with molecular
weights of 180,000 (PrMgag-P°'), 130,000 (p130),
76,000 (Pr76gag), 66,000 (Pr669), and 27,000
(p27) (Fig. 8, lane 1). However, only four of these
proteins (Prg80gag-P, Pr76ag, Pr669'9, and p27)
were observed in parallel immunoprecipitations
of labeled proteins from CK-B77-infected DEF
or CK-B77-infected CEF (Fig. 8, lanes 2 and 3).
Immunoprecipitation of labeled proteins from
DK2-B77(p8)-infected DEF with antisera di-
rected against gp85 specifically precipitated gp85
and p130 but no significant amounts of any other
gag-related proteins (Fig. 8, lane 4). Immuno-
precipitation of labeled proteins from either
DEF or CEF infected with CK-B77 yielded only
gp85 (Fig. 8, lanes 5 and 6). When antisera
directed against the aft form of viral RNA-de-
pendent DNA polymerase were used, immuno-
precipitation of labeled proteins from DK2-
B77(p8)-infected DEF precipitated only
Pr1809ag-1°Z. No significant amount of p130 was
observed (Fig. 8, lane 7). A similar analysis of
CK-B77-infected DEF proteins showed less
Pr18099P° and a significant amount of the a
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FIG. 6. RNase T,-resistant oligonucleotide fingerprint analysis of the major B-7 RNA species. Poly(A)-
containing [32P]RNA was isolated from CK-B77 and DK2-B77(p8) and electrophoresed on denaturing 0.75%
agarose gels. After electrophoresis gels were sliced into 1-mm fractions and counted for Cerenkov radiation.
One to three gel slices corresponding to each of the major RNA species present in either CK-B77 or DK2-
B77(p8) were pooled, and the [32P]RNA was recovered by formamide-phenol extraction as described in the
text. Recoveries ofRNA ranged from 63 to 82%o. [32P]RNA was digested with RNase T, and subjected to two-
dimensional gel electrophoresis as described in the text. Autoradiography was for 6 to 16 days at 4°C, using
DuPont Lightning Plus intensifying screens. (A) RNase T, fingerprint of the 3.40-Mdal [32P]RNA subunit
(106,000 cpm) of CK-B77 RNA. (B) RNase T, fingerprint of the 2.65-Mdal [32P]RNA subunit (125,000 cpm) of
CK-B77 RNA. (C) RNase T, fingerprint of the 2.65-Mdal [32P]RNA subunit (51,000 cpm) ofDK2-B77(p8) RNA.
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subunit of reverse transcriptase (Fig. 8, lane 8).
The significance of the 76,000-dalton protein
observed in this track is not understood. Analy-
sis of CK-B77-infected CEF proteins revealed
only the presence of the a subunit of reverse
transcriptase. Little or no Pr1809ag9P` is evident
(Fig. 8, lane 9).
The data of Fig. 8 demonstrate that DEF

infected with DK2-B77(p8) contain a unique viral
protein of approximately 130,000 daltons not
present in chicken or duck cells infected with
CK-B77 RSV. p130 contains peptide sequences
which render it cross-reactive with antisera di-
rected against gag and env polypeptides but not
with antisera directed against reverse transcrip-
tase. Therefore, the synthesis of p130 appears to
be the result of a gag-env gene fusion. Further-
more, the difference between the molecular
weight of p130 and the total molecular weight of
the polypeptides derived from the gag, pol, and
env genes (about 250,000) indicates that such
fusion could result from a deletion of about 3,300
nucleotides spanning the polymerase gene re-
gion. This is further supported by the observa-
tion (Fig. 7) that the 1.55-Mdal RNA (containing
a deletion ofthepol region) directs the synthesis
of p130.

