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Structure of a Replication Intermediate in the Synthesis of
Rous Sarcoma Virus DNA In Vivo
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Intermediates in the synthesis of Rous sarcoma virus DNA in vivo contain a
short second strand of DNA (plus strong-stop DNA) synthesized by using the
region near the 5' end of the first (minus) strand of DNA as the template. In this
report, we show that the 3' end of plus strong-stop DNA is extended about 15 to
20 nucleotides beyond the 5' end of the minus-strand DNA template, probably
copying a portion of the tRNATrP molecule that serves as primer for synthesis of
the minus strand of DNA. The extra sequences present in plus strong-stop DNA
may play a central role in the generation of the long terminal repeat present in
mature forms of viral DNA.

The replication of retroviruses proceeds
through a DNA intermediate (22, 26) synthe-
sized by the virus-encoded, RNA-dependent
DNA polymerase (24). The synthesis of viral
DNA, using single-stranded genome RNA as the
template, a process referred to as reverse tran-
scription, has been studied extensively both in
vitro and in vivo. As a result of these studies, a
detailed model has been developed that can
account for many of the features of this process
(3; H. E. Varmus and R. Swanstrom, in R.
Weiss, N. Teich, H. E. Varmus, and J. Coffin,
ed., Molecular Biology ofTumor Viruses Part 3,
RNA Tumor Viruses, in press). One of the
unusual features of the model is that synthesis of
the first strand of viral DNA (the minus strand)
proceeds in a continuous manner on a discontin-
uous template. A consideration of the sequence
organization of the RNA template and the DNA
product suggests why this is a necessary feature
of the model.
The structures of genome RNA and of the

major unintegrated DNA product found in vivo,
duplex linear DNA, are shown in Fig. 1A. The
sequences within the RNA are rearranged in
viral DNA in two significant ways. First, se-
quences that are at the ends of the RNA are
joined in the DNA (U3-R-U5). Second, the
block of sequences, U3-R-U5, is duplicated at
the ends of the DNA, forming a terminal repeat
(termed long terminal repeat [LTR]) that is not
present in the RNA template (6, 14). It is clear
that a continuous RNA template cannot give rise
to the DNA product shown in Fig. 1A. A central
objective of the current model of reverse tran-
scription is to explain how multiple template
strands are used.
The first discontinuity in the template appears

when the minus strand reaches the 5' end of viral
RNA, about 100 bases from the genome-bound
tRNA that is used as a primer for minus-strand
synthesis (5, 15, 20). Nucleotide sequence analy-
sis of DNA extended beyond the 5' end of the
template (10, 18) has shown that one copy of the
short direct repeat present at the ends of viral
RNA (R in Fig. 1A; 5, 12, 15) is sacrificed as
transcription moves from the 5' end to the 3' end
of the template. With the placement of the minus
strand at the 3' end of the template, the fusion of
the sequences U3-R-U5 is accomplished, and
the bulk of the viral RNA template can be
transcribed in an uninterrupted way. However,
another template strand must be employed to
generate a second copy of the LTR unit.

Before the minus strand is completed, the
second, or plus, strand of viral DNA is initiated
(9, 23). In particular, one prominent species of
plus-strand DNA, termed plus strong-stop DNA
[(+)ssDNA], is synthesized early after infection,
using the region near the 5' end of the minus
strand as template. Two observations implicated
(+)ssDNA as the template for completion of the
minus strand: (i) restriction endonuclease map-
ping of the sequences present in (+)ssDNA
showed that they are the same as sequences
present in the LTR (3, 9, 23), and (ii) completion
of the minus strand is sensitive to actinomycin
D, suggesting the necessity of a DNA template
(11). These observations led to the suggestion
that the growing end of the minus strand
"jumps" to (+)ssDNA and, by displacement
synthesis, copies the short plus strand to gener-
ate the LTR (3, 14).
Figure 1B shows a diagram of the replication

intermediate that is believed to mediate thejump
of the growing minus strand to (+)ssDNA (3, 21;
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Varmus and Swanstrom, in press). The impor-
tant feature of this intermediate is the presence
of complementary single-stranded regions at the
3' ends of the minus and plus strands. Annealing
of the complementary ends allows formation of a
short duplex containing these ends. Subsequent
extension of the 3' end of the minus strand can
occur by strand displacement synthesis. Using
(t)ssDNA as template to complete the minus
strand produces the LTR. The tRNA primer for
the minus strand and the primer binding site in
genome RNA [(-)PB] may play a crucial role in
generating the complementary ends in the inter-
mediate shown in Fig. 1B. Based on the model
of retrovirus DNA synthesis (3; Varmus and
Swanstrom, in press), we can predict the follow-
ing series of events.

