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gradients, and tested fractions from the gradient
for complementarity to [P’H]dCMP-labeled 5'-
cDNA (Fig. 2A).

Three species of virus-specific RNAs were
present, with sedimentation coefficients of ap-
proximately 38S, 28S and 21S. This profile was
similar to that described previously for the total
RNA from cells infected by ASV (16, 32). We
conclude that the subgenomic RNA species con-
taining at least part of the 5’ sequences of the
genome RNA are associated with polyribosomes
and are presumably functioning as mRNA’s. It
has been shown that a sequence of 21 nucleotide
bases at the 5'-terminal end of the avian retro-
virus genome RNA is repeated at the 3’ end (24,
27). This terminally redundant sequence con-
tains only 1 of the 23 guanosine residues in the
5'-terminal 101 bases (14, 15). Consequently, in
the redundant sequence, the 5-cDNA contains
only 1 of the 23 total dCMP residues, or 4% of
the total [PH]JdCMP-labeled 5-cDNA radioac-
tivity. The percentage of the 5-cDNA that hy-
bridized to each of the subgenomic RNA species
was much greater than this, and, therefore, we
concluded that the common sequences must in-
clude at least part of the nonredundant part of
the 5’-cDNA.

We also tested the possibility that significant
amounts of subgenomic mRNA'’s containing the
genome 5 sequences are assembled into virions.
The poly(A)-containing genome RNA isolated
from purified B77 virions was heat denatured,
subjected to sedimentaion on glycerol gradients,
and analyzed for 5’ sequences by hybridization
(Fig. 2B). In contrast to the polysomal RNA, the
only significant peak of hybridizable material
sedimented at 38S. We concluded that intracel-
lular 38S, 28S, and 21S mRNA'’s contained some
of the same sequences as those present at the 5
terminus of the genome RNA. Only 38S RNA,
however, was packaged to a significant extent.

It was possible that the discrimination neces-
sary for 38S RNA to be packaged into virions is
dependent on the ability of 38S RNA molecules
to form a dimer structure. Since it appears from
electron microscopic observations of the struc-
ture of 60S to 70S retrovirus RN As that two 38S
genome RNA subunits contain a stable nonco-
valent linkage near their 5’ ends (3), we investi-
gated whether the entire 101 bases of the 5'-
terminal sequence were present in the smaller
mRNA’s and whether alterations in this se-
quence might determine the selection of 38S
RNA for packaging.

Extent of sequence homology of subge-
nomic virus-specific RNAs with 5’ genome
sequences in B77 sarcoma virus-infected
cells. [*H]uridine-labeled poly(A)-containing
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Fi1c. 3. Size distribution of poly(A)-containing
RNA from B77 sarcoma virus-infected cells. Poly(A)-
containing RNA labeled with [*H]uridine was iso-
lated from whole infected cells by procedures de-
scribed in the text. The RNA was sedimented on 5 to
30% glycerol gradients and fractionated as described
in legend to Fig. 2. Samples from each fraction were
counted for radioactivity, and the fractions were com-
bined into three pools as shown on the figure.

RNA was isolated from B77 ASV-infected cells
and separated into three different size classes by
sedimentation on glycerol gradients (Fig. 3). The
RNA in each of these pools was then subjected
to a second cycle of oligo(dT)-cellulose chro-
matography to remove 5-terminal fragments
produced by cleavage from larger RNA species.
The kinetics of hybridization of RNA from each
size class with **P-labeled 5-cDNA was followed
and compared with the kinetics of hybridization
of 60S to 70S RNA isolated from purified virions
with 5’-cDNA (Fig. 4). Note that the final extent
of hybridization of RNA in pools I, II, and III to
5-cDNA was 90 to 95% that of the 60S to 70S
genome RNA. This indicates that, within the
limits of this type of analysis, sequences comple-
mentary to most, if not all, the 5-cDNA se-
quence were present in each of the three RNA
size classes.

It was possible that in infected cells there are
two or more populations of RN As, some of which
contain the entire 5’ genome sequence and some
of which contain only part of this sequence.
Since the RNA was present in large excess in
the experiment shown in Fig. 4, the RNA-DNA
hybridization reaction should follow pseudo-first
order kinetics. If C, is the initial concentration
of single-stranded cDNA, C is the concentration
of single-stranded cDNA at time t, and C; is the
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concentration of RNA, a plot of In Co/C versus
C.t should yield a straight line if all of the 5’
sequences are present in equal abundance. Such
plots for fractions I, I, and III are shown in Fig.
5. Linear plots with a single slope were obtained
in each case. This evidence was, thus, consistent
with the hypothesis that all mRNA’s contain
the entire 101-base genome 5’ sequence.