5' Boundary of the polymerase region
deletion. The generation of the new oligonucle-
otides (Dl and D2) observed in the 2.25- and
1.55-Mdal RNAs (Fig. 6E and F) could occur
either by the acquisition of new nonviral se-
quences or by the breaking and rejoining of viral
sequences as a consequence of a deletion event.
Comparison of the partial sequence data of oli-
gonucleotides Dl and D2 with oligonucleotides
deleted in the pol gene region indicated that
these new oligonucleotides might be related to
each other and to an oligonucleotide, oligonucle-
otide 304, which maps toward the 5' end of the
deleted region (Table 1). To examine the se-
quence relationship of Dl, D2, and 304, the
primary nucleotide sequences of these oligonu-
cleotides were determined. DK2-B77(p8) 60 to
70S RNA (labeled at a low specific activity with
32P) was digested to completion with RNase Ti,
and the oligonucleotides were resolved by two-
dimensional gel electrophoresis. Oligonucleo-
tides D1, D2, and 304 were excised from the gel,
eluted, and labeled at their 5' termini with [y-

32P]ATP. Each labeled oligonucleotide was re-
purified by gel electrophoresis and analyzed by
the direct sequencing procedures of Donis-
Keller et al. (10). The resulting sequence ladders
for oligonucleotides Dl, D2, and 304 are shown
in Fig. 9A, B, and C, respectively.
The primary sequences of oligonucleotides

Dl, D2, and 304 (Fig. 10) are further supported
by the complete RNase A and U2 digestion
products listed for each oligonucleotide in Table
1. To rule out the possibility that any of the
cleavages observed in Dl and D2 were due to
contamination of these oligonucleotides with ol-
gonucleotide 15 (which migrates between Di
and D2 in the second dimension), a similar anal-
ysis was performed on this oligonucleotide. A
comparison of the sequence ladders of oligonu-
cleotides Dl, D2, and 15 showed that no cleav-
ages unique for oligonucleotide 15 are present in
the sequence ladders of Dl or D2 (data not
shown).
The primary sequences of oligonucleotides Dl

and 304 (Fig. 10) show identity at 16 of 18
positions. The positions of nonhomology reside
at the 3' terminus of oligonucleotide 304, sug-
gesting that oligonucleotide Dl is derived from
oligonucleotide 304 by deletion of viral se-
quences at a point within oligonucleotide 304.
The reduced intensity of oligonucleotide Dl in
Fig. 6F suggests that all 1.55-Mdal RNA species
contain this oligonucleotide and that some may
contain oligonucleotide D2 instead. Oligonucle-
otide D2 may also be derived from oligonucleo-
tide 304 by a similar deletion of viral sequences.
The extensive sequence homology among oligo-
nucleotides Dl, D2, and 304 supports this sug-
gestion. The location of oligonucleotide 304 near
the 5' end of the deleted sequences is, therefore,
consistent with the hypothesis that this oligo-
nucleotide defines the 5' terminus of the pol
region deletion (see below).

DISCUSSION
The genetic compositions of two independ-

ently derived preparations of B77 RSV were an-
alyzed after each was passaged seven or more
times on DEF. RNase Ti-resistant oligonucleo-
tide fingerprint analysis of virion RNA from
both preparations of duck-passaged B77 revealed
that approximately 75% of the RNAs contain a

(D) Schematic of (A). Shaded circles identify oligonucleotides present in the RNase T1 fingerprint of the 3.40-
Mdal RNA and absent in the RNase T, fingerprints of the 2.65-Mdal RNAs. (E) RNase T, fingerprint of the
2.25-Mdal [32P]RNA subunit (35,700 cpm) ofDK2-B77(p8) RNA. Arrows identify oligonucleotides Dl and D2.
(F) RNase T, fingerprint of the 1.55-Mdal [32P]RNA subunit (167,000 cpm) of DK2-B77(p8) RNA. Arrows
identify oligonucleotides as in (E). (G) Schematic of (F). Numbers identify oligonucleotides characterized in
Fig. 1. Solid circles identify oligonucleotides identified by arrows in (E). Dashed circles identify minor
oligonucleotides present only in this particular preparation of DK2-B77(p8).
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FIG. 7. In vitro translation of DK2-B77(p8) viral RNA. Poly(A)-containing DK2-B77(p8) [32P]RNA (20 Mg;