(i) When (+)ssDNA is synthesized by using
the 5' end of the minus strand as template, a
portion of the minus-strand primer, covalently
linked to the minus strand, is also copied into the
plus strand. In the case of Rous sarcoma virus
(RSV), 18 nucleotides can be copied from the
tRNATr1p primer before transcription is blocked
by a 1-methyl-adenine at position 19 from the 3'
end of the tRNA (2, 4). Removal of the RNA
from the (+)ssDNA-tRNA hybrid by the poly-
merase-associated RNase H activity leaves a
single-stranded tail at the 3' end of (+)ssDNA
composed of sequences representing the (-)PB
site.

(ii) Sequences complementary to the (-)PB
site appear in the minus strand when this site is
copied from the RNA genome. RNase H re-
moves the R-U5 sequences from the 5' end of
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the RNA template (these sequences are in a
hybrid with the 5' end of the minus strand),
causing synthesis of the minus strand to termi-
nate after copying the (-)PB site. Again, RNase
H removes the template RNA from the minus-
strand DNA, leaving a single-stranded region in
the DNA composed of sequences complemen-
tary to the (-)PB site. The single-stranded tail at
the 3' end of the minus strand can anneal to the
single-stranded tail at the 3' end of (+)ssDNA.
After annealing, the minus strand is extended by
using (+)ssDNA as template, resulting in the
duplication of the sequences in (+)ssDNA at
each end of the minus strand.

In this paper, we describe the structure of
(+)ssDNA in a replication intermediate of RSV
DNA found in vivo. On the basis of S1 nuclease
sensitivity, the 3' end of (+)ssDNA is shown to
contain sequences not present in the minus-
strand DNA template. The position of these
extra sequences is consistent with the proposal
that a portion of the minus-strand tRNA primer
is copied during synthesis of (+)ssDNA.

Cultured quail tumor cells (QT-6) were infect-
ed with the B77 strain of RSV, and cytoplasmic
DNA was isolated 3 h after infection (23). The
sample was treated with RNase A in low salt and
then fractionated by velocity sedimentation in a
neutral sucrose gradient (23). DNA sedimenting
between 8S and 20S was pooled and ethanol
precipitated. Viral DNA prepared in this fashion
after a brief infection is free of mature forms of
viral DNA (linear or circular DNA), and any
DNA sequences present in an RNA hybrid are
rendered single stranded by the RNase treat-
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FIG. 1. (A) Genome RNA and unintegrated linear viral DNA. The symbols used in this diagram have been
described previously (1; Varmus and Swanstrom, in press). Briefly, R refers to the short direct repeat present at
the ends of viral RNA. U5 and U3 are unique sequences near the 5' and 3' ends, respectively, of viral RNA that
are duplicated during the genesis of the long terminal repeat in viral DNA. (-)PB and (+)PB are the positions of
the primers for minus-strand DNA and (+)ssDNA synthesis. (B) A proposed intermediate in the synthesis of
viral DNA. (-) First (minus) strand of viral DNA, represented by the heavy line. (+) Second (plus) strand of
DNA, represented by th6 light line. The arrows at the ends of the lines indicate the direction of polymerization
(i.e., the 3' ends). The dashed line shows the position of the tRNA primer for minus-strand synthesis, and the
arrowheads show the possible positions of S1 nuclease-sensitive sites. The positions of the EcoRI and the HaeIII
restriction endonuclease sites in this region are also shown.
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ment. Viral DNA was analyzed by digestion
with the single-strand-specific nuclease S1 for 30
min at 37°C (25). The conditions used for S1
nuclease digestion allowed complete hydrolysis
of single-stranded DNA, as measured by acid
solubility of radiolabeled DNA, whereas 80% of
the radioactivity in end-labeled duplex DNA
was resistant to the nuclease (data not shown).
The strategy used to examine the structure of