These kinetic data, as well as the data below,
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Fi1c. 4. Kinetics of hybridization of 5-cDNA to
various size classes of poly(A)-containing RNA from
B77-infected cells. The RNA from the three pools
shown in Fig. 3 was subjected to a second cycle of
oligo(dT)-cellulose chromatography, as described in
the text, and the poly(A)-containing RNA was dis-
solved in 200 ul of sterile distilled water. Various
dilutions of 70S genome RNA (®) or RNA from pools
I (x), I (O), and III (A) were hybridized with *P-
labeled 5-cDNA as described in the text. C, is the
molar concentration of nucleotides in RNA, and t is
the time of hybridization in seconds. The maximum
hybridization of the 5'-cDNA to 70S RNA was 85% in
this experiment, and all other values have been nor-
malized to this value.
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also imply that, under the hybridization condi-
tions we used, there was no significant annealing
of 5’-cDNA to the 21-base terminal repetition at
the 3’ terminus of the RNA molecules. If this
were the case, those regions of the cDNA con-
tained in the reiterated sequence would anneal
at a faster rate than would those in the unique
sequence, and the In C,/C versus C,t plot would
be expected to deviate from linearity. Further-
more, this would result in the production of a
21-base DNA fragment after S1 digestion and
alkali denaturation. As is shown below, this was
not the case.

As a further test of the hypothesis that the
majority of the intracellular viral mRNA con-
tains the 5’ genome sequence, we compared the
fraction of total molecules in each RNA size
class containing genome 5’-terminal sequences
with the fraction of the molecules containing
sequences complementary to the 3'-terminal 200
to 300 bases of the genome RNA. Since it has
been shown that 3’-terminal genome sequences
are present in each size class of intracellular
RNA (16, 32), the determination of the fraction
of molecules containing sequences complemen-
tary to the 3'-cDNA should be equivalent to an
assay for the concentration of the bodies of the
subgenomic mRNA’s. Any large excess in the
fraction of molecules containing 3’ sequences
would indicate the possibility that there exists a
population of molecules that do not contain the
5'-terminal genome sequences. Therefore, **P-
labeled DNA complementary to the 3’ end of
the viral genome 38S RNA was prepared by an
oligo(dT)-primed reverse transcriptase reaction.
This 3’-cDNA was then used to quantitate, by
an experiment similar to that shown in Fig. 4,
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F1G. 5. Plot of in Co/C versus C:t. Replot of the data given in Fig. 4. C,, initial concentration of cDNA (Cy;

C, concentration of RNA-DNA hybrids at time t; C,, concentration of RNA.
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TABLE 1. Determination of the fraction of virus-specific RNA in B77-infected cell poly(A)* RNA“

C.t1,» (mol-s/liter)

Fraction of virus-specific

RNA pool Size class RNA® I;ta ::)O;(f
5'-cDNA 3-cDNA 5-cDNA 3-cDNA
Expt 1
Genome 0.034 0.0075 1.0 1.0
1 31S-43S 0.53 0.20 0.064 0.038 1.7
I 23S5-28S 0.94 0.35 0.018 0.011 1.7
111 6S-20S 1.9 0.34 0.005 0.007 0.8
Expt 2
Genome 0.030 0.012 1.0 1.0
1 35S-428S 0.50 0.35 0.060 0.034 1.8
II 25S-32S 0.85 0.60 0.018 0.010 1.7
III 14S-22S 2.15 0.80 0.005 0.005 1.0
v 7S-12S 8.5 0.35 0.00024 0.002 0.1

“ Two independent experiments were carried out, using different preparations of **P-labeled 5'- and 3'-cDNA

and of [*H]uridine-labeled cellular RNA.

® Fraction of virus-specific RNA = [(C,t,/» for genome RNA)/(Ct,,» for RNA pool)] x [(complexity of RNA
in pool)/(complexity of genome RNA)]. The molecular complexities of the genome RNA and the RNA in pools
L, II, II1, and IV were assumed to be 10, 10, 5, 3, and 0.6 kilobases, respectively.