20,000 cpm/,ug) was electrophoresed on 0.75% agarose gels containing 5 mM methyl mercuric hydroxide. The
gel slices containing the 2.65- and 1.55-Mdal RNA species were pooled, and the RNA was recovered as

described in the text. The purified RNA was redissolved in 22 Ml of a rabbit reticulocyte cell-free lysate
containing 5.5 ,LCi (4 pmol) of [35S]methionine. After 2 h of incubation at 300C, protein synthesis was

terminated, and the proteins synthesized were analyzed by SDS-polyacrylamide gel electrophoresis. The
RNAs used to program each reaction were as follows: lane 1, no RNA; lane 2, 3 ,Lg of poly(A)-containing
DK2-B77 RNA, unfractionated; lanes 3 through 5, RNAs recovered from fractions containing the 2.65-Mdal
RNA species (170, 265, and 253 ng, respectively); lanes 6 through 8, RNAs recovered from fractions containing
the 1.55-Mdal RNA species (545, 885, and 730 ng, respectively). Molecular weights were assigned based on

electrophoretic mobilities relative to the following molecular weight standards: Escherichia coli RNA
polymerase, 1B and /3' chains, 155,000 and 165,000, respectively; rabbit muscle phosphorylase, 92,500; bovine
serum albumin, 66,000; human immunoglobulin G, heavy chain, 54,000; ovalbumin, 42,000; human immuno-
globulin G, light chain, 22,000; and cytochrome c, 12,000.

deletion which spans oligonucleotides 304 to 4
and encompasses all of the B77 polymerase gene.
More than 90% of the RNAs also contain a

deletion which spans the src-specific oligonucle-
otides 6 and 5 and is identical to the deletion
observed in td B77. Virion RNA from duck-pas-
saged B77 also contains two oligonucleotides (DI
and D2) not observed in the RNA of B77 virus
grown on CEF. Analysis of the virion RNA of
duck-passaged B77 by denaturing agarose gel

electrophoresis revealed four major subunits
with molecular weights of 3.40 x 106, 2.65 x 106,
2.25 x 106, and 1.55 x 106. Although the 3.40-
and 2.65-Mdal RNA species comigrated with the
nd and td RNAs of B77 propagated on CEF, no

counterparts to the 2.25- and 1.55-Mdal RNAs
were observed in the RNA of B77 grown on CEF.
Oligonucleotide fingerprint analysis of these
RNA species revealed that the 2.65-Mdal RNA
contains the src-specific deletion and that the
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FIG. 8. Immunoprecipitation of viral proteins from [35S]methionine-labeled DK2-B77(p8)-infected DEF.
[35S]methionine-labeled cell lysates were prepared from DK2-B77(p8)-infected DEF (lanes 1, 4, and 7), CK-
B77-infected DEF (lanes 2, 5, and 8), and CK-B77-infected CEF (lanes 3, 6, and 9). Virus-specific proteins in
each lysate were immunoprecipitated with antisera directed against viral proteins p27 (lanes 1 through 3),
gp85 (lanes 4 through 6), or a,8 DNA polymerase (lanes 7 through 9) and analyzed by SDS-polyacrylamide gel
electrophoresis. Molecular weights were assigned as described in the legend to Fig. 7.

2.25-Mdal RNA contains the polymerase region
deletion; both of these deletions were observed
in the 1.55-Mdal RNA, which was the major
RNA subunit species detected in duck-passaged
B77. The new oligonucleotides Dl and D2, ob-
served in the duck-passaged virus, were present
in the 2.25- and 1.55-Mdal RNA species, but not
in the 2.65-Mdal RNA. Comparison of the nu-
cleotide sequences of oligonucleotides Dl, D2,
and 304 (an oligonucleotide deleted in the defec-
tive RNA) suggested that oligonucleotides Dl
and D2 are derived from oligonucleotide 304.
Oligonucleotide 304, therefore, likely defines the
5' termninus of the sequences lost as a conse-
quence of the polymerase region deletion.
The deletion in the 2.25- and 1.55-Mdal RNA

species which spans oligonucleotides 304 to 4
(Fig. 1) encompasses sequences derived from all
three replicative genes (gag, pol, and env). A
number of oligonucleotides located within the
region deleted in duck-passaged B77 have been
mapped to the env and pol genes. Analysis of
the recombinant progeny obtained from mixed

