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The unintegrated linear DNA synthesized in cells infected by Rous sarcoma
virus is a predominantly double-stranded structure in which most of the minus-
strand DNA, complementary to the viral RNA genome, is genome sized, whereas
the plus-strand DNA is present as subgenomic fragments. We previously reported
the application of benzoylated naphthoylated DEAE-cellulose chromatography to
demonstrate that of the linear viral DNA species synthesized in quail embryo
fibroblasts infected with Rous sarcoma virus greater than 99.5% contain single-
stranded regions and these regions are predominantly composed of plus-strand
DNA sequences (T. W. Hsu and J. M. Taylor, J. Virol. 44:47-53, 1982). We now
present the following additional findings. (i) There were on the average 3.5 single-
stranded regions per linear viral DNA, and these single-stranded regions could
occur at many locations. (ii) With a probe to the long terminal repeat, we detected,
in addition to a heterogeneous size distribution of subgenomic plus-strand DNA
species, at least three prominent discrete size classes. Each of these discrete
species had its own specific initiation site, but all had the same termination site.
Such species were analogous to those reported by Kung et al. (J. Virol. 37:127-
138, 1981). (iii) These discrete size classes of plus-strand DNA were present not
only on the major size class of linear DNA but also on a heterogeneous population
of slower-sedimenting species, which we have called immature linears. Our
interpretation is that we have thus detected several additional sites for the
initiation of plus-strand DNA. (iv) The 340-base plus-strand strong-stop DNA was
only found associated with the immature linears. (v) From a size and hybridization
comparison of these discrete size classes of plus-strand DNA with minus-strand
DNA species, as synthesized in the endogenous reaction of melittin-disrupted
virions, it was found that the putative additional initiation sites for plus-strand
DNA synthesis corresponded to many of the pause sites in the synthesis of minus-

strand DNA.

The general model for the synthesis and struc-
ture of linear retroviral DNA (as recently re-
viewed in reference 14) is a composite of studies
of viral DNA from infected cells in vivo and
DNA as synthesized outside the cell, either in
the endogenous reaction of disrupted virions or
with purified viral RNA and reverse transcrip-
tase. It is also a composite of studies with
murine or avian retroviruses. However, a major
difference between the linear viral DNA of cer-
tain avian retroviruses (Rous sarcoma viruses
and related avian leukosis viruses) and that of
the murine leukemia viruses is in the mechanism
of synthesis of plus-strand DNA, the strand
homologous to the viral RNA genome. With the
avian viruses the plus-strand DNA in the linear
species is predominantly, or even exclusively,
composed of subgenomic fragments with lengths
of 1 to 3 kilobases. In contrast, with the murine
leukemia viruses there is a significant amount of

654

plus-strand DNA that is of genome size. This
latter fact also appears to be true for mouse
mammary tumor virus (14). Viral DNA of the
ovine retrovirus, visna virus, may be intermedi-
ate, with exactly two fragments of plus-strand
DNA (5). Our studies have been concerned with
the discontinuities in the viral plus-strand DNA
of linear viral DNAs present in quail cells infect-
ed with a Rous sarcoma virus.

In a previous study single-stranded regions
(SSRs) on the viral DNA were detected by
chromatography on benzoylated naphthoylated
DEAE-cellulose (6). It was found in agree-
ment with studies of Boone and Skalka (1),
that the SSRs were predominantly, but by
no means exclusively, composed of plus-
strand DNA. Studies described in this manu-
script were undertaken to further characterize
the frequency and location of the disconti-
nuities.
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TABLE 1. Frequency and distribution of SSRs on fragments of linear viral DNA

Fragment . Fraction that Avg no. of SSRs per:

length (b)” Fragment location® lacks SSR¢ Fragment? Linear*
9,312 Intact genome <0.005 >5.3 >5.3
5,231 Left-side Kpnl <0.005 >53 >9.6
4,397 Right-side Kpnl <0.005 >5.3 >11.4
3,825 Middle EcoRI 0.21 1.6 3.9
3,094 Right internal EcoRI 0.37 1.0 3.0
2,369 Left internal EcoRI 0.32 1.1 4.6
1,384 Internal BamHI 0.72 0.33 - 23

“ Indicated sizes and locations of restriction fragments are from the published nucleotide sequence. of

Schwartz et al. (12).