the replication intermediate was to determine
the size of (+)ssDNA before and after Si nucle-
ase digestion. The region of(+)ssDNA in duplex
with minus-strand DNA should be resistant to
digestion. However, if (+)ssDNA also contains
a copy of part of the tRNATrP primer, then there
should be a single-stranded tail at the 3' end of
(+)ssDNA susceptible to digestion by Si nucle-
ase. The size of (+)ssDNA was determined by
electrophoresis in an agarose gel, followed by
transfer of the DNA out of the gel onto nitrocel-
lulose filter paper and detection of viral DNA by
hybridization with a radioactive DNA probe (14,
16). The radioactive probe (cDNA3. [19]) was of
minus-strand polarity so that it would anneal
only to plus-strand sequences. The analysis of
(+)ssDNA is shown in Fig. 2A.

Viral DNA was analyzed in both native and
denatured forms. (+)ssDNA in native DNA, not
treated with Si nuclease, appeared in large
heterogeneous DNA species migrating slowly in
an agarose gel (Fig. 2A, lane 2), as expected of
(+)ssDNA base-paired to minus-strand DNA
with heterogeneous lengths (23). When this
DNA was treated with Si nuclease (Fig. 2A,
lane 3), a duplex region of about 340 base pairs
was observed, representing the duplex region of
minus-strand DNA and (+)ssDNA (Fig. 1B). To
determine the structure of the right end of this
population of molecules, the duplex region con-
taining (+)ssDNA was cleaved with the restric-
tion endonuclease EcoRI before Si nuclease
treatment. This step eliminates the minus-strand
size heterogeneity by giving all of the molecules
of interest the same left end (see Fig. 1B). After
cleavage with EcoRI, but before Si nuclease
treatment, fragments detected by cDNA3 were
largely homogeneous in size, with an apparent
molecular weight of 170 base pairs (Fig. 2A, lane
4). This size is larger than that expected for the
EcoRI restriction fragment, since sequence anal-
ysis of two closely related viruses places the
EcoRI site 150 nucleotides from the U5-(-)PB
boundary (17; D. Schwartz, personal communi-
cation), the site believed to represent the right
end of unintegrated viral DNA (see Fig. 1 and
references 13, 17, and Varmus and Swanstrom,
in press). When this DNA was treated with Si
nuclease (Fig. 2A, lane 5), the apparent size of
the EcoRl fragment was reduced to about 150
base pairs. Thus, the duplex EcoRI fragment

containing (+)ssDNA sequences must contain a
region of single-stranded DNA to account for
the shift in mobility after Si nuclease treatment.
To determine which strand in the duplex DNA

contained the single-stranded tail, the same sam-
ples (Fig. 2A, lanes 2 through 5) were also
analyzed under denaturing conditions (Fig. 2A,
lanes 7 through 10). Denaturation of untreated
viral DNA resulted in the clear identification of
(+)ssDNA (Fig. 2A, lane 7), as has been previ-
ously described (7, 9, 23). (+)ssDNA had an
apparent length of around 370 bases in this
analysis. Treatment of the DNA with Si nucle-
ase before denaturation resulted in a slight shift
downward in the size of (+)ssDNA to about 340
bases (Fig. 2A, lane 8). This experiment shows
that the Si nuclease-induced reduction in the
size of the duplex molecules was due to diges-
tion of a single-stranded region in (+)ssDNA.
The fact that the shift occurred after digestion
with EcoRI (Fig. 2A, lanes 4 and 5) places the
single-stranded region at the 3' end of
(+)ssDNA. To determine the size of the single-
stranded region more accurately, we examined
the molecules denatured after EcoRI cleavage.
Si nuclease treatment reduced the length of the
plus strand from 180 to 160 bases, or around 20
bases (Fig. 2A, lanes 9 and 10). Part of the shift
may be attributed to the 4-base overhang at the
site of cleavage by EcoRI in (+)ssDNA. Thus,
the single-stranded tail at the 3' end of
(+)ssDNA appears to be between 15 and 20
bases long.
As an additional control to exclude digestion