infections of CEF with an nd avian sarcoma
virus and Rous-associated virus of different sub-
groups has indicated that the sequences defined
by oligonucleotides 109 to 111 (Fig. 2) are in-
volved in determining viral subgroup specificity
(18, 19). Although oligonucleotide 4, which is
present in all avian leukosis = sarcoma viruses,
was originally mapped to the 3' side of oligonu-
cleotide 109 (19), the mapping of oligonucleotide
4, but not oligonucleotide 109, to the region
deleted in the 1.55-Mdal RNA (Fig. 2) suggests
that the order of these oligonucleotides could be
reversed. The absence of oligonucleotide 4 in the
NY8 variant of Schmidt-Ruppin RSV, subgroup
A (39), indicates that this oligonucleotide is not
contained within the pol gene, since the NY8
variant ofRSV contains a functional polymerase
gene (20). In addition, a 28S mRNA species
believed to direct the synthesis of the viral gly-
coproteins (17, 42) has been shown to contain
oligonucleotide 4 (28). Therefore, oligonucleo-
tide 4 is contained within the env gene. Based
on arguments reviewed by Coffin et al. (8), the
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FIG. 9. Direct RNA sequence analysis of oligonucleotides 304, Dl, and D2. Oligonucleotides 304, Dl, and
D2 were isolated from an RNase T1 digest of20 jig ofDK2-B77(p8) 60 to 70S RNA, labeled at their 5' ends with
polynucleotide kinase and [y-32P]ATP, and repurified as described in the text. Each oligonucleotide was then
partially hydrolyzed with RNase U2, RNase A, RNase Phy-1, or alkali (OH-) as described in the text and
analyzed by electrophoresis on a 20%o polyacrylamide gel. Lanes marked C show the electrophoretic profile of
the untreated oligonucleotide. Each reaction contained 1.6 x 106 to 2.2 x 104 cpm of 32P-labeled oligonucleo-
tide. Autoradiography was for 48 h at -20°C, using DuPont Lightning Plus intensifying screens.

Oligonucleotide

304
Dl
D2
15

1 5

5' -A C A U C A
A C A U C A
A C A U C A
C U C C U C

10 15

C U A U U A U U U C G
C U A U U A U U U C CG
C U A El U A U U U C CG
C U C C U C C U U A U G

FIG. 10. Nucleotide sequences of oligonucleotides 304, Dl, D2, and 15.

3' boundary of the pol gene has been assigned to
include oligonucleotide 32, and 5' and 3' bound-
aries of the env gene have been set to include
oligonucleotides 4 and 10, respectively. The pol
gene must extend leftward at least through oli-
gonucleotide 3 since mapping of recombinants
has localized the temperature-sensitive polym-
erase lesion of tsLA337-Prague strain of RSV,
subgroup C (25), to a position located between
oligonucleotides 24 and 3 (18, 19). The 5' bound-
ary of the gag gene is probably located between
oligonucleotides 403 and 301 (Fig. 2) because
oligonucleotides 13 and 403 have been identified
as part of the leader sequence in subgenomic
mRNA species (21, 28, 42).
The inclusion of gag gene sequences in the

pol region deletion is indicated by the analysis
of viral proteins synthesized in vivo and in vitro.
Detection of a new viral protein, p130, which

contains gag- and env- but not pol-specific an-
tigenic determinants, suggests that the termi-
nation codon of the gag gene and all of the pol
gene sequences have been lost as a result of the
deletion, yielding a fused gag-env gene. The in
vitro synthesis of p130 in reticulocyte lysates
programmed with purified 1.55-Mdal RNA in-
dicates that p130 synthesis in vivo does not
result from a low level of suppression of the gag
termination codon. This conclusion is further
supported by a comparison of the amino acid
sequences predicted from the primary sequence
of oligonucleotide 304 and the amino acid se-
quence of the p15 polypeptide of avian myelo-
blastosis virus strain BAI-A (R. Sauer, personal
communication). One of the reading frames of
oligonucleotide 304 predicts the hexapeptide se-
quence Asp-Ile-Thr-Ile-Ille-Ser (Table 2). The
substitution of a C residue for the A at position

a---A
A

-3'

