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ABSTRACT  We have determined the nucleotide sequence of
portions of two circular avian sarcoma virus (ASV) DNA molecules
cloned in a prokaryotic host-vector system. The region whose se-
3:1ence was determined represents the circle junction site—i.e.,

e site at which the ends of the unintegrated linear DNA are fused
to form circular DNA. The sequence from one cloned molecule,
SRA-2, shows that the circle junction site is the center of a 330-
base-pair (bp) tandem direct repeat, presumably representing the
fusion of the long terminal repeat (LTR) units known to be present
at the ends of the linear DNA. The circle junction site is also the
center of a 15-bp imperfect inverted repeat, which thus appears at
the boundaries of the LTR. The structure of ASV DNA—unique
coding region flanked by a direct repeat that is, in turn, termi-
nated with a short inverted repeat—is very similar to the structure
of certain transposable elements. Several features of the sequence
imply that circularization to form the SRA-2 molecule occurred
without loss of information from the linear DNA precursor. Cir-
cularization of another cloned viral DNA molecule, SRA-1, prob-
ably occurred by a different mechanism. The circle junction site of
the SRA-1 molecule has a 63-bp deletion, which may have arisen
by a mechanism that is analogous to the integration of viral DNA
into the host genome. Flanking one side of the tandem direct re-
peat is the binding site for tRNA™™, the previously described
primer for synthesis of the first strand of viral DNA. The other
side of the direct repeat is flanked by a polypurine tract, A-G-G-
G-A-G-G-G-G-G-A, which may represent the position of the
primer for synthesis of the second strand of viral DNA. An A+T-
rich region, upstream from the RNA capping site, and the se-
quence A-A-T-A-A-A are present within the direct repeat se-
quence. These sequences may serve as a promoter site and poly(A)
addition signal, respectively, as proposed for other eukaryotic
transcription units.

Three major types of virus-specific DNA have been identified
in cells after infection with retroviruses: linear duplex (form III)
DNA, the initial product of synthesis by RNA-directed DNA
polymerase; covalently closed circular (form I) DNA, derived
from linear precursors; and DNA covalently integrated into the
host genome (proviral DNA) (1, 2).

Physical maps of the unintegrated and integrated forms of
avian sarcoma virus (ASV) DNA have helped to clarify the struc-
tural relationships among these forms (cf. Fig. 1). Form III and
proviral DNA are coextensive with a subunit of the RNA ge-
nome (10-13). These forms also contain a long terminal repeat
(LTR) of about 300 base pairs (bp) that is not present in the RNA
genome (10-13). The repeated domain is composed of se-
quences unique to each end of the RNA (U; and Uj;) joined by
a short sequence, R, that is present as a terminal repeat in the
RNA (7). Two principal classes of circular DNA have been char-
acterized (10, 11). One class bears a single copy of the LTR se-
quence and presumably arises by recombination between the
LTRs at the ends of linear DNA. The second class contains two
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copies of the LTR sequence and probably results from fusion of
the ends of linear DNA. The site at which sequences from op-
posite ends of linear DNA have been united will be referred to
as the circle junction site.

Numerous uncertainties remain concerning the mechanisms
of synthesis, circularization, and integration of retroviral DNA.
One approach to these issues is a detailed examination of the
structure of the various forms of viral DNA. In this report we
present data on the nucleotide sequence at the circle junction
site from two molecularly cloned ASV DNA molecules. A com-
parison of the sequences at the circle junction site of the two
clones indicates that circularization probably occurred by dif-
ferent mechanisms in these cases. The sequence at one of the
circle junction sites is arranged in a pattern of direct and in-
verted repeats reminiscent of bacterial transposons. Regions
important for the synthesis and transcription of viral DNA are
also apparent in the LTR and flanking sequences.

MATERIALS AND METHODS

Materials. [@-*2P]dNTPs and [y-32P]ATP (3000 Ci/mmol; 1
Ci = 3.7 X 10'° becquerels) were purchased from New England
Nuclear and Amersham/Searle; restriction endonucleases and
polynucleotide kinase were from New England BioLabs and
were used as described by the supplier; acrylamide and meth-
ylenebisacrylamide were electrophoresis grade from Bio-Rad,;
reverse transcriptase (RNA-dependent DNA polymerase) from
avian myeloblastosis virus was the kind gift of . Beard (Life Sci-
ences, St. Petersburg, FL).