® Linear viral DNA containing SSRs was subjected to restriction enzyme digestion followed by BND-cellulose
chromatograhy to separate fragments with and without SSRs. Fragments were subjected to agarose gel
electrophoresis and Southern analysis (13) to detect viral sequences (6).

¢ For each fragment, the fraction that lacks SSRs was determined by densitometer analysis of the
autoradiogram. A relatively overexposed autoradiogram was used to set the indicated lower level of sensitivity.

4 With the fraction P, we deduced the average number of SSRs per fragment (z) with the Poisson formula z =

=In Po.

¢ With the number of SSRs per fragment, we deduced the average number of SSRs per total linear of 9,312

nucleotides in length.

MATERIALS AND METHODS

Cells and viruses. The source of the Prague strain of
Rous sarcoma virus was the quail clone Q-PrA-4,
transformed by the integration of a single provirus
(11). Growth of this virus and its use for the infection
of quail embryo fibroblasts were as previously de-
scribed (6).

Isolation and analysis of unintegrated viral DNA. At
22 h after infection, unintegrated viral DNA was
isolated by a modified Hirt extraction (6). Linear DNA
with SSRs was isolated by two passages over BND-
cellulose and used in the studies described below.
Agarose gel analysis with or without prior glyoxalation
was followed by a Southern transfer to nitrocellulose
(13). All of these procedures have been previously
described (6).

M13 probes for the plus and the minus strands of the
LTR. Plasmid pSRA2, which contains the entire avian
sarcoma virus genome inserted in pBR322, was gener-
ously provided by William DeLorbe and co-workers
(3). DNA of pSRA2 was digested with EcoRI, and the
340-base (b) long terminal repeat (LTR) fragment
released was subcloned into M13mp7, using materials
from Bethesda Research Laboratories. We thus select-
ed M13 clones that contained the plus or the minus
strand of the LTR. Radioactive probes were made as
previously described (10). We copied the single-
stranded genome of unmodified M13mp7, using the
Klenow fragment of DNA polymerase I from Esche-
richia coli, random oligonucleotide primers, and
[32P]TTP. This DNA was extracted, denatured, and
used to make each of the LTR-specific probes. To
make 10 ml of probe, 16 ng of product was hybridized
with 32 ng of one of the M13 recombinant clones.
Hybridization was in 16 ul of 0.6 M NaCl for 2 h at
68°C.

RESULTS

Frequency and distribution of SSRs. It previ-
ously has been shown that linear viral DNA both

before and after digestion with certain restric-

tion enzymes behaves during chromatography
on BND-cellulose in a manner indicative of the

presence of SSRs (6). Such studies have been
extended and quantitated by densitometry (Ta-
ble 1). It can be seen that as we produced
smaller fragments of the viral DNA there was an
increased probability, Py, that some fragments
would lack SSRs. From this value we deduced
the average number of SSRs per fragment, z,
using the Poisson formula Py = e *. Then,
utilizing the length of the fragment relative to the
length of the uncut linear, we deduced the
average number of SSRs per linear. The various
results of these calculations fell into two groups
(Table 1). One group consisted of the four small
fragments considered in the table. For these, the
deductions were quite uniform, with an average
value of 3.5 SSRs per linear viral DNA. This
uniformity was consistent with a random distri-
bution of SSRs throughout the DNA. None of
these fragments, however, contained a right or a
left end of the linear. The second group, com-
posed of the intact linear or the left or the right
side, yielded higher deduced values. Our inter-
pretation was that there was an additional rela-
tively higher frequency of SSR at each end of the
linears.

Size distribution of plus-strand DNA in linears.
The size distribution of plus-strand species pres-
ent in linear avian retrovirus DNA has been
reported as heterogeneous, with a size range of 1
to 3 kilobases (4). To simplify the picture and
possibly detect specific initiation or termination
sites or both for plus-strand DNA, we used
probes to limited regions of the genome. As
previously reported, the use of such a plus-
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FIG. 1. Restriction enzyme sites on linear viral
DNA. This diagram, based on the nucleotide sequence
data of Schwartz et al. (12), indicates the relevant sites
of BamHI and Pvull and the lengths of restriction
fragments that would be detected using probes specific
for LTRs (W).