J. VIROL.



B77 RSV CONTAINING DELETION OF pol GENES 581

TABLE 2. Predicted amino acid sequence of oligonucleotide 304
Amino acid sequence with the following nucleotide se-

Polypeptide quence:

(G)AC AUC ACU AUU AUU UCG

Oligonucleotide 304 (predicted) Asp Ile Thr Ile Ile Ser
Avian myeloblastosis virus residues 41 through 46a Asp Leu Thr Ile Ile Ser

a See text.

3 in the sequence of oligonucleotide 304 would
result in a Leu residue instead of an Ile residue
at position 42 (Table 2). Such single-base
changes are common in avian sarcoma-leukosis
viruses (8, 19, 33, 34). Since oligonucleotide 304
probably defines the 5' terminus of the deleted
sequences, the deletion observed in duck-pas-
saged B77 includes the carboxy-terminal 80 to 85
amino acids (about 250 nucleotides) of Pr76V.
The amount of env-specific sequences in-

cluded in the pol region deletion can only be
approximated. Since about 67,000 daltons of
p130 is gag related, the remainder of p130
(63,000 daltons) must be encoded by the env
gene. Assuming that the polypeptide backbone
of the viral glycoprotein complex has a molecu-
lar weight of 62,000 to 70,000 (9, 14, 23, 29), as
much as 200 nucleotides of the env gene could
be contained within the pol region deletion.
The mechanism(s) responsible for the gener-

ation of deletions such as those observed in the
1.55-Mdal RNA of DK-B77 RSV is unknown.
Formation of such deletion mutants could arise
by loss ofsequences from the integrated provirus
by chromosomal rearrangements, loss of se-
quences by asymmetric viral recombination, or
the packaging and replication ofaberrantly proc-
essed (spliced) RNA. Although such deletion
mutants are not apparent in stocks of B77 RSV
grown on chicken cells, we also cannot rule out
their presence in these stocks and their subse-
quent amplification in duck embryo cells.
Clearly, additional studies are needed to define
the origin of these deletion mutants.

ACKNOWLEDGMENTS
We thank Betty Creasy and Jann Morrow for their contin-

ued technical assistance and P. Farrell for his assistance with
the reticulocyte cell-free system.

This research was supported in part by grant VC-186A
from the American Cancer Society and by Public Health
Service contract N01-CP-7-1056 from the Division of Cancer
Cause and Prevention, National Cancer Institute. P.M.D. was
supported by Public Health Service grant 5T32-CA 09109
from the National Cancer Institute, and P.E.H. was supported
by grant PCM 77-15446 from the National Science Founda-
tion.

LITERATURE CITED

1. Adams, J. M., P. G. N. Jeppersen, F. Sanger, and B.
G. Barrell. 1969. Nucleotide sequence from the coat
protein cistron of R17 bacteriophage RNA. Nature
(London) 223:1009-1014.

2. Bailey, J. M., and N. Davidson. 1976. Methyl-mercury
as a reversible denaturing agent for agarose gel electro-
phoresis. Anal. Biochem. 70:75-85.

3. Beemon, K., and T. Hunter. 1977. In vitro translation
yields a possible Rous sarcoma virus src gene product.
Proc. Natl. Acad. Sci. U.S.A. 74:3302-3306.

4. Billeter, M. A., J. T. Parsons, and J. M. Coffin. 1974.
The nucleotide sequence complexity of avian tumor
virus RNA. Proc. Natl. Acad. Sci. U.S.A. 71:3560-3564.

5. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labeled proteins and nucleic acids in
polyacrylamide gels. Eur. J. Biochem. 46:83-88.

6. Cashion, L. M., R. H. Joho, M. A. Planitz, M. A.
Billeter, and C. Weissman. 1976. Initiation sites of
Rous sarcoma virus RNA-directed DNA synthesis in
vitro. Nature (London) 262:186-190.

