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We purified the p19 proteins from the Prague C strain of Rous sarcoma virus,
avian myeloblastosis virus, B77 sarcoma virus, myeloblastosis-associated virus-
2(0), and PR-E 95-C virus and measured their binding affinities for 60S viral RNA
by the nitrocellulose filter binding technique. The apparent association constants
of the p19 proteins from Rous sarcoma virus Prague C, avian myeloblastosis
virus, and B77 sarcoma virus for homologous and heterologous 60S RNAs were
similar (1.5 x 1011 to 2.6 x 1011 liters/mol), whereas those of myeloblastosis-
associated virus-2(0) and PR-E 95-C virus were 10-fold lower. The sizes and
relative amounts of the virus-specific polyadenylic acid-containing RNAs in the
cytoplasms of cells infected with Rous sarcoma virus Prague C, myeloblastosis-
associated virus-2(0), and PR-E 95-C virus were determined by fractionating the
RNAs on agarose gels containing methylmercury hydroxide, transferring them to
diazobenzyloxymethyl paper and hybridizing them to a 70-nucleotide comple-
mentary DNA probe. In cells infected with Rous sarcoma virus Prague C we
detected 3.4 x 106-, 1.9 X 106_, and 1.1 x 106-dalton RNAs, in PR-E 95-C virus-
infected cells we detected 3.4 x 106_, 1.9 x 106_ and 0.7 x 106-dalton RNAs, and
in cells infected with myeloblastosis-associated virus-2(0) we detected 3 x 106_
and 1.3 x 106-dalton RNAs. Each of these RNA species contained RNA sequences
derived from the 5' terminus of genome-length RNA, as evidenced by hybridiza-
tion with the 5' 70-nucleotide complementary DNA. The ratios of subgenomic
mRNA's to genome-length RNAs in cells infected with myeloblastosis-associated
virus-2(0) and PR-E 95-C virus were three- to five-fold higher than the ratio in
cells infected with Rous sarcoma virus Prague C. These results suggest that more
processing of viral RNA in infected cells is correlated with lower binding affinities
of the p19 protein for viral RNA, and they are consistent with the hypothesis that
the p19 protein controls processing of viral RNA in cells.

Several investigators have presented evidence
that there are at least three viral mRNA's in the
cytoplasm of avian oncornavirus-infected cells,
which have sedimentation coefficients of 38S,
28S, and 22S (3, 5, 10, 32). Hybridizations of
complementary DNA (cDNA) probes represent-
ing specific regions of the viral genome have
shown that the 38S RNA represents the entire
viral genome, the 28S RNA represents the en-
velope and sarcoma genes, and the 22S RNA
represents the sarcoma gene. The first RNA
serves as the mRNA for the group-specific an-
tigens and the ,B chain of reverse transcriptase
(7, 8, 14, 16, 17), the second RNA serves as the
mRNA for the envelope glycoprotein (5, 18, 28,
30), and the third RNA may serve as the mRNA
for the sarcoma protein (2, 19, 20). The 28S and
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22S mRNA's contain at the 5' end an RNA
sequence derived from the 5' terminus of 38S
RNA (9, 15, 21, 32), suggesting that they arise
by splicing of the 38S RNA.
The enzymatic mechanism for processing viral

RNA in cells is not known. However, we have
observed that purified preparations ofRNase III
cleave the 38S RNA of the Prague C strain of
Rous sarcoma virus (RSV Pr-C) into fragments
containing polyadenylic acid [poly(A)]; these
fragments are similar in size to virus-specific
RNAs isolated from infected cells. Moreover,
one of the viral group-specific antigens, p19,
binds to specific regions of 38S RNA and blocks
cleavage of the RNA by purified RNase III (12).
These results suggest that p19 may play a role
in controlling in vivo processing by preventing
cleavage of viral RNA by a RNase III-related
splicing enzyme. To provide further support for
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this hypothesis, we examined two RNA tumor
viruses which contain increased levels of the
major envelope glycoprotein in their virions (29;
M. Linial, personal communication). The PR-E
95-C virus has altered molecular weight forms of
the p19 protein (24). In this paper we report that
the p19 proteins purified from these two viruses
have a decreased affinity for 60S viral RNA.
Furthermore, the levels of the subgenomic
mRNA's found in the cytoplasm of cells infected
with these viruses are greater than the levels
found in the RSV Pr-C-infected cells.

MATERIALS AND METHODS
Reagents. 'Pi, (carrier free), [3H]uridine (46.9 Ci/

mmol), [3H]dCTP (25.6 Ci/mmol), [a-`2P]dCTP (33
Ci/mmol), and [3H]dTTP (18.6 Ci/mmol) were pur-
chased from New England Nuclear Corp. Nitrocellu-
lose filters (type HA; 25 mm; pore size, 0.45 Im) were
purchased from Millipore Corp., and glass fiber filters
(type E) were purchased from Gelman Instrument Co.
Enzo-bond paper was purchased from Enzo Biochem-
ical Co. All other reagents were purchased as previ-
ously described (11).
Growth of viruses. Cloned RSV Pr-C and B77

sarcoma virus (subgroup C) were grown in chicken
embryo fibroblasts, as described by Smith and Bern-
stein (25). The RNAs produced by these virions were
more than 97% a class RNA, as analyzed by gel
electrophoresis. Myeloblastosis-associated virus-
2 (0) [MAV-2(0)], a nontransforming virus of subgroup
B, was plaque purified and grown in chicken embryo
fibroblasts as described by Smith et al. (26). An avian
sarcoma virus (PR-E 95-C virus) derived by multiple
recombination events between RSV Pr-C and Rous-
associated virus-0 was a gift from Maxine Linial, Fred
Hutchinson Cancer Research Center, Seattle, Wash.
PR-E 95-C virus is a transforming virus of subgroup E
and was grown in quail embryo fibroblasts. The virus
titer in each case was 106 infectious units per ml in
chronically infected cells.