Molecular Cloning of ASV DNA. The isolation and charac-
terization of the SRA-1 and SRA-2 clones of ASV DNA in the
(A)gtWes(A)B vector have been described (14). Subclones of re-
striction endonuclease fragments of SRA-2, inserted into the
plasmid pBR322, were also used in this study. One subclone
(pEcoRI-D), was generated by cleaving SRA-2 with EcoRI,
then isolating the 330-bp fragment spanning the circle junction
site. The other subclone (pPvu II-DG) contains a Pou II frag-
ment, also spanning the circle junction site (R. Parker, personal
communication). The amplification of all recombinant DNA
molecules was done in accordance with the National Institutes
of Health Guidelines for Recombinant DNA Research.

Determining Sequences of Viral DNA. Sequence determi-
nations were done by using the chemical cleavage method of
Maxam and Gilbert (15). DNA from both the phage and plasmid
vectors was used.

Abbreviations: bp, base pair(s); ASV, avian sarcoma virus; LTR, long
terminal repeat; Us, the sequence in the LTR in viral DNA that is
unique to the 5’ end of the viral RNA; Uj, the sequence in the LTR
that is unique to the 3’ end of viral RNA; R, the sequence in the LTR
present at both ends of viral RNA.
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Fig. 1. Outline of ASV DNA synthesis and integration. (a) Ge-
netic map of the RNA genome with the regions relevant to viral DNA
synthesis. gag, pol, and env are the viral genes required for replication
and src is the viral transforming gene (3). A 16- to 21-nucleotide ter-
minal repeat is present in the RNA and this sequence is denoted R
(4-6). The stlppled box represents the Uy region, defined as the region
between the tRNA™ binding site and the R sequence at the 5’ end of
the RNA (7). The hatched box represents the Uj; region, defined as the
sequenee at the 3’ end of the RNA (excluding R) that is duplicated

%«,,,the generatlon of the terminal repeat in the DNA (7). The
binding site is labeled (—)PB, the binding site for the primer
of the first (minus) strand of viral DNA (8, 9). In this diagram the Uj,
R, and U; regions are shown on an expanded scale. (b) Structure of
unintegrated duplex linear DNA. The linear DNA is coextensive with
the RNA but contains a LTR composed of the Ug, R, and U regions
(10, 11). (¢) Structures of the two forms of circular DNA. The two forms
differ by the presence of one or two copies of the LTR sequence (10, 11).
The site where the ends of the linear DNA are fused is referred to as
the circle junction. (d) The integrated (proviral) DNA is also coexten-
sive with the RNA and contains the LTR sequence at each boundary
with host sequences (12, 13).

RESULTS

Strategy for Determining the Sequence of the Circle Junc-
tion Region. We have recently cloned circular ASV DNA iso-
lated from cells infected with the Schmidt-Ruppin A strain of
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FiG. 2. Strategy for determining the nucleotide sequence of the cir-
clejunction region of SRA-2. A physical map of the circlejunction region
with the restriction endonuclease sites of four enzymes used in DNA
sequencing is shown relative to the regions illustrated in Fig. 1. The
nucleotide sequences in fragments of DNA generated by restriction en-
donuclease cleavage were determined by using the chemical cleavage
method described by Maxam and Gilbert (15). The arrows indicate the
direction of sequencing from the various sites. The numbering system
is described in the text and in the legend to Fig. 3.

ASV (14). Two clones, SRA-1 and SRA-2, were chosen for study
because they appeared from restriction endonuclease mapping
to contain two complete, or nearly complete, copies of the LTR
sequence. These two clones were amplified and subcloned for
further mapping and nucleotide sequence analysis.

A sequence determination strategy utilizing restriction en-
donuclease sites around the circle junction site of SRA-2 is
shown in Fig. 2. This figure is drawn so that the region from the
right end of linear DNA appears to the left of the circle junction;
the region from the left end is to the right of the junction. The
sequence determined for 350 nucleotides on either side of this
site is presented in Fig. 3. A summary of restriction endonucle-
ase sites within this sequence is available upon request.

The Circle Junction is the Center of a 330-bp Direct Re-
peat. The most obvious feature of the sequence shown in Fig.
3 is the presence of a 330-bp perfect direct repeat. We have ori-
ented the repeat with respect to the ends of the linear DNA by
restriction endonuclease mapping (14). One copy of the re-
peated domain, numbered 1R to 330R, is the copy proximal to
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Fic. 3. Sequence surrounding the circle junction site. The sequence determined for 350 nucleotides on either side of the circle junction is illus-

trated. The repeated domain is numbered 1 to 330, starting with the boundary in the U, region. The two copies of the repeated domain are distinguished
by an L (left) or R (right) following the number. Left and right refer to the ends of the linear DNA as presented in Fig. 1. Note that the region from the
left end of linear DNA is shown to the right of the circle junction site and that the region from the right end of linear DNA is to the left of the circle
junction site. Negative numbers refer to sequences flanking the repeated domain, numbering from the boundaries.
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src and presumably represents the LTR sequence from the right
end of the linear DNA. The other copy of the repeated domain,
numbered 1L to 330L, is the copy proximal to gag and presum-
ably represents the LTR sequence from the left end of the linear
DNA. The flanking unique sequences are denoted with nega-
tive numbers, starting at each boundary of the direct repeat.