strand-specific probe to a 1,384-b BamHI frag-
ment still gave a predominantly heterogeneous
pattern of size classes (6). We therefore used a
plus-strand probe specific for the 340-b LTR.
Our expectation was that we would thus detect
only those plus-strand species that began or
ended with an LTR sequence. To distinguish
between the plus-strand species that began with
an LTR from those that ended with an LTR, we
chose appropriate prior restriction enzyme di-
gestions. As summarized in Fig. 1, BamHI and
Pvull make such cuts. Results of our analysis
are shown in Fig. 2. In this experiment, SSR-
containing linear viral DNA from infected cells
was isolated by BND-cellulose chromatography,
glyoxalated under denaturing conditions, and
then subjected to electrophoresis on a gel of 1%
agarose. After the SSR-containing linear viral
DNA was transferred to nitrocellulose by the
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procedure of Southern (13), we used a specific
M13 clone to detect only those species that
contain sequences from the plus strand of the
LTR. As shown in Fig. 2, lane 1, the major
species, indicated by SS+, had the approximate
size expected for the viral LTR, 340 b (12). In
fact, Fig. 2, lane 5, shows the migration of an
LTR, as released by EcoRI, from a clone of the
whole viral genome cloned in pBR322 (3). How-
ever, in Fig. 2, lane 1, additional discrete size
classes of plus-strand DNA were detected. Rela-
tive to markers of phage lambda DNA cut with
HindlIll, we deduced the species indicated as a,
b, and ¢ to be 3,710, 1,660, and 1,070 b, respec-
tively. In Fig. 2, lane 1, the intensities of a, b,
and c relative to SS+ were low and required an
increased exposure for the autoradiogram. How-
ever, in some experiments the relative intensi-
ties were comparable (see Fig. 4, lane 1).

To determine whether the three larger species
began or ended with an LTR, we subjected the
native linear DNA to a prior digestion with
BamH1, Pvull, or both (Fig. 2, lanes 2, 3, and 4,
respectively). As summarized in Fig. 1, prior
digestion with BamHI would create a 771-b
fragment for species that initiated at the left-side
LTR and leave uncut those species shorter than
4,667 b that terminated at the right-side LTR.
The unique plus-strand species a, b, and ¢ were
not cut by BamHI, consistent with them having

3 4 5"
Pvu i Bam HI pSRA2
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- + + - + + - + +
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FIG. 2. Agarose gel electrophoresis of glyoxal-treated linear viral DNA. For lanes 1 through 4, linear DNA
was isolated from infected cells by a Hirt extraction and BND-cellulose chromatography. Samples of this DNA
were subjected to the indicated restriction digests, after which they were glyoxalated and subjected to
electrophoresis on a slab gel of 1% agarose. Lane 5 is an EcoRI digest of recombinant plasmid pSRA2. After
linear DNA was transferred to nitrocellulose, an M13 recombinant probe was used to detect sequences related to
the plus strand of the LTR. As shown, autoradiograms corresponding to two different exposures were obtained.
The filter was then stripped of probe and hybridized with another M13 probe, this time to detect sequences
related to the minus strand of the LTR, followed again by autoradiography. The left-side lane is phage lambda
DNA cut with HindIII, with lengths as indicated. Those bands with adjacent lettering are discussed in the text,
and the migration of the plus-strand strong-stop DNA is indicated by SS+.
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FIG. 3. Rate zonal sedimentation of linear viral
DNA followed by agarose gel electrophoresis. Sam-
ples of unintegrated linear viral DNA were subjected
to sedimentation on a 5 to 20% sucrose gradient (in 10
mM Tris-hydrochloride [pH 7.4]-10 mM EDTA) in a
Beckman SW60 rotor at 50,000 rpm for 3 h at 20°C.
Gradient fractions were then subjected to agarose gel
electrophoresis without (a) or with (b) prior glyoxala-
tion. After the DNA was transferred to nitrocellulose,
sequences related to the plus-strand LTR were detect-
ed as described in the legend to Fig. 2. In (a), the
migration of mature linear viral DNA is indicated by
11I; in (b), the lettering at the right side is discussed in
the text.