Purification ofviral proteins. RSV Pr-C p19 and
p12, B77 sarcoma virus p19, avian myeloblastosis virus
(AMV) p19, and Escherichia coli RNase III were
purified as previously described (12). PR-E 95-C virus
p19 and p12 and MAV-2(0) p19 and p12 were purified
by the method of Green and Bolognesi (4). The PR-E
95-C virus produces two forms of p19, as identified by
sodium dodecyl sulfate gel electrophoresis (24). Both
forms migrate faster than RSV Pr-C or Rous-associ-
ated virus-0 p19 on these gels. The two p19 proteins
were separated from one another by chromatography
on phosphocellulose p11 (column volume, 2 ml) equil-
ibrated with a solution containing 20 mM morpho-
lineethanesulfonic acid buffer (pH 6.6), 0.2% Triton X-
100, and 0.1 mM EDTA (buffer A). The p19 proteins
were eluted from the column with a 16-ml linear
gradient of 0 to 0.5 M NaCl in buffer A and were
detected by retention of 3P-labeled 60S B77 RNA to
nitrocellulose filters, as described below. Two peaks of
RNA-binding activity were eluted from the column at
0.17 and 0.27 M NaCl. The p19 protein eluting at 0.17

M NaCl contained 70% of the total protein and was
used in the experiments described below. These pro-
tein fractions were indistinguishable by sodium dode-
cyl sulfate gel electrophoresis at pH 8.8; they both
yielded a single polypeptide band. Also, the binding
affinity of each separated protein for 60S PR-E 95-C
virus RNA was found to be 1.8 x 10"' liters/mol.

Preparation of labeled RNAs. [3H]uridine-la-
beled PR-E 95-C virus 60S RNA (140 cpm/pmol of
nucleotide) and ;2P-labeled MAV-2(0) 60S RNA (454
cpm/pmol of nucleotide) were prepared by the method
of Smith et al. (27). 32P-labeled 60S B77 RNA (1,296
cpm/pmol of nucleotide) was a gift from A. Faras,
University of Minnesota Medical School.
Preparation of virus-specific cDNA probes.

DNA complementary to viral RNA was prepared as
described by Leis et al. (13), using 60S RSV Pr-C RNA
as the template and oligodeoxythymidylic acid1214
[oligo(dT)12-,4] as the primer. Incubation was for 16 h
at 37°C. The reactions were stopped by adding a
twofold excess of EDTA to magnesium ions, and the
mixtures were made 0.1% in sodium dodecyl sulfate,
extracted with phenol, and dialyzed overnight at 4°C
against 500 ml of 2x SSC (lx SSC is 0.15 M NaCl
plus 0.015M sodium citrate). The solution was brought
to 0.3 M NaOH and incubated for 3 h at 30°C to
hydrolyze RNA. The alkali was neutralized with hy-
drochloric acid, and the DNA was dialyzed against 500
ml of 0.3 M NaCl-20 mM Tris-hydrochloride (pH 7.5)
overnight at 4°C. These DNA preparations were more
than 95% single stranded, as determined by digestion
by nuclease S1. The 32P-labeled 70-nucleotide cDNA
probe (cDNA7o) was prepared as described by Leis et
al. (13), using RSV Pr-C 38S RNA and tRNAt,, as the
template and primer, respectively. After alkaline hy-
drolysis to remove RNA, the cDNA was fractionated
by electrophoresis on 1.6% low-melting-point agarose
gels calibrated with HaeIII-digested simian virus 40
DNA. Bands ofDNA were located by autoradiography
of the wet gel, excised, and dissolved at 65°C in the
buffer used for two-phase hybridization (31).

Preparation of cytoplasmic poly(A)-contain-
ing RNA. Poly(A)-containing RNA was isolated from
RSV Pr-C- or MAV-2(0)-infected chicken embryo fi-
broblasts, uninfected chicken embryo fibroblasts, and
PR-E 95-C virus-infected quail embryo fibroblasts es-
sentially as described by Krzyzek et al. (9). Virus-
infected primary cells were harvested from three roller
bottles containing 8 x 108 cells and suspended in a
solution containing 0.01 M Tris-hydrochloride (pH
8.0), 0.01 M NaCl, 0.015 M MgCl2, and 0.01 M N-
ethylmaleimide. Cells were homogenized, and the de-
gree of cell breakage was monitored with a phase-
contrast microscope. Nuclei and cell debris were re-
moved by successive centrifugations in a Sorvall SS34
rotor at 700 x g for 4 min and 3,000 x g for 4 min at
4°C. The supernatant fraction was deproteinized four
times with an equal volume of phenol at 50°C, and the
RNA was precipitated with 2 volumes of ethanol. The
RNA was dissolved in 2 to 3 ml of a solution containing
0.4 M NaCl, 2 mM EDTA, 10 mM Tris-hydrochloride
(pH 7.5), and 0.5% sodium dodecyl sulfate, heated to
80°C for 2 min, rapidly cooled, and chromatographed
on a 10-ml oligo(dT)-cellulose column at room tem-
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perature, which was equilibrated with the above-de-
scribed buffer. The poly(A)-containing RNA which
eluted from the column with 0.5% sodium dodecyl
sulfate-10 mM Tris-hydrochloride (pH 7.5)-10 mM
NaCl was detected by absorbancy at 260 nm. This
poly(A)-containing RNA was brought to a final NaCl
concentration of 0.4 M, heated to 80°C for 2 min,
cooled rapidly, and again fractionated on oligo(dT)-
cellulose, as described above. The poly(A)-containing
RNA recovered from the second column usually rep-
resented between 1 and 2% of the total input absorb-
ance at 260 nm. The RNA was adjusted to 0.1 M NaCl
and precipitated with 2 volumes of ethanol. 32P-labeled
38S RSV RNA added to the cells exogenously could
be recovered intact after the above-described proce-
dure.

Fractionation of poly(A)-containing RNA by
electrophoresis. The poly(A)-containing RNA was
fractionated by electrophoresis through 1% agarose
horizontal slab gels (30 by 16.5 by 0.3 cm) containing
5 mM methylmercury hydroxide (1). Electrophoresis
was at 150 V for 12 to 14 h at 4°C. The electrophoresis
buffer was circulated during the run. Unlabeled HeLa
cell rRNA's were included as molecular weight
markers and were located by excising the marker
tracks and staining with ethidium bromide (1 ,ug/ml)
in 0.5 M ammonium acetate.

