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ABSTRACT  The sequence of the transforming region of the
Moloney murine sarcoma virus genome has been determined
by using molecularly cloned viral DNA. This region, 3.6 to 5.8
kilobase pairs from the left end of the molecule, contains the
entire ceﬁular insertion (src) sequence as well as helper viral
sequences including the large terminal repeat (LTR). On the
viral RNA strand, a long (1224 bases) open reading frame com-
menced to the left of the src-helper virus junction and termi-
nated at a point 58 nucleotides into helper viral sequences to the
right of sre. Possible promoter and acceptor splice signals were
detected in helper viral sequences upstream from this open
reading frame. On the antiviral RNA strand, several promoter-
like sequences, including one within the src region itself, were
identified. However, no open reading frame downstream from
these promoters was detected in the antiviral RNA strand. The
LTR was found to contain promoter-like sequences as well as
mRNA capping and polyadenylylation signals. In addition, it
possessed an 11-base inverted terminal repeat at each end. Thus,
the structure of the Moloney murine sarcoma virus genome with
an LTR at each end resembles that of prokaryotic transposable
elements. -

Moloney murine sarcoma virus (M-MuSV) is a representative
of the class of replication-defective retroviruses which transform
fibroblasts in tissue culture and induce fibrosarcomas in vivo.
Accumulating evidence indicates that this virus arose by re-
combination of the nondefective Moloney murine leukemia
virus and cellular sequences (src) present within the normal
mouse genome (1-6). By heteroduplex mapping (1, 2) and
molecular hybridization techniques (3), the cell-derived src
sequences have been localized to a specific region of the sar-
coma viral genome.

The transforming region of the M-MuSV has been localized
by comparison of restriction endonuclease maps of the parental
virus and of deletion mutants which have lost up to 35% of the
viral genome and yet retain transforming activity (4). Moreover,
analysis of the transforming activity of subgenomic DNA
fragments isolated after restriction endonuclease digestion of
linear viral DNA has indicated that the src region is essential
for transformation (4-6). The smallest fragment known to retain
biological activity contained all src sequences and spanned the
region 3.6 to 5.8 kilobase pairs (kbp) from the left end of the
molecule (4).

With the advent of recombinant DNA techniques, it has
become possible to clone sarcoma viral genes and thus to study
their structural organization in greater detail. In an attempt to
better understand the structural organization and possible
molecular mechanisms involved in transformation by M-MuSV,
we have undertaken the sequence analysis of the transforming
region of the molecule. Putative regulatory signals for tran-
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scription, RNA processing, and translation of src sequences of
M-MuSV have been identified. We have also sequenced the
large terminal repeats (LTRs) of the viral DNA molecule. In-
verted terminal repeats within LTRs suggest analogy between
the MuSV genome and prokaryotic transposable elements.

METHODS

Molecular Cloning. The Charon phage cloning system was
provided by F. R. Blattner (7). The cloning of unintegrated
circular M-MuSV-124 DNA in Charon 21A has been described
in detail (8). For cloning of M-MuSV DNA in pBR322 plasmid
(9), the viral insert was excised from M-MuSV DNA hybrid by
cleavage with HindIll enzyme and then ligated to HindIII-
digested pBR322. Hybrid DNA was transfected into CaCly-
treated Escherichia coli C600 (10). Transformants were selected
by plating on NZY agar (7) containing 40 ug of ampicillin per
ml. All colonies were screened for the presence of MuSV DNA
by the in situ hybridization method (11). Plasmid DNA was
isolated from chloramphenicol-treated cells by standard pro-
cedures (12). The M-MuSV DNA subcloned in pBR322 was
used for sequence analysis.

Nucleotide Sequencing. Restriction fragments of MuSV
DNA cloned in pBR322 were obtained by sequential prepar-
ative agarose gel electrophoresis and DE-52 ion exchange
chromatography (13). The fragments were labeled at their 5
ends by using [y-32P]JATP and T4 polynucleotide kinase as
described by Maxam and Gilbert (14). The fragments labeled
at the two 5’ ends were further digested with appropriate re-
striction endonucleases and fractionated on agarose or poly-
acrylamide gels. These fragments, labeled only at one of the 5
ends, were subjected to sequence determination by the proce-
dures of Maxam and Gilbert (14) and Maat and Smith (15).

RESULTS

Sequencing Strategy. The covalently closed circular DNA
of M-MuSV was recently cloned in A phage (8). The 5.8-kbp
DNA species, corresponding to the full-size genome of M-
MuSV, was subcloned in pBR322 and used for sequence anal-
ysis. After isolation of the insert from pBR322 DNA, a detailed
cleavage map (Fig. 1) of the transforming region of MuSV ge-
nome was developed by using the partial restriction mapping
technique of Smith and Birnstiel (16). Fragments included in
the transforming region were subjected to sequence determi-
nation by the partial chemical degradation method of Maxam
and Gilbert (14) and by the nick-translation technique of Maat
and Smith (15). Sequences of both strands were determined for
most of the genome, and all restriction cleavage sites were

Abbreviations: M-MuSV, Moloney murine sarcoma virus; kbp, kilobase
pair(s); LTR, large terminal repeat.
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Restriction enzyme map of the transforming region of M-MuSV. The restriction sites were determined by the partial restriction

mapping technique of Smith and Birnstiel (16). Fragments generated by Bgl II, Xba I, Bgl 1,.Hpa 1, HindlIll, Sma 1, Hpa 11, Hinfl, and Hae

III were used for sequence analysis.

confirmed by the sequence analysis. The entire nucleotide se-
quence is given in Fig. 2.

Molecular hybridization and heteroduplex analysis of M-
MuSV (1, 6, 8) have demonstrated that within the transforming
region there is a cellular insertion (src) sequence. By comparison
of the sequence of the M-MuSV-transforming region reported
here to the nucleotide sequence of Moloney murine leukemia
virus (unpublished results) it was possible to localize the left
junction between src and helper viral sequences to a point 26
nucleotides 3’ to the Xba I site and the right junction to a posi-
tion 22 nucleotides 3’ to the HindIlI site (Fig. 2).

Putative Promoter and Splicing Signals in the Trans-
forming Region. Analysis of helper viral sequences to the right
side of the Bgl II cleavage site revealed the occurrence of a
transcription initiation signal (17, 18) at positions 29-35.
Moreover, a dinucleotide 5’ A-G 3’ which is the common
capping site of many eukaryotic mRNAs and is often found
about 23 nucleotides from a transcriptional promoter signal (19)
was found at positions 57-58 and 59-60, 22 and 24 nucleotides,
respectively, downstream from the promoter-like sequence.
In addition, a putative acceptor splice point was found at po-
sition 83. In general, splicing acceptor sites (at the 3’ end of
intervening sequences) contain a pyrimidine