7. Coffin, J. M., and M. A. Billeter. 1976. A physical map
of the Rous sarcoma virus genome. J. Mol. Biol. 100:
293-318.

8. Coffin, J. M., M. Champion, and F. Chabot. 1978.
Nucleotide sequence relationships between the ge-
nomes of an endogenous and an exogenous avian tumor
virus. J. Virol. 28:972-991.

9. Diggelmann, H. 1979. Biosynthesis of an unglycosylated
envelope glycoprotein of Rous sarcoma virus in the
presence of tunicamycin. J. Virol. 30:799-804.

10. Donis-Keller, H., A. M. Maxam, and W. Gilbert. 1977.
Mapping adenines, guanines and pyrimidines in RNA.
Nucleic Acids Res. 4:2527-2538.

11. Duesberg, P. H., S. Kawai, L.-H. Wang, P. K. Vogt,
H. M. Murphy, and H. Hanafusa. 1975. RNA of
replication-defective strains of Rous sarcoma virus.
Proc. Natl. Acad. Sci. U.S.A. 72:1569-1573.

12. Eisenman, R., R. Shaikh, and W. S. Mason. 1978.
Identification of an avian oncovirus polyprotein in un-
infected chick cells. Cell 14:89-104.

13. Gupta, R. C., and K. Randerath. 1977. Use of specific
endonuclease cleavage in RNA sequencing-an enzymic
method for distinguishing between cytidine and uridine
residues. Nucleic Acids Res. 4:3441-3454.

14. Halpern, M. S., D. P. Bolognesi, and L. J. Lewan-
doski. 1974. Isolation of the major glycoprotein and a
putative precursor from cells transformed by avian sar-
coma viruses. Proc. Natl. Acad. Sci. U.S.A. 71:2342-
2346.

15. Hanafusa, H., and T. Hanafusa. 1971. Noninfectious
RSV deficient in DNA polymerase. Virology 43:313-
316.

16. Hanafusa, H., T. Hanafusa, and H. Rubin. 1964. Anal-
ysis of the defectiveness of Rous sarcoma virus. II.
Specification of RSV antigenicity by helper virus. Proc.
Natl. Acad. Sci. U.S.A. 51:41-48.

17. Hayward, W. S. 1977. Size and genetic content of viral
RNAs in avian oncovirus-infected cells. J. Virol. 24:47-
63.

18. Joho, R. H., M. A. Billeter, and C. Weissmann. 1975.
Mapping of biological functions on RNA of avian tumor
viruses: location of regions required for transformation
and deternination of host range. Proc. Natl. Acad. Sci.
U.S.A. 72:4772-4776.

19. Joho, R. H., E. Stoll, R. R. Friis, M. A. Billeter, and
C. Weissmann. 1976. A partial genetic map of Rous

VOL. 32, 1979



582 DIERKS, HIGHFIELD, AND PARSONS

sarcoma virus RNA: location of polymerase, envelope
and transformation markers, p. 127-145. In D. Balti-
more (ed.), Animal virology. Academic Press Inc., New
York.

20. Kawai, S., and H. Hanafusa. 1973. Isolation of defective
mutant of avian sarcoma virus. Proc. Natl. Acad. Sci.
U.S.A. 70:3493-3497.

21. Krzyzek, R. A., M. S. Collett, A. F. Lau, J. P. Leis,
and A. J. Faras. 1978. Evidence for splicing of avian
sarcoma virus 5'-terminal genomic sequences onto viral-
specific RNA in infected cells. Proc. Natl. Acad. Sci.
U.S.A. 75:1284-1288.

22. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

23. Lewandowski, L. J., R. E. Smith, D. P. Bolognesi,
and M. S. Halpern. 1975. Viral glycoprotein synthesis
under conditions of glucosamine block in cells trans-
formed by avian sarcoma viruses. Virology 66:347-355.

24. Linial, M., S. Brown, and P. Neiman. 1978. A noncon-
ditional mutant of Rous sarcoma virus containing de-
fective polymerase. Virology 87:130-141.

25. Linial, M., and W. S. Mason. 1973. Characterization of
two conditional early mutants of Rous sarcoma virus.
Virology 53:258-273.