Transfer of RNA to DBM paper. Poly(A)-con-
taining RNA was transferred from the agarose gels to
diazobenzyloxymethyl (DBM) paper (Enzo-bond), as
described by Wahl et al. (31). RNA was fragmented as
described by Wahl et al. (31) to facilitate transfer to
the DBM paper.
Two-phase hybridization. The [32P]DNA probes

were hybridized to RNA covalently bound to DBM
paper as described by Wahl et al. (31). The cDNA70
probe, which was isolated by agarose gel electropho-
resis, was used without further purification by melting
the agarose gel fraction into the hybridization buffer
at 65°C. The cDNA70 probe was 80-fold in excess of
the virus RNA sequences on the DBM paper. For
sequential hybridization, the first DNA probe was
removed from the paper by washing with 99% form-
amide-10 mM Tris-hydrochloride (pH 7.5) for 20 min
at 65°C. Single-phase hybridizations were carried out
as previously described (13).

Nitrocellulose filter assay for measuring bind-
ing of RNA to proteins. The nitrocellulose filter
binding assay was as previously described (12). The
apparent association constants were calculated by
plotting the ratio of the amount of bound RNA to the
amount of free RNA against the amount of bound
RNA, using the method of Scatchard (22), as modified
by Hizi et al. (6). The association constants were
calculated from the negative slopes of the lines in
these plots and are expressed in liters per mole.

RESULTS
Two of the group-specific antigens ofRSV p12

and p19, bind viral RNA (23). However, they
differ in their binding specificity; p12 binds non-
selectively to all polyanions, whereas p19 binds
preferentially to regions of RNAs that contain

RNase III-sensitive sites (12). Furthermore,
RSV p19 is able to protect 38S RSV RNA from
cleavage by RNase III in vitro, whereas p12
cannot. The specific RNA-binding properties of
p19 have led us to postulate that this protein
may affect the amount of processing of genome-
length (38S) RNA into the smaller mRNA's
which code for the envelope glycoprotein and
the sarcoma protein in infected cells. To provide
further support for this hypothesis, we purified
p19 proteins from three avian oncornaviruses,
RSV Pr-C, B77 sarcoma virus, and AMV, which
have similar levels of envelope glycoprotein in
their virions, as well as two avian oncornavi-
ruses, MAV-2(0) and PR-E 95-C virus, which
have higher levels of envelope glycoprotein in
their virions relative to levels of the group-spe-
cific antigens. We measured the binding affinity
of these p19 proteins for 60S viral RNA by using
the nitrocellulose filter binding assay (6). The
retention of 32P-labeled 60S B77 sarcoma virus
RNA to nitrocellulose filters by MAV-2(0) and
RSV Pr-C p19's is shown in Fig. 1. These data
were replotted by the method of Scatchard (22)
(Fig. 2). The apparent association constant of
RSV Pr-C p19 for 60S B77 RNA was 2.6 x 1011
liters/mol, whereas the apparent association
constant of MAV-2(0) p19 was 10-fold lower
(Table 1). By using the same technique, the
apparent association constants for the p19's of
B77 sarcoma virus, AMV, and PR-E 95-C virus
were calculated (Table 1). The binding affinities
of B77, AMV, and RSV Pr-C p19 proteins for
60S B77 RNA were very similar. Thus, there
does not appear to be any detectable difference
in the binding affinities of the p19 proteins of
different viruses for 60S B77 RNA, as measured
by this technique. These results are in agree-
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FIG. 1. Binding of 32P-labeled B77 RNA to RSV
Pr-C andMA V-2(0) pl9proteins. Increasing amounts
of 32P-labeled 60S RNA (1,272 cpm/pmol of nucleo-
tide) were incubated with either 2pg ofRSVPr-Cp19
or 0.8 pg of MAV-2(0) p19, as described in the text.
After 15 min at 0°C, the reaction mixture was diluted
with I ml of 10 mM 7ris-hydrochloride (pH 7.5)-10
mM NaCl andpassed through a nitrocellulose filter.
Symbols: 0, binding of 60S B77 RNA to RSV Pr-C
pl9; 0, binding of 60S B77 RNA to MA V-2(0) p19.
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FIG. 2. Scatchard plot of the data presented in
Fig. 1. The amount of free 60S RNA was calculated
by subtracting the amount of bound 60S RNA from
the total 60S RNA. Symbols: 0, binding of 60S B77
RNA to RSV Pr-C p19; 0, binding of 60S B77 RNA
to MA V-2(0) p19.

TABLE 1. Association constants of viral proteins for
60S B77 RNA

Protein Association con-
stant (liters/mol)'

RSV Pr-C p19 2.6 x 10"
B77 sarcoma virus p19 2.0 x 101
AMVpl9 1.5x loI
PR-E 95-C virus p19 1.9 x 1010
MAV-2(0) p19 2.5 x 10"'
RSV Pr-C p12 1.2 x 10"
PR-E 95-C virus p12 2.1 x 1011
E. coli RNase III 4.5 x 1010

a These values were calculated from Scatchard plots
and represent the amount of binding of 60S B77 RNA
(1,272 cpm/pmol of nucleotide) to RSV Pr-C p19 (1.9
jg), B77 sarcoma virus p19 (1.1 Mg), AMV p19 (1.3 Mg),
PR-E 95-C virus p19 (0.1 ,g), MAV-2(0) p19 (0.18 tg),
RSV Pr-C p12 (0.8,ug), PR-E 95-C virus p12 (0.1 ,ug),
and E. coli RNase III (0.85 U) as described in the text.

ment with results found previously with 60S
RSV Pr-C RNA (12). In contrast, the apparent
association constants of PR-E 95-C virus and
MAV-2(0) p19 proteins for 60S B77 RNA were
similar to each other, but 10-fold lower than
those of the above-described proteins (Table 1).
The PR-E 95-C virus protein used was the 0.17
M eluant protein from the phosphocellulose col-
umn.
Binding of PR-E 95-C virus pl9 to PR-E