Portions of the sequence within the repeated domain can be
recognized by comparison to previous sequence determination
studies. The U; region (see Fig. 1) is present at positions 251
to 330. There are a total of seven nucleotide substitutions in this
region compared to the sequence of the Prague C strain of virus
used in previous cDNA sequence determination studies (4, 5).
The R sequence, positions 230 to 250, represents the short re-
dundancy at the ends of the genome RNA (4—6). The Uj region
covers positions 1 to 229. The sequences of portions of the U,
region have been determined previously by using oligo(dT)-
primed cDNA transcripts from the 3’ end of the RNA genome
(D. E. Schwartz and W. Gilbert, personal communication) and
by using cloned cDNAs synthesized with ASV mRNA as tem-
plate (16). The portion of the sequence from 170R to —20R has
also been determined by the dideoxy method, using a subclone
of the SRA-2 clone as template (17).

We have identified the circle junction site by assuming that
the first nucleotide of the Uj sequence should represent the
extreme right end of linear viral DNA (see Discussion). On the
basis of this assumption the circle junction can be recognized
as the center of the direct repeat because the entire Uy se-
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Fic. 4. Summary of the ASV DNA sequence in the circle junction
region. The numbering is as described in the legend to Fig. 3. In each
case the plus strand sequence is shown. (a) The sequence at the circle
junction site is compared to a portion of the published Uy sequences
of two closely related viruses (4, 5). The arrow denotes the inverted
repeat present at the circle junction. The underlined nucleotides are
mismatched in the repeat. (b) The sequence at one of the boundaries
of the direct repeat (proximal to the gag gene) and the flanking se-
quence are compared to the 3’ terminal sequence of chicken tRNAT™
(8). The homology with tRNAT™ identifies this region of viral DNA
as coding for the primer binding site, (—)PB. (c) The sequence at the
other boundary of the direct repeat (proximal to the src gene) and the
flanking sequence containing the polypurine tract are compared to the
sequence at the equivalent site in murine mammary tumor virus
(MMTV) DNA (18, 19). The boundary may represent the site of priming
of the second strand of viral DNA, (+)PB. (d) Sequences within the
LTR sequence that may be involved in control of transcription are
underlined and described in the text. The asterisk denotes the nucleo-
tide adjacent to the m’G cap in the genome RNA (4, 5, 20—22). The
vertical arrowheads show the positions of the polyadenylylation sites
in genome RNA (6).
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quence is present (251R to 330R), terminating at the center of
the direct repeat (Fig. 3). The relevant portions of the U se-
quences from the Prague C and B77 strains of ASV (4, 5) are
compared to the sequence from the cloned DNA, and all give
an equivalent sequence (Fig. 4a). It would appear that circu-
larization occurred without loss of information from at least the
right end of the linear DNA. The sequence starting with po-
sition 1L must therefore represent information from the left
end, perhaps the exact left end, of the linear DNA (see
Discussion).

An examination of the circle junction site reveals that it is not
only the center of the 330-bp direct repeat but also the center of
a 15-bp imperfect inverted repeat, or palindrome, with 12 out
of the 15 nucleotides forming the repeat (Fig. 4a; 316R to 330R
and 1L to 15L). Because the circle junction site is the center of
the direct repeat, the sequences representing the inverted re-
peat are also present at the boundaries of the direct repeat (1R
to 15R and 316L to 330L) ( Fig. 3).

Sequences Flanking the Direct Repeat. The primer for syn-
thesis of the first strand of viral DNA is a cellular tRNAT™ which
is bound to the genome 101 nucleotides from the 5’ end of the
viral RNA (4, 5, 8, 9). Flanking the right boundary of the direct
repeat, proximal to the gag gene, is an 18-nucleotide stretch
having perfect homology to the 3’ end of chicken tRNA™™ (8)
(—1L to —18L; Fig. 4b). The region of homology terminates at
the position of a m'A in the tRNAT™ sequence.