initiated at discrete locations near the right side
and terminated after the LTR at the right side
(Fig. 2, lane 2). These species were analogous to
species seen by Kung et al. (9) using a related
avian retrovirus. As a consequence of the
BamHI digestion, there was in addition a new
band, d, which migrated relative to markers at
about 774 b. This band was interpreted as being
derived by a BamHI cut on species of plus-
strand DNA longer than 774 b that initiated at
the left side of the left LTR. To look more
closely at such species, we submitted linear
DNA to a prior digestion with Pvull. This would
cut the three discrete species ending in the right-
side LTR to 721 b and might allow us to detect
longer species that initiated in the left-side LTR
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(Fig. 1). We observed a species, €, of about 740
b, presumably from the right-side LTR, but we
still could not detect any discrete species that
initiated in the left-side LTR (Fig. 2, lane 3).
Thus, those species that initiated in the left-side
LTR and were detected by the BamHI digest
were heterogeneous in their termination sites.
As a control we found that when the linear DNA
was digested with both BamHI and Pvull (Fig.
2, lane 4), only a single band, f, was obtained
and was interpreted as being the unresolved
mixture of fragments d and e. Also shown in Fig.
2 are the autoradiograms obtained when the
nitrocellulose filter was stripped of probe and
rehybridized with an M13 probe specific not for
the plus-strand DNA but for the minus-strand
DNA of the LTR. These data confirmed that the
minus-strand DNA in the linear was predomi-
nantly of genome size and that the indicated
restriction enzyme digestions were complete.

In summary, we detected not only the 340-b
plus-strand DNA, which is the classical strong-
stop plus DNA (15), but also at least three other
plus-strand species which initiated at different
locations than did the 340-b species but which
appeared to have the same termination site. We
also detected plus-strand species that initiated at
the left-side LTR, but these species were hetero-
geneous with respect to their 3’ termini.

At one point we wished to quantitate data
such as those in Fig. 2 and determine what
fraction of the plus strand DNA species initiated
and terminated in a given way. However, a
complication became apparent when the linear
DNA was subjected to prior rate zonal sedimen-
tation. Linear viral DNA with SSRs was first
isolated by BND-cellulose chromatography and
then subjected to rate zonal sedimentation fol-
lowed by agarose gel electrophoresis without or
with prior denaturation in the presence of
glyoxal. After Southern transfer (13) we assayed
for those plus-strand sequences complementary
to the LTR (Fig. 3). Some of the linears sedi-
mented to about eight fractions from the bottom
of the gradient, although there was also a hetero-
geneous distribution of species with slower sedi-
mentation (Fig. 3a).

When the gradient fractions were denatured
before electrophoresis (Fig. 3b), we found that
the previously mentioned discrete species of
plus-strand DNA (a, b, and c) were associated
with both the slower-sedimenting species and
the major band in fraction 8. In contrast, the
major 340-b, plus-strand strong-stop DNA was
only associated with the slower-sedimenting
species.

Pauses in endogenous minus-strand DNA syn-
thesis. We then made what proved to be an
interesting comparison between the specific
plus-strand species that we described on the
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FIG. 4. Agarose gel electrophoresis of glyoxal-treated viral DNA synthesized in vivo or in an endogenous
reaction of melittin-disrupted virions. Lane 1 is the linear DNA synthesized in vivo; lane 2 represents viral DNA
synthesized with melittin-disrupted virions. The two left-side lanes are phage lambda DNA cut with Hindlll and
phage $X replicative form cut with Haelll, with lengths as indicated at the left. Lane 3 is an EcoRI digest of
recombinant plasmid pSRA2. After electrophoresis and Southern transfer (13), the nitrocellulose filter was
sequentially hybridized as described in the legend to Fig. 2, first to detect plus-strand LTR sequences and then to
detect minus-strand LTR sequences. Bands with adjacent lettering are as discussed in the text, and migration of

plus-strand strong stop DNA is indicated by SS+.

linear DNA synthesized in infected cells and the
pauses in the minus-strand DNA synthesis as
carried out with an endogenous reaction. For
some time it has been known that the synthesis
of minus-stand DNA pauses at a number of
discrete sites. They are not permanent stops
because with increased time of synthesis the
average size of the DNA products increases (1).
Our results were similar. In an endogenous
reaction there were synthesized multiple species
of minus-strand DNA that contained the LTR
sequence (Fig. 4, lane 2). The plus-strand DNA
synthesized in vivo contained fewer discrete
species (Fig. 4, lane 1). However, for each of
these plus-strand species (a, b, and ¢), and
possibly additional minor species, there was a
species of similar size in the minus-strand DNA
synthesized in the endogenous reaction. This
correspondence extended to the relative intensi-
ties of the sets of plus- and minus-strand species.
Also, because each of the minus strands started
with an LTR and, as we have shown earlier,
each of the plus strands ended with an LTR, we
inferred that a pair of species of equal length
must be complementary, that is, encoded from
the same region of the linear.