95-C virus 60S RNA. To rule out the possibil-
ity that the lower binding affinities of MAV-2(0)
and PR-E 95-C virus p19 proteins for 60S B77
RNA were related to virus-specific nucleotide
sequences, we repeated the binding experiments
with 60S PR-E 95-C virus RNA and 60S MAV-
2(0) RNA. Figure 3 shows the retention of 3H-
labeled 60S PR-E 95-C virus RNA to nitrocel-
lulose filters in the presence of PR-E 95-C virus
p19 and RSV Pr-C p19. Since the specific activ-
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FIG. 3. Binding of3H-labeled PR-E 95-C virus 60S
RNA to PR-E 95-C virus and RSVPr-Cpl9proteins.
Increasing amounts of 3H-labeled PR-E 95-C virus
60S RNA (140 cpm/pmol of nucleotide) were incu-
bated with either 2 pg ofRSV Pr-C p19 or 0.1 pg of
PR-E 95-C virus p19, as described in the legend to
Fig. 1. Symbols: S, binding of 60S RNA to RSVPr-C
p19; 0, binding of 60S RNA to PR-E 95-C virus p19.

ity of the 3H-labeled PR-E 95-C virus RNA was
1/10 that of the 32P-labeled B77 RNA used in
the experiment described above (Fig. 1), the
amount ofRNA bound with increasing amounts
of input RNA reached a plateau with both pro-
teins. The Scatchard plots of the data in Fig. 3
are shown in Fig. 4, and the calculated apparent
association constants are summarized in Table
2. The binding affinity of PR-E 95-C virus p19
for homologous RNA was again 10-fold lower
than the binding affinity of the heterologous
RSV protein for PR-E 95-C virus 60S RNA. A
similar relationship was found for the binding of
MAV-2(0) p19 and RSV Pr-C p19 for 60S MAV-
2(0) RNA (Table 2). These results indicate that
the lower binding affinities of PR-E 95-C virus
p19 and MAV-2(0) p19 for RNA are properties
of these proteins and not of the RNA used.
Binding of other proteins to 60S RNA.

The p12 protein is the other group-specific an-
tigen which binds to RNA. Therefore, we mea-
sured the binding affinities of the PR-E 95-C
virus and MAV-2(0) p12 proteins for viral RNA
to determine whether their association constants
were also lower. We found that the apparent
association constant of PR-E 95-C virus p12 for
60S B77 RNA was 2 x 1011 liters/mol, the same
as the binding affinity of RSV Pr-C p12 for B77
RNA (Table 1). The binding affinity of MAV-
2(0) p12 for 60S MAV-2(0) RNA was similar (1.1
x 10" liters/mol) (Table 2). The binding affinity
of feline leukemia virus plO for 60S RSV RNA
was 1.3 x 1011 liters/mol (12). Thus, we did not
detect differences in the binding affinities of the
p12 proteins from these viruses. In a separate set
of experiments, the apparent association con-
stant of E. coli RNase III for 60S B77 RNA was
determined to be 4.5 x 10l' liters/mol.
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FIG. 4. Scatchard plot of the data presented in

Fig. 3. Symbols: 0, binding of 60S PR-E 95-C virus
RNA to RSVPr-Cpl9; 0, binding of 60S PR-E 95-C
virus RNA to PR-E 95-C virus p19.

TABLE 2. Association constants of viral proteins for
PR-E 95-C virus and MAV-2(0) 60S RNAs

Association
Protein 60S RNA constant (ii-

ters/mol)'

PR-E 95-C virus PR-E 95-C virus 1.8 x 10'"
p19

RSV Pr-C p19 PR-E 95-C virus 1.1 x 101

MAV-2(0) p19
RSV Pr-C p19
MAV-2(0) p12

MAV-2(0)
MAV-2(0)
MAV-2(0)

The sizes of the viral RNAs were estimated by
plotting relative migration distances against logs
of molecular weights, using 28S and 18S HeLa
cell rRNA's as markers. As Lee et al. (10) found,
there were three RNA species in RSV Pr-C-
infected cells; the molecular weights of these
RNAs were of 3.4 x 106, 1.9 x 106, and 1.1 x 106
(data not shown). When preparations of RSV
Pr-C contained transformation-defective virus,
two additional RNA species (molecular weights,
3.0 x 106 and 1.3 x 106) were found. The RNAs
isolated from MAV-2(0)- and PR-E 95-C virus-
infected cells are shown in Fig. 5. MAV-2(0)-
infected cells contained two RNA species, which

A B C

-3.4
-3.0

28S-
28S -b -1.9

1.3

18S--
I1S --

-0.7

4.1 x 10'0
2.4 x 1011
1.1 x 1011

a The values were calculated from Scatchard plots
and represent the amount of binding of 3H-labeled
PR-E 95-C virus RNA (140 cpm/pmol of nucleotide)
and 3H-labeled MAV-2(0) 60S RNA (454 cpm/pmol of
nucleotide) to PR-E 95-C virus p19 (0.1 jig), RSV Pr-
C p19 (1.9 1g), MAV-2(0) p19 (2.1 ,ug), and MAV-2(0)
p12 (0.3 ,ug), as described in Table 1, footnote a.

Size of virus-specific RNAs isolated from
the cytoplasm of infected cells. The data
presented above show that the p19 proteins pur-

ified from MAV-2(0) and PR-E 95-C virus have
lower binding affinities for viral RNA than B77
sarcoma virus, RSV, and AMV p19 proteins. If
p19 suppresses the cleavage of the 38S RNA
into subgenomic mRNA species in cells, the ratio
of smaller mRNA species to genome-length
RNA should be greater in MAV-2(0)- and PR-E
95-C virus-infected cells than in RSV Pr-C-in-
fected cells. We identified the viral RNA species
in RSV Pr-C-, MAV-2(0)-, and PR-E 95-C virus-
infected cells by fractionating the cytoplasmic
poly(A)-containing RNA on agarose gels con-
taining methylmercury hydroxide. After transfer
onto DBM paper, the virus-specific RNAs were

detected by hybridization to oligo(dT)-primed
RSV Pr-C cDNA probes, as described above.