The left boundary of the direct repeat, proximal to the src
gene, may represent the site of initiation of synthesis of the sec-
ond strand of viral DNA (“plus strong stop DNA, " see Discus-
sion). The sequence flanking this boundary should then repre-
sent the position of the primer for plus strong stop DNA. The
left boundary of the direct repeat is flanked by a polypurine
tract, A-G-G-G-A-G-G-G-G-G-A, in the plus strand (—1R to
—11R; Fig. 4¢). It is likely that this polypurine tract represents
a portion of the sequence of the as yet unidentified primer for
the second strand of viral DNA.

Transcriptional Control Regions Within the LTR Se-
quence. The LTR sequence may serve regulatory functions in
the synthesis and processing of viral RNA (7). An examination of
the LTR sequence suggests that control regions are present. (i)
An A+T-rich region 25-30 nucleotides upstream from the RNA
capping site may serve a promoter-like function in the synthesis
of eukaryotic mRNAs (23). The sequence on the 5’ side of the
ASV RNA capping site contains an A+T-rich region (T-A-T-T-
T-A-A) starting 24 nucleotides upstream from the capping site
(Fig. 4d). (ii) The sequence A-A-T-A-A-A appears in the LTR
domain (Fig. 4d), and this sequence has been implicated as a
poly(A) addition signal in eukaryotic mRNAs (24). Seventeen
to 22 nucleotides downstream from this sequence are three
poly(A) addition sites in viral RNA (6).

A Circle Junction Sequence Lacking Portions of U, and Uy,
We examined the nucleotide sequence at the circle junction site
of another cloned molecule, SRA-1. Previous mapping exper-
iments had shown that SRA-1 has a short deletion within the
LTR sequence (14). Further mapping experiments placed the
deletion at or near the circle junction site (data not shown). The
nucleotide sequence of the circle junction site of SRA-1 is
shown in Fig. 5. By comparison to the SRA-2 sequence (Fig.
3) it can be seen that there is a deletion at the circle junction
site, with 2 nucleotides missing from the Uy sequence and 61
nucleotides missing from the U; sequence. The mapping data
indicate that the remainder of each copy of the LTR sequence
is intact. Because we have not observed similar deletions during
propagation of the SRA-2 clone in either the phage or plasmid
vector, we assume that the deletion present in SRA-1 occurred
in vivo and is not an artifact of molecular cloning.
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F1c. 5. Sequence at the circle junction site of SRA-1. The number- -

ing is the same as for the sequence determined by using the SRA-2
clone (Fig. 3).

DISCUSSION

The circle junction site of the cloned ASV DNA malecule (SRA-
9) is the center of a 330-bp direct repeat. We believe the direct
repeat in the circular DNA arose by fusion of the ends of linear
viral DNA and that the direct repeat represents the complete
copies of the repeated domains composing the terminal repeat
(LTR) at the ends of the linear DNA. The circle junction is also
the center of a 15-nucleotide-long inverted repeat that con-
cludes the LTR. The overall sequence organization of ASV
DNA—a unique sequence (here the ASV coding region),
flanked by a direct repeat (the LTR), with the repeated domains
concluded by a short inverted repeat—is analogous to the struc-
ture of certain prokaryotic and eukaryotic transposable ele-
ments (25-28). It is tempting to speculate that homologous
structures have been selected as the consequence of an event
common to the replication of retroviruses and the mechanism of
transposition (for example, the insertion of DNA into new sites
in the host genome). However, at present there are no data to
suggest any common mechanism utilizing these homologous
structures.

The interpretation that the direct repeat centered at the cir-
cle junction site represents the entire sequence within the LTR
is based upon the presence of the entire Ug sequence at the
circle junction site. Studies in vitro and in vivo suggest that the
right end of the linear DNA is defined by the region immedi-
ately adjacent to the tRNA™™ binding site, the Us sequence
(refs. 3, 10, 29, and 30; Fig. 1). The entire Uy sequence is pres-
ent at the circle junction site, suggesting that circularization
occurred without loss of information from at least the right end,
and, by inference, from either end of the linear DNA.

Three other observations argue that the entire sequence from
the left end of linear DNA is present at the circle junction in
SRA-2 DNA. First, restriction endonuclease mapping of linear
DNA (10) places the left end 150 to 200 bp to the left of the
EcoRl site at position 178 in the Uj region. Second, the pres-
ence of inverted repeats at the ends of the DNA gives striking
symmetry to the structure of viral DNA. Inverted repeats of
various lengths between 3 and 21 nucleotides have been ob-
served at the circle junction of a cloned MuLV DNA molecule
(31) and at the host-virus junction of several cloned proviral
DNAs (18, 19, 32-34). The third relevant observation also con-
cerns the structure of proviral DNA. Nucleotide sequence anal-
yses of the junctions of host and proviral DNA have shown that
the provirus is usually missing two base pairs from the U; region
(16, 18, 19, 32, 33, 35); these analyses have also shown that the
last two nucleotides of viral sequence at the left end of proviral
DNA are T-G (18, 19, 32—-34). Assuming that two base pairs are
lost from each end of viral DNA during integration, then the
left end of linear DNA is two base pairs from this dinucleotide.
ASV may follow this pattern, since a T-G dinucleotide appears
in the U; sequence, two base pairs from the circle junction site.
Thus we infer that the sequences at the exact ends of linear ASV
DNA are represented by the sequence composing the circle
junction site in the SRA-2 molecule.