of flush-ended duplex DNA by Si nuclease, we
created a blunt end in the duplex region of
(+)ssDNA and determined the Si nuclease sen-
sitivity of this site. The blunt end was obtained
by cleavage with the restriction endonuclease
HaeIII, which cleaves within the U5 region of
the B77 strain of RSV at position 57 from (-)PB
(Fig. 1B; R. Swanstrom, unpublished observa-
tions). An appropriately shortened fragment
containing part of (+)ssDNA was obtained after
HaeIII cleavage of the same sample of viral
DNA used in the previous experiments (Fig. 2B,
lanes 2 and 3). When untreated DNA was mixed
with the HaeIII-cleaved DNA and the mixture
was subjected to Si nuclease digestion, only the
untreated DNA showed a size shift with nucle-
ase treatment, whereas the size of the DNA
containing the blunt end was unaffected by S1
nuclease digestion (Fig. 2B, lanes 4 and 5). The
results from this experiment confirm the previ-
ous results and show that blunt ends are not
significantly affected under the conditions of Si
nuclease digestion that were employed.
Other workers have identified unpaired se-

quences at the right end of duplex viral DNA
synthesized in vitro by RSV and murine leuke-
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Derlot u red FIG. 2. Digestion of a replication intermediate of
RSV DNA with S1 nuclease. Cytoplasmic DNA was
isolated 3 h after infection of QT-6 cells with the B77

6 7 8 9 l 0 strain of RSV (23). Some of the DNA samples were
6'8 9 1 0 treated with EcoRI or S1 nuclease or both, as indicat-

ed. The DNA was analyzed by electrophoresis in a 3%
agarose gel (10 mM sodium phosphate, pH 6.8), using
simian virus 40 DNA cleaved with HindIII and end
labeled as size markers. Some samples (lanes 6
through 10) were denatured with 50%o formamide,
50°C, for 30 min in the presence of glyoxal before

* electrophoresis (8). (Under these gel conditions, dena-
tured DNA migrates slightly slower than does duplex
DNA.) After electrophoresis, the gel was treated with
alkali and neutralized, and the DNA samples were
transferred to nitrocellulose filter paper as described

* (14, 16). Virus-specific sequences were detected by
hybridization with radioactive RSV cDNA3 (19), a
probe complementary to the region of the RSV
genome adjacent to the 3' polyadenylate tract. (A)
Lane 1, native size marker. Numbers on the side refer
to the lengths of the fragments of the marker DNA in
either base pairs (lanes 1 through 5) or bases (lanes 6

3 4 5 through 10). Lane 2, DNA from infected cells (untreat-
ed); lane 3, DNA from infected cells treated with S1
nuclease before electrophoresis; lane 4, DNA from
infected cells treated with EcoRI before electrophore-
sis; lane 5, DNA from infected cells treated with
EcoRI and S1 nuclease before electrophoresis; lanes 6
through 10 are identical to lanes 1 through 5, except
the samples were denatured in the presence of glyoxal
before electrophoresis. (B) DNA samples were treated
with HaeIII or S1 nuclease or both, as indicated. The
samples were denatured and analyzed by electropho-
resis in a 3% agarose gel as described above. The
numbers on the side refer to the lengths of the marker
DNA fragments measured in bases. Lane 1, Frag-
ments of simian virus 40 DNA generated by cleavage
with HindIII; lane 2, viral DNA sample (untreated);
lane 3, viral DNA sample cleaved with HaeIII; lane 4,
a mixture of the samples treated as described for lanes
2 and 3; lane 5, same as the sample in lane 4, but
treated with S1 nuclease before denaturation and
electrophoresis.

mia virus (3, 21). In the studies of murine
leukemia virus DNA, these sequences were
shown to be in (+)ssDNA and complementary
to part of the minus-strand primer, tRNAI'o
(3). We have made a similar observation for
RSV DNA synthesized in vivo, showing that
(+)ssDNA is extended at its 3' end 15 to 20
nucleotides beyond the 5' end of its minus-
strand DNA template; however, we have not
attempted to show that the extra sequences are

complementary to tRNATrP.
The structure of (+)ssDNA we observed for

DNA synthesized in vivo corresponded to the
structure of a predicted intermediate in the cur-
rently accepted model of reverse transcription
(3; Varmus and Swanstrom, in press). This is the
first demonstration of such a structure in viral
DNA synthesized in vivo. The fact that virtu-

ally all viral DNA molecules had an extended
(+)ssDNA (Fig. 2A, lanes 4 and 5) further
supports the idea that this is an important struc-
ture in the synthesis of viral DNA.
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