FIG. 5. Sizes of virus-specific poly(A)-containing
RNAs from the cytoplasm of infected cells. RNAs
were isolated from the cytoplasm of uninfected and
MAV-2(0)-infected chicken embryo fibroblasts and
PR-E 95-C virus-infected quail embryo fibroblasts,
fractionated on 1% agarose gels containing 5 mM
methylmercury hydroxide, and transferred to DBM
paper as described in the text; 10 nmol of each RNA
was applied to the agarose gels. Virus-specific RNA
was detected by incubating the paper with 2 x 106
cpm of oligo(dT)-primed RSV Pr-C cDNA for 48 h at
650C, washed as described by Wahl et al. (31), dried,
and subjected to autoradiography with Kodak X-
OMat X-ray film, using Lightning-Plus screens at
-700C for 7 days. The PR-E 95-C virus RNA was

fractionated on a separate agarose gel. The arrows

indicated the positions of the 28S and 18S HeLa cell

rRNA's. Lane A, Cytoplasmic RNA from uninfected
chicken embryo fibroblasts; lane B, cytoplasmicRNA
from MAV-2(0)-infected chicken embryo fibroblasts;
lane C, cytoplasmic RNA from PR-E 95-C virus-in-
fected quail embryo fibroblasts.
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had molecular weights of 3.0 x 106 and 1.3 x 106
(Fig. 5, lane B). MAV-2(0) is a nontransforming
virus with a b type RNA genome (26). The larger
RNA species represents genome-length RNA,
whereas the smaller species represents envelope
mRNA (see below). None of these RNA species
was detected in uninfected cells (Fig. 5, lane A).
In PR-E 95-C virus-infected cells, we detected
three RNA species, which had molecular
weights of 3.4 x 106, 1.9 x 106, and 0.7 x 106 (Fig.
5, lane C). Since PR-E 95-C virus was derived
from RSV Pr-C, we assumed that the three RNA
species corresponded to the RSV PR-C RNAs
of comparable sizes. For clarity, Table 3 shows
the different virus RNAs detected and their
probable coding capabilities.
Amounts of virus-specific RNAs isolated

from the cytoplasm of infected cells. The
amount of each RNA species detected on DBM
paper was measured by hybridization to the
cDNA70 probe, which represented the 70-nucleo-
tide sequence from the tRNAtp DNA initiation
site to within 30 nucleotides of the 5' terminus
of RSV Pr-C RNA. This cDNA is complemen-
tary to part of the spliced 5'-terminal sequence
and is present only once in each mRNA species
(9). Therefore, the amount of radioactivity hy-
bridized to each RNA species should reflect the
amount of the RNA present. The RSV Pr-C
cDNA70 probe used in these experiments was 3.4
and 94% resistant to nuclease S1 after hybridi-
zation in the absence and presence of excess 60S
RSV Pr-C RNA, respectively. In a separate ex-
periment, 40% of the RSV Pr-C cDNA7o probe
was found to be resistant to nuclease S1 after
hybridizing to 60S MAV-2(0) RNA. When this

experiment was repeated with cDNA1oo, which
contained the cDNA7o sequence plus the 30 nu-

cleotides at the 5' terminus of 38S RSV Pr-C
RNA, 51% of the DNA probe was resistant to
nuclease Si. These results indicate that MAV-
2(0) and RSV Pr-C share in part the same 5'
terminal sequence; 65% of the cDNA7o probe
was resistant to nuclease S1 after hybridization
to 60S PR-E 95-C virus RNA.
The cDNA7o probe (in 80-fold excess) was

hybridized to poly(A)-containing RNA coupled
to DBM paper, as described above. The paper

was washed thoroughly and cut into strips, and
the radioactivity was measured with a liquid
scintillation spectrometer. We detected the same

i_6X;'Lo 2:1 2: 5

DSM-PAPER STRIP NUMBER

FIG. 6. Hybridization of cDNA7o to RSV Pr-C
RNA from infected cells. Chicken embryo fibroblasts
were infected with freshly cloned stock of RSV Pr-C,
ar~d the cytoplasmic poly(A)-containing RNA was
isolated and fractionated as described in the legend
to Fig. 5; 10 nmol of RNA was fractionated on the
agarose gel. The amount of virus-specific RNA pres-
ent on the DBMpaper was determined by hybridizing
to 1.2 x 10P cpm ofthe cDNA70probe (2,500) cpm/pmol)
for 72 h at 65°0, washing, cutting into 2-mm strips,
and counting in a liquid scintillation spectrometer.

TABLE 3. Amount of virus-specific RNA isolated from infected cells
Relative abundanceh

Mol wt of Virus Coding capacitya RSV Pr-C PR-ERNA(X106) RSV Pr- ~~~~~~and tdRSV 95-C vi- MAV-2(0)C Pr_c" rwus

3.4 RSV Pr-C gag,pol,env,src 1 1 1
PR-E 95-C

3.0 td RSV Pr-C gag,pol,env 1.1 1
MAV-2(0)

1.9 RSV Pr-C env,src 0.7 0.3 2.3
PR-E 95-C

1.3 td RSV Pr-C env 0.3 2.1
MAV-2(0)

1.1 RSV Pr-C src 0.3 0.6
0.7 PR-E 95-C src 2.1

aAbbreviations: gag, group-specific antigens; pol, RNA-dependent DNA polymerase; env, envelope glycopro-
tein; src, sarcoma gene product.

b The relative abundances of RNAs were calculated from the hybridization data presented in Fig. 6 through
8. The RSV Pr-C and PRE 95-C virus 3.4 x 106-dalton RNAs and the MAV-2(0) 3.0 x 106-dalton RNA were set
equal to 1.