26. Linial, M., E. Medeiros, and W. S. Hayward. 1978. An
avian oncovirus mutant (SE 21Qlb) deficient in ge-
nomic RNA: biological and biochemical characteriza-
tion. Cell 15:1371-1381.

27. Maxam, A. M., and W. Gilbert. 1977. A new method for
sequencing DNA. Proc. Natl. Acad. Sci. U.S.A. 74:560-
564.

28. Mellon, P., and P. H. Duesberg. 1977. Subgenomic,
cellular Rous sarcoma virus RNAs contain oligonucle-
otides from the 3' half and the 5' terminus of virion
RNA. Nature (London) 270:631-634.

29. Moelling, K., and M. Hayami. 1977. Analysis of precur-
sors to the envelope glycoproteins of avian RNA tumor
viruses in chicken and quail cells. J. Virol. 22:598-607.

30. Parsons, J. T., P. Lewis, and P. Dierks. 1978. Purifi-
cation of virus-specific RNA from chicken cells infected
with avian sarcoma virus: identification of genome-
length and subgenome-length viral RNAs. J. Virol. 27:
227-238.

31. Pehlam, H. R., and R. J. Jackson. 1976. An efficient
mRNA-dependent translation system from reticulocyte
lysates. Eur. J. Biochem. 67:247-256.

J. VIROL.

32. Purchio, A. F., E. Erikson, and R. L. Erikson. 1977.
Translation of 35S and of subgenomic regions of avian
sarcoma virus RNA. Proc. Natl. Acad. Sci. U.S.A. 74:
4661-4665.

33. Shine, J., A. P. Czernilofsky, R. Friedrich, J. M.
Bishop, and H. M. Goodman. 1977. Nucleotide se-
quence at the 5' terminus of the avian sarcoma virus
genome. Proc. Natl. Acad. Sci. U.S.A. 74:1473-1477.

34. Stoll, E., M. A. Billeter, A. Palmenberg, and C. Weiss-
mann. 1977. Avian myeloblastosis virus RNA is ter-
minally redundant: implications for the mechanism of
retrovirus replication. Cell 12:57-72.

35. Temin, H. M. 1962. Separation of morphological conver-
sion and virus production in Rous sarcoma virus infec-
tion. Cold Spring Harbor Symp. Quant. Biol. 27:405-
414.

36. Vogt, P. K. 1971. Spontaneous segregation of nontrans-
forming viruses from cloned sarcoma viruses. Virology
46:939-946.

37. Vogt, P. K. 1977. The genetics of RNA tumor viruses, p.
341-455. In H. Fraenkel-Conrat and R. Wagner (ed.),
Comprehensive virology, vol. 9. Plenum Publishing
Corp., New York.

38. Wang, L.-H., P. H. Duesberg, K. Beemon, and P. K.
Vogt. 1975. Mapping RNase T,-resistant oligonucleo-
tides of avian tumor virus RNAs: sarcoma-specific oli-
gonucleotides are near the poly(A) end and oligonucle-
otides common to sarcoma and transformation-defec-
tive viruses are at the poly(A) end. J. Virol. 16:1051-
1070.

39. Wang, L.-H., P. H. Duesberg, S. Kawai, and H. Han-
afusa. 1976. The localization of envelope specific and
sarcoma specific oligonucleotides on the RNA of
Schmidt-Ruppin Rous sarcoma virus. Proc. Natl. Acad.
Sci. U.S.A. 73:447-451.

40. Wang, S., W. S. Hayward, and H. Hanafusa. 1977.
Genetic variation in the RNA transcripts of endogenous
virus genes in uninfected chicken cells. J. Virol. 24:64-
73.

41. Weiss, R. A., W. S. Mason, and P. K. Vogt. 1973.
Genetic recombinants and heterozygotes derived from
endogenous and exogenous avian RNA tumor viruses.
Virology 52:535-552.

42. Weiss, S. R., H. E. Varmus, and J. M. Bishop. 1977.
The size and genetic composition of virus-specific RNAs
in the cytoplasm of cells producing avian sarcoma-leu-
kosis viruses. Cell 12:983-992.