“ Ratio = (fraction of virus-specific RNA for 5-cDNA)/(fraction of virus-specific RNA for 3'-cDNA).

the fraction of virus-specific RNA in each size
class (Table 1). Note that for each size class of
RNA, except for pool IV in experiment 2, the
fraction of RNA containing 5 ends appears to
be the same or somewhat greater than the frac-
tion of RNA containing 3’ ends. This suggests
that molecules containing 5'-terminal genome
RNA sequences probably represent the bulk of
the intracellular virus-specific RNA molecules
of the 21S to 38S size class. The reason for the
10-fold excess of 3’ ends in RNA of the 7S to 12S
size class (Table 1) is not yet understood. It is
possible that this reflects the presence of 3'-
terminal fragments derived from larger virus-
specific RNA molecules which contaminate pool
Iv.

It should be stated here that the fractions of
virus-specific RNA determined in Table 1 were
probably underestimated. The concentration of
poly(A)” RNA was calculated from the specific
radioactivities determined for the total RNA
after a 12-h labeling with [?H]Juridine. Since the
specific activity of the poly(A)* fraction was
certainly greater than that of the rRNA, al-
though the latter constituted the bulk of the
total RNA, it follows that the calculated C.t
values were also probably overestimated. For
the purpose of these experiments, however, it
was only the relative C,t values which were of
significance, and these values are not dependent
on absolute concentrations.

Integrity of 5-cDNA-RNA hybrids. The
previous experiments indicated that a majority
of virus-specific RNA molecules contain most of
the 5-terminal 101-nucleotide sequence com-
mon to the genome RNA. The data, however,

did not exclude the possibility that there might
be small deletions or rearrangements of this
sequence which occur during the process of for-
mation of the subgenomic mRNA'’s. Such dele-
tions, for instance, could create initiation sites
for protein synthesis.

To test for this possibility, *P-labeled 5'-
cDNA was annealed to the different size classes
of RNA isolated from infected cells. The result-
ing hybrids were then treated with S1 nuclease
to remove any unpaired DNA seqeunces, and
then the digested hybrids were denatured with
alkali. The size of the denatured DNA was de-
termined by gel electrophoresis, using appropri-
ate single-stranded marker DNAs. Under the
digestion conditions used, a nick is produced in
the DNA at sites where the RNA sequences are
spliced out (5). Any splicing of this type should
result in production of fragments smaller than
101 bases.

The results of this experiment are shown in
Fig. 6. As expected, hybridization of 5-cDNA to
60S to 70S genome RNA followed by S1 diges-
tion resulted in no detectable change in the size
distribution of the 5-cDNA when compared
with the untreated control (Fig. 6A and B).
There was no evidence of any material migrating
faster than the major peak of 101 bases. In the
absence of added cellular or genome RNA, the
cDNA was completely digested (Fig. 6C). When
the 5'-cDNA was hybridized to each of the three
different size classes of cellular RNA, a peak of
radioactivity corresponding to the size of the
untreated 5-cDNA was obtained (Fig. 6C
through E). However, in contrast to the results
obtained with the genome RNA, some labeled
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F16. 6. Polyacrylamide gel electrophoresis of S1
nuclease-treated and alkali-denatured cDNA-RNA
hybrids. *P-labeled 5-cDNA was hybridized with
708 virion genome RNA and with RNA in pools I, 11,
and III (Fig. 3) according to procedures given in the
text, except that the time of hybridization was 44 h.
After hybridization, the samples were digested with
S1 nuclease at 43°C for 30 min. The hybrids were
then precipitated with 2 volumes of 95% ethanol at
—20°C. The precipitates were dissolved in 10% glyc-
erol-0.3 M NaOH-2 mM EDTA. Electrophoresis of
the samples was carried out on 10% polyacrylamide
gels for 3.5 h at 100 V. The gels were fractionated into
1-mm slices, eluted with 0.3 M sodium acetate con-
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material migrated faster than the major peak at
101 bases. Although there are no deletions or
rearrangements of the 5-terminal 101 bases in
the majority of the intracellular mRNA'’s, the
possibility remains open that a small fraction of
the mRNA does contain such deletions or rear-
rangements.

DISCUSSION

In this paper we first established that subge-
nomic RNAs containing the sequences from the
5’ terminus of the genome RNA are associated
with polysomes in infected cells and presumably
are translated (Fig. 2A). This indicates that such
RNAs are functional mRNA'’s. Our data further
suggest that the bulk of these subgenomic
mRNA molecules are restricted to infected cells
and are not found in mature virions (Fig. 2B).
We cannot, however, rule out the presence of
small amounts of these smaller mRNA’s in viri-
ons.