' td, Transformation defective.
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FIG. 7. Hybridization of cDNA70 to MA V-2(0)
RNA from infected cells. The 32P-labeled cDNA70
probe (8 x 104 cpm; 1,000 cpm/pmol) was hybridized
to the DBMpaper shown in Fig. 5, lane B, for 72 h at
65°C, and the amount of radioactivity hybridized to
viral RNA was determined as described in the legend
to Fig. 6.
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FIG. 8. Hybridization of cDNA70 to PR-E 95-C vi-
rus RNA from infected cells. The 32P-labeled cDNA70
(8 x 104 cpm; 1,000 cpm/pmol) was hybridized to the
DBMpaper shown in Fig. 5, lane C, for 72 h at 65°C,
and the amount of radioactivity hybridized to viral
RNA was determined as described in the legend to
Fig. 6.

size classes of viral RNAs with cDNA7o and with
oligo(dT)-primed cDNA (Fig. 6 through 8). Cells
infected with a freshly cloned stock of RSV Pr-
C which was free of transformation-defective
virus contained three RNA species (Fig. 6). The
3.4 x 106'-, 1.9 x 106-, and 1.1 x 106-dalton species
were present in a ratio of 1:0.7:0.4 (Table 3). A
similar analysis of the RNAs isolated from cells
infected with RSV Pr-C containing transforma-
tion-defective virus yielded a ratio of 1:1.1:0.3:
0.3:0.6 for the 3.4 x 106_, 3.0 x 106_, 1.9 x 106_,
1.3 x 106-, and 1.1 x 106-dalton RNA species
(data not shown). In each case, the most abun-
dant RNA species detected was genome-length
RNA (Table 3).

In contrast, in cells infected with either PR-E
95-C virus or MAV-2(0), the genome-length
RNA was the least abundant species. The ratio
of the MAV-2(0)-specific RNAs was 1:2.1 for the
3.0 x 106- and 1.3 x 106-dalton species (Fig. 7).
The ratio of the PR-E 95-C virus-specific RNAs
was 1:2.3:2.1 for the 3.4 x 106_, 1.9 x 106_, and 0.7
X 106-dalton species (Fig. 8). These results are
also summarized in Table 3. By comparing the

amounts of envelope mRNA's and the amounts
of sarcoma mRNA's to genome-length RNAs
(Table 3), we found that the subgenomic
mRNA's of MAV-2(0) and PR-E 95-C virus are
three- to fivefold more abundant relative to ge-
nomic RNA than the subgenomic mRNA's from
RSV Pr-C-infected cells. If we use the ratio of
the distribution of RSV Pr-C RNAs containing
the transformation-defective virus RNAs (see
above), the MAV-2(0) and PR-E 95-C virus
subgenomic mRNA's are four to eightfold more
abundant than genome-length RNA, respec-
tively.

DISCUSSION
There are three known pathways for the uti-

lization of 38S RSV Pr-C RNA after transcrip-
tion in cells: (i) it is packaged in virions as a 60S
RNA complex; (ii) it is translated directly to
express the group-specific antigens and the
RNA-dependent DNA polymerase; and (iii) it is
processed into 28S and 22S RNAs for translation
of the envelope and the sarcoma gene products,
respectively. The 38S, 28S, and 22S RNAs have
molecular weights of 3.4 x 106, 1.9 X 106, and 1.1
x 106, respectively, and have been isolated from
polysomes from infected cells (10). Hybridiza-
tion studies with gene-specific probes have in-
dicated that the 28S RNA represents the 3' one-
half of 38S RNA, whereas the 22S RNA repre-
sents the 3' one-third of 38S RNA (5, 32). A
unique feature of the processing of the 38S RNA
into the 28S and 22S RNAs has been the finding
that at least 100 nucleotides from the 5' terminus
of 38S RNA are spliced onto the smaller RNAs
(8, 15, 21, 32).
The recognition that there are two pools of

viral mRNA's in cells (unprocessed and proc-
essed RNAs) has raised a question as to whether
there is a mechanism that controls the flow of
RNA from the former to the latter. This type of
control may be important for viruses, since ge-
nome-length 38S RNA is used both for progeny
and for translation of some of the viral proteins.
We have proposed previously that the viral

protein p19 controls the level of processing of
38S RNA into 28S and 22S RNAs in cells by
binding to processing sites on 38S RNA and
preventing their cleavage by the processing en-
zyme (12). The binding of p19 to the virus RNA
may represent one of the first steps in virion
assembly. The evidence which supports this hy-
pothesis is as follows.

(i) RNase III cleaves 38S RNA at sites similar
to the processing sites. We have found that E.
coli RNase III cleaves 38S RSV Pr-C RNA in
vitro into poly(A)-containing RNA species of 1.8
x 106 and 1.0 x 106 daltons, as analyzed on 1%
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agarose gels containing methylmercury hydrox-
ide (S. Johnson, unpublished data). In addition,
RNase III cleaves 35S MAV-2(0) RNA (3.0 x
106 daltons) into poly(A)-containing RNA spe-
cies of 1.05 x 106 and 0.86 x 106 daltons. The in
vitro-produced RNA species are approximately
100,000 daltons (350 nucleotides) smaller than
the virus-specific mRNA's detected in infected
cells (Fig. 5 through 7), with the exception of the
smallest MAV-2(0) RNA. Based on this size
difference, we have speculated that RNase III
recognizes splicing cleavage sites on viral RNA
but probably does not catalyze the ligation re-
action. RNase III has also been shown to cleave
other viral RNAs. For instance, vesicular sto-
matitis virus 40S RNA is cleaved by RNase III
into five RNA species which are similar in size
to the known vesicular stomatitis virus mRNA's
found in cells (33). RNase III also cleaves polio-
virus RNA. The cleavage sites appear to be
intercistronic, as determined by oligonucleotide
mapping. An RNase III fragment that encodes
the poliovirus polymerase has been isolated and
translated in vitro to yield a polypeptide the size
of the virus polymerase (M. Stewart, R. Crouch,
and J. Maizel, Virology, in press). Apparently,
E. coli RNase III recognizes some feature of
viral RNAs (probably secondary structure) that
is present in processing sites.

(ii) p19 blocks the cleavage of 38S RNA by
RNase III (12). In agreement with the results
described above, AMV p19 has been shown by
direct observation in an electron microscope to
ind to poliovirus RNA at sites to which RNase
III binds (R. Lenk et al., personal communica-
tion).

(iii) RSV Pr-C p19 binds to a variety of un-
processed precursor RNAs with apparent asso-
ciation constants ranging from 109 to 1010 liters/
mol, whereas it does not bind or binds weakly
(apparent association constants, 107 liters/mol)
to mature or processed RNAs (12).