DISCUSSION

Because of the data obtained, we divided the
so-called unintegrated linear viral DNA species
into two populations: those which appear homo-
geneous by electrophoresis or sedimentation

and could be called mature and those which are
smaller and more heterogeneous and could be
called immature. Quantitation of linears that
contained plus-strand species, as detected by
the LTR probe, indicated that about 60% of the
linears were immature.

As described here and previously (6) virtually
all of the mature linears contained SSRs that
were composed predominantly of plus-strand
DNA. Boone and Skalka (1) originally made this
observation and concluded that this occurs via
displacement synthesis. Such synthesis also oc-
curs with caulifiower mosaic virus, which is
retrovirus-like in many respects (7). The dis-
placed regions on caulifiower mosaic virus begin
at three or four specific locations that have been
well characterized (7). This is in contrast to the
avian retrovirus situation. Although we have
shown 3.5 single-stranded plus-strand tails per
average mature linear, there were actually many
more potential sites. The discrete size classes
that we did find were on both the mature and the
immature linears. We would guess, but have not
shown, that the SSRs on the immature linears
were composed of minus-strand DNA, rather
than plus-strand DNA. We have shown that the
discrete species corresponded to unique initia-
tion and shared termination sites. Distribution of
these species differed from that of the strong-
stop plus-strand species which was only detect-
ed on the immature linears. Our interpretation
was that the slower species were the less mature
forms of linear viral DNA and that maturation
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included elongation of the minus strand. Thus,
when the minus strand reached genome size, the
340-b, plus-strand strong-stop species could
then continue synthesis by using the 3’ end of
the minus strand, and so the discrete size class
of strong-stop DNA would no longer be found,
as such, on mature linears. (Our interpretation
was that the discrete size class of strong-stop
DNA becomes those plus-strand species that we
detected to have a common 5’ terminus at the
left side of the linears but are heterogeneous
with respect to their 3’ termini.) Since the addi-
tional discrete size classes of plus-strand DNA
were present not only on immature linears but
also on mature linears, we interpreted that they
may be initiated from sites that were used not as
alternatives but as sites in addition to the site for
the 340-b, plus-strand strong-stop DNA.

We detected a correspondence between the
additional sites for the initiation of plus-strand
synthesis and some, but not all, of the sites at
which there were pauses during endogenous
synthesis of minus-strand DNA. Our data could
not distinguish whether a minus-strand pause
site and a plus-strand initiation site may be
shared during an isolated reverse transcription
event for a viral genome. However, in some
experiments with in vivo linears, we also detect-
ed discrete species of minus-strand DNA that
contain the minus-strand sequence of the LTR
and have the same electrophoretic mobility as
the described species of plus-strand DNA (data
not shown). The possibility that such a corre-
spondence could occur on a single molecule is
consistent with the model of retrovirus DNA
synthesis and recombination proposed by Coffin
(2). That model was attractive because it sug-
gested a reason for the viral genome existing as a
dimer of two identical RNAs. Coffin suggested
that nicks generated in genomic RNA could
simultaneously create pauses in minus-strand
DNA synthesis and primers for plus-strand
DNA synthesis. Further elongation of the minus
strand could be via a switch in template presum-
ably to the other viral genome in the dimer.
Junghans et al. (8) recently argued in favor of a
displacement-assimilation model of viral DNA
synthesis and recombination, but neither of
these two models offers an explanation for the
preferred sites of plus-strand initiation that we
have observed. With this in mind we recently
reconstructed the specific initiation of plus-
strand DNA synthesis, using viral RNA, minus-
strand DNA, and reverse transcriptase (J. K.
Smith, A. Cywinski, and J. M. Taylor, submit-
ted for publication).
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