The LTR, like several transposable elements (25), may carry
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signals involved in transcription (Fig. 4d). Sequences present
within the LTR unit probably affect initiation of transcription
of viral genes and signal polyadenylylation; they may also oc- -
casionally promote transcription of flanking cellular DNA: (ref.
36; G. Payne, personal communication).

There are three regions within the sequence presented in
Fig. 3 that are relevant to viral DNA synthesis: the R sequence
and the regions flanking either side of the direct repeat.

(i) We have noted that the sequence representing the short
terminal repeat in genomic RNA is present only once in the LTR
sequence in- DNA synthesized in vitro or in vivo (37). This ob-
servation conforms to the model for DNA synthesis in which
a DNA copy of the R sequence, from the 5’ end of the RNA
genome, base-pairs with the R sequence at the 3’ end of the
RNA to allow DNA synthesis to continue beyond the 5' end of
the template (7).

(#) The regions flanking either side of the direct repeat prob-
ably represent sequences related to the primers for the first and
second strands of viral DNA. Immediately flanking the right
boundary of the direct repeat, proximal to gag, is an 18-nu-
cleotide stretch homologous to the 3’ terminus of tRNAT™, the
primer for synthesis of the first strand of viral DNA (8). The
length of homology between the viral sequence and tRNAT™®
that we have detected extends slightly the length of homology
previously throught to be present, as determined by RNA se-
quencing (38, 39). The region of homology terminates with the
appearance of the first modified nucleotide, m'A, in the tRNA.

(i#i) The major species of plus strand DNA identified in in-
fected cells is about 300 nucleotides long and is synthesized
using the right end of the minus strand (the U;-R-U; region)
as template (29). This species has been referred to as plus strong
stop DNA (40). A model has been proposed in which the minus
strand is completed by copying plus strong stop DNA (10, 40).
In this way the U;-R-Uj region that is present at the right end
of the minus strand is duplicated at the left end, forming the
second copy of the LTR sequence. In this model for DNA syn-
thesis the site at which plus strong stop DNA is primed defines
the boundary of the U; region in the LTR sequence. Using the
circle junction site to define the boundary of the U, region, we
find a polypurine tract, A-G-G-G-A-G-G-G-G-G-A, in the plus
strand at the site expected for the primer for plus strong stop
DNA. A polypurine tract 21 nucleotides long is present in an
equivalent position in murine mammary tumor virus DNA,
with 11 nucleotides at the U, boundary being identical between
ASV and murine mammary tumor virus (Fig. 4c; refs. 18 and
19). It is likely that this polypurine tract represents a portion
of the sequence of the primer for plus strong stop DNA, al-
though we do not yet know the nature of that primer.

Our data indicate that circularization can occur by more than
one mechanism. In addition to circular DNA molecules that
appear to contain either one or two copies of the LTR sequence
(10, 11, 14), we have identified a molecule that contains two
copies of the LTR sequence, each of which has suffered a dele-
tion. The loss of two base pairs from the Uj region is analogous
to the absence of the two equivalent base pairs of other retro-
viruses in proviral DNA (16, 18, 19, 32, 33, 35). For this reason
we suspect that the DNA molecule carrying the deletion at the
circle junction site arose by recombination involving a mecha-
nism similar to integration. Shoemaker et al. (31) have also en-
countered unusual circular molecules of murine leukemia virus
DNA containing rearrangements that they interpret as arising
by integration of one region of the DNA into another region
of the DNA. Those authors emphasize models in which the
rearrangement of viral DNA follows circularization. In the case
we have examined it is simpler to imagine that one end of linear
DNA was integrated (with the loss of 2 base pairs) 61 base pairs
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from the other end. Ju et al. (41) and Highfield et al. (42) have
observed another class of circular DNA molecules; most of the
molecules they found are not similar to either SRA-1 or SRA-
2 but contain variable deletions at the circle junction site within

‘the U; and Uj regions. It seems likely that circular viral DNA

molecules found in vivo are a heterogeneous population of
structures arising by several mechanisms.
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