(iv) p19 is the first protein to be translated in
response to 38S RNA since it is at the amino
terminus of the group-specific antigen precursor
polypeptide.
To provide further support for a role for p19

in regulating processing of 38S viral RNA, we
studied the RNA-binding properties of RSV Pr-
C, MAV-2(0), and PR-E 95-C virus p19 proteins
and analyzed the sizes and amounts of virus-
specific poly(A)-containing mRNA's from the
cytoplasm of cells infected with these viruses.
The other viruses have higher levels of envelope
glycoprotein in their virions than RSV Pr-C (24,
29). If p19 inhibits the processing of genome-
length RNAs to smaller RNAs, we predict that
(i) the p19 proteins from MAV-2(0) and PR-E

95-C virus have lower binding affinities for viral
RNA than RSV Pr-C p19, (ii) there is no de-
tectable difference in the binding affinities for
60S RNA by the p12 proteins from all three
viruses, and (iii) the levels of all of the processed
mRNA's are increased relative to genome-length
RNA in MAV-2(0)- and PR-E 95-C virus-in-
fected cells compared with RSV Pr-C-infected
cells.
These predictions have been verified. We

found that (i) the MAV-2(0) and the PR-E 95-C
virus p19 proteins have 10-fold lower binding
affinities for viral RNA than p19 purified from
RSV Pr-C, (ii) there is no difference in the
binding affinities for RNA of the p12 proteins
from the different viruses, and (iii) in MAV-2(0)-
and PR-E 95-C virus-infected cells, the level of
processed mRNA's is increased relative to ge-
nome-length RNA compared with RSV Pr-C-
infected cells.
We detected three viral RNAs in RSV Pr-C-

infected cells; these RNAs had molecular
weights of 3.4 x 106, 1.9 X 106, and 1.1 x 106,
which was in agreement with the results of Lee
et al. (10). In MAV-2(0)-infected cells we de-
tected 3.0 x 106- and 1.3 x 106-dalton RNA
species. The former is genome-length RNA,
whereas the latter RNA is the envelope mRNA,
based on the following evidence. Translation of
the two RNAs in a low-background reticulocyte
cell-free protein-synthesizing system followed by
immunoprecipitation and sodium dodecyl sul-
fate gel electrophoresis indicated that the 3.0 x
106-dalton RNA gave rise to a 76,000-dalton
polypeptide which was recognized by antiserum
to the avian sarcoma virus group-specific anti-
gens. The 1.3 x 106-dalton RNA gave rise to a
60,000-dalton polypeptide that was recognized
by antisera raised against AMV envelope gly-
coprotein (Scheible, unpublished data). We de-
tected 3.4 x 106-, 1.9 x 106_, and 0.7 x 106-dalton
species in PR-E 95-C virus-infected cells. It is
likely that these RNAs correspond to the RNAs
found in RSV Pr-C-infected cells since (i) PR-E
95-C virus is derived from RSV Pr-C, (ii) it is a
transforming virus, and (iii) the number and
sizes of the RNA species found in PR-E 95-C
virus-infected cells are similar to the number
and sizes of the RSV Pr-C RNAs. Each of the
subgenomic RNA species described above con-
tains RNA sequences derived from the 5' and 3'
termini of genome-length RNA.
We measured the concentration of mRNA

species isolated from chronically infected cells
by hybridization to a cDNA7o probe, which was
complementary to part of the spliced 5' RNA
sequence and was present at a level of only one
copy per RNA. Thus, the amount of radioactive
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probe hybridized should have been proportional
to the number of poly(A)-containing RNA mol-
ecules present regardless of the size of the RNA.
We have expressed these data as a ratio of the
amounts of the different size classes of RNA to
avoid problems in determining absolute amounts
of mRNA's in cells. To determine the absolute
amounts of mRNA's in infected cells, we would
require information about the number of viable
cells in culture, the number of particles produced
per cell, the ratio of infectious to noninfectious
virus particles, the recovery of RNA from in-
fected cells, the number of virus-specific RNA
molecules containing poly(A), and the number
of proviral equivalents per cell. In the present
work we examined the steady-state level of ge-
nomic and subgenomic virus mRNA's in chron-
ically infected cells. This approach provided an
estimate of the relative abundance of virus-spe-
cific mRNA's in cells chronically infected with
three different viruses. We found three- to five-
fold more subgenomic mRNA's than genome-
length RNAs in MAV-2(0)- and PR-E 95-C vi-
rus-infected cells than in RSV Pr-C-infected
cells. Therefore, it appears that there is en-
hanced processing of genome-length to subge-
nome-length mRNA's in MAV-2(0)- and PR-E
95-C virus-infected cells. This correlates with
the existence of p19 proteins with lower binding
affinities for viral RNA in these two strains.
These results are consistent with the hypothesis
that the p19 protein controls processing of viral
RNA in cells. Further work along these lines will
involve a correlation of the appearance of p19
with the appearance of subgenomic mRNA mol-
ecules early after infection of cells with different
viruses.

ACKNOWLEDGMENTS
We especially thank Maxine Linial for providing prepara-

tions of PR-E 95-C virus. We also thank Sue Nebes and Olin
Fox for technical assistance and Linda Van Eldik for providing
purified MAV-2(0) polypeptides.

This investigation was supported by research grant PCM
77-00809 from the National Science Foundation, by grant VC-
310 from the American Cancer Society, and by Public Health
Service grant CA 12323 from the National Institutes of Health.
P.S. was supported by Public Health Service Training Grant
5T32 CA 09111 from the National Institutes of Health.

LITERATURE CITED
1. Bailey, J., and N. Davidson. 1976. Methylmercury as a

reversible denaturing agent for agarose gel electropho-
resis. Anal. Biochem. 70:75-85.

2. 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.

3. Brugge, J., A. Purchio, and R. Erikson. 1977. Virus-
specific RNA species present in the cytoplasm of Rous
sarcoma virus-infected chicken cells. Virology 83:16-26.

4. Green, R., and D. Bolognesi. 1974. Isolation of proteins
by gel filtration in 6M guanidinium chloride: application
to RNA tumor viruses. Anal. Biochem. 28:479-490.

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

6. Hizi, A., J. Leis, and W. Joklik. 1977. The RNA-de-
pendent DNA polymerase of avian sarcoma virus B77.
III. Binding of viral and non-viral RNAs to the afi, /2
and a forms of enzyme. J. Biol. Chem. 252:6878-6884.