In view of this selection for 38S RNA mole-
cules in virions, we investigated the extent of
similarity of the 5'-terminal sequence more thor-
oughly. The results of hybridization kinetics ex-
periments established, within the limits of this
type of analysis, that most, if not all, of the 5'-
terminal 101 bases of the genome RNA were
present in the smaller mRNA’s (Fig. 4). The
data shown in Table 1 are also consistent with
the hypothesis that most intracellular viral
RNAs in the different size classes contain the 5'-
terminal 101-base sequence. The possibility re-
mains open, however, that within the 7S to 12S
size class there exists a population of virus-spe-
cific RNAs that lack this sequence (Table 1).

The calculated fraction of virus-specific RNA
in pools I and II when the 5-cDNA was used as
probe was somewhat greater than the fraction
when the 3’-cDNA was used as a probe (Table
1). The reason for this difference is not yet
understood but appeared to be reproducible in
a number of experiments. The presence in the
RNA preparation of 3'-terminal poly(A)-con-
taining fragments derived from larger mRNA’s
would be expected to give the opposite result;
i.e., the fragments would hybridize to the 3'-
cDNA but not to the 5-cDNA. Further study
will be required to determine whether the ob-

taining 50% formamide, and counted for radioactiv-
ity. Fragments of DNA derived by Haelll restriction
endonuclease cleavage of ColE1 DNA were treated
with alkali similarly and electrophoresed on a par-
allel gel. Their positions are shown on the figure. (A)
Untreated 5-cDNA. (B) 5-cDNA hybridized with 70S
genome RNA. 5'-cDNA hybridized with RNA in pools
I (C), II (D), and III (E). The 5-cDNA hybridized
with no added RNA is shown in the dashed line in
(€).
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served excess of mRNA'’s containing the 5'-ter-
minal sequence is due to a systematic error of
the technique or whether it is due to the pres-
ence of some species of virus-specific RNAs that
either lack the 3'-terminal genome sequences or
contain redundant 5’ sequences.

The data in Fig. 6 indicated that there appear
to be no deletions or other sequence rearrange-
ments of the 5'-terminal 101 bases of most of the
subgenomic mRNA'’s. Therefore, the leader se-
quence appears to extend for at least 101 bases
with no interruptions. However, we do not know
the minimum size of an RNA deletion that could
be detected by the S1 mapping technique. It has
been shown that S1 nuclease cleaves deletion
loops of less than 15 bases in heteroduplex DNA
(25). Furthermore, S1 nuclease specifically
cleaves duplex DNA containing single mis-
matched base pairs. The cleavage at these sites,
however, was less effective than that with dele-
tions or insertion DNA-DNA heteroduplexes
(26).

If the subgenomic mRNA'’s are generated by
splicing, our data suggest that the first splice
point lies to the 3’ side of the initiation site for
viral DNA synthesis (30). Rothenberg et al. have
reported that no intervening sequences were
visible by electron microscopy in the 5'-terminal
500-base leader sequence of murine leukemia
virus RNA when subgenomic intracellular viral
RNAs were hybridized to full-length copies of
viral cDNA (23). Electron microscopy, however,
cannot be used to detect short, unpaired regions
of less than 100 bases. Analyses of the type
carried out in this study must be done in con-
junction with electron microscopy in order to
demonstrate conclusively the absence of addi-
tional splicing in the leader sequence.

We have not proved in this paper whether or
not the 5'-terminal genome sequence is actually
present at the 5 termini of the smaller mRNA'’s.
The data of Mellon and Duesberg, however,
strongly suggest that a 21-base oligonucleotide
which contains the cap structure and is found in
the genome RNA is also present in the subge-
nomic mRNA’s (19). These results have been
confirmed and extended by Cordell et al., who
showed that this cap-containing oligonucleotide
was present in RNA sequences protected by
hybridization to 5-cDNA (12). Taken together,
then the evidence is consistent with the hypoth-
esis that most of the subgenomic mRNA’s of
ASV contain at their 5’ termini a sequence of at
least 101 bases identical that at the 5’ end of the
genome RNA. Whether these subgenomic RNAs
are formed by RNA splicing or by some other
mechanism, such as integration of subgenomic
DNA molecules, has not yet been established.

J. VIROL.

The function of the shared 5'-terminal leader
sequence is not yet clear. It has been shown
recently that ribosomes from a reticulocyte ly-
sate bind strongly to the ASV genome RNA
between residues 9 and 53 from the 5’ end (13).
Translation of the gag precursor polypeptide,
however, does not appear to begin at this site
but occurs at a site distal to the 5’-terminal 101-
base sequence. It is possible, therefore, that the
sequence between residues 9 and 53 is required
in the subgenomic mRNA’s in order for ribo-
some binding to occur.
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