7. Jamjoon, G., R. Naso, and R. Arlinghaus. 1977. Fur-
ther characterization of intracellular precursor polypro-
teins of Rauscher leukemia virus. Virology 78:11-34.

8. Kerr, I., U. Olshevsky, H. Lodish, and D. Baltimore.
1976. Translation ofmurine leukemia virus RNA in cell-
free systems from animal cells. J. Virol. 18:627-635.

9. Krzyzek, R., M. Collett, A. Lau, M. Perdue, J. Leis,
and A. Faras. 1978. Evidence for splicing of avian
sarcoma virus 5' terminal genomic sequences onto viral-
specific mRNA in infected cells. Proc. Natl. Acad. Sci.
U.S.A. 75:4327-4331.

10. Lee, J., H. Varmus, and J. Bishop. 1979. Virus-specific
messenger RNAs in permissive cells infected by avian
sarcoma virus. J. Biol. Chem. 254:8015-8022.

11. Leis, J. 1976. RNA-dependent DNA polymerase activity
ofRNA tumor viruses. VI. Processive mode of action of
avian myeloblastosis virus polymerase. J. Virol. 19:932-
939.

12. Leis, J., J. McGinnis, and R. Green. 1978. Rous sar-
coma virus p19 binds to specific double-stranded regions
of viral RNA: effect of p19 on cleavage of viral RNA by
RNase III. Virology 84:87-98.

13. Leis, J., R. Smith, P. Dierks, J. Parsons, M. Collett,
and A. Faras. 1978. In vitro transcription of reconsti-
tuted 35S RNA-tRNA,,p template-primer complexes by
the avian oncornavirus DNA polymerase. Effect of tem-
perature on the size of the DNA transcripts. Virology
85:28-42.

14. McGinnis, J., A. Hizi, R. Smith, and J. Leis. 1978.
Translation of a 180,000 dalton RSV precursor polypep-
tide containing reverse transcriptase and group-specific
antigens in response to 34S viral RNA. Virology 84:
518-522.

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

16. Oppermann, H., J. Bishop, H. Varmus, and L. Lev-
intow. 1977. A joint product of the genes gag and pol
of avian sarcoma virus: a possible precursor of reverse
transcriptase. Cell 12:993-1005.

17. Paterson, B., D. Marciani, and T. Papas. 1977. Cell-
free synthesis of the precursor polypeptide for avian
myeloblastosis virus DNA polymerase. Proc. Natl.
Acad. Sci. U.S.A. 74:4951-4954.

18. Pawson, T., R. Harvey, and A. Smith. 1977. The size
of Rous sarcoma virus mRNAs active in cell-free trans-
lation. Nature (London) 268:416-420.

19. Purchio, A., E. Erikson, J. Brugge, and R. Erikson.
1978. Identification of a polypeptide encoded by the
avian sarcoma virus src gene. Proc. Natl. Acad. Sci.
U.S.A. 75:1567-1571.

20. Purchio, A., E. Erikson, and R. Erikson. 1977. Trans-
lation of 35S and of subgenomic regions of avian sar-
coma virus RNA. Proc. Natl. Acad. Sci. U.S.A. 74:4661-
4665.

21. Rothenberg, E., D. Donoghue, and D. Baltimore.
1978. Analysis of a 5' leader sequence on murine leu-
kemia virus 21S RNA: heteroduplex mapping with long
reverse transcriptase products. Cell 13:435-451.

22. Scatchard, G. 1949. The attraction of proteins for small
molecules and ions. Ann. N. Y. Acad. Sci. 51:660-672.

23. Sen, A., and G. Todaro. 1977. The genome associated
specific RNA binding proteins of avian and mammalian
type-C viruses. Cell 10:91-99.

J. VIROL.



RNA BINDING AFFINITY OF p19 731

24. Shaikh, R., M. Linial, S. Brown, A. Sen, and R. Ei-
senman. 1979. Recombinant avian oncoviruses. II. Al-
terations in thegag proteins and evidence for intragenic
recombination. Virology 92:463-481.

25. Smith, R., and E. Berstein. 1973. Production and puri-
fication of large amounts of Roua sarcoma virus. Appl.
Microbiol. 25:346-353.

26. Smith, R., L Davids, and P. Neiman. 1976. Comparison
of an avian osteopetrosis virus with an avian lympho-
matosis virus by RNA-DNA hybridization. J. Virol. 17:
160-167.

27. Smith, R., S. Nebes, and J. Leis. 1977. Production of
large amounts of 35S RNA and complementary DNA
from avian RNA tumor viruses. Anal. Biochem. 77:
226-234.

28. Stacey, D., V. Allfrey, and H. Hanafusa. 1977. Microin-
jection analysis of envelope messenger activities of
avian leukosis virus RNAs. Proc. Natl. Acad. Sci. U.S.A.
74:1614-1618.

29. Van Eldik, L., and R. Smith. 1978. Isolation and char-

acterization of the envelope glycoprotein of an avian
osteopetrosis virus: effect of host cell on antigenic reac-

tivity. Virology 90:80-89.
30. Van Zaane, D., A. Gielkens, W. Hesaelink, and H.

Bloemers. 1977. Identification of Rausher murine leu-
kemia virus-specific mRNAs for the synthesis of gag-
and env-gene products. Proc. Natl. Acad. Sci. U.S.A.
74:1855-1859.

31. Wahl, G., M. Stern, and G. Stark. 1979. Efficient trans-
fer of large DNA fragments from agarose gels to diazo-
benzyloxymethyl-paper and rapid hybridization by us-

ing dextran sulfate. Proc. Natl. Acad. Sci. U.S.A. 76:
3683-3687.

32. Weiss, S., H. Varmus, and H. Bishop. 1977. The size
and genetic composition of virus-specific RNAs in the
cytoplasm of cells producing avian sarcoma-leukosis
virus. Cell 12:983-992.

33. Wertz, G., and N. Davis. 1979. RNase III cleaves vesic-
ular stomatitis virus genome-length RNAs but fails to
cleave viral mRNA's. J. Virol. 30:108-115.

VOL. 35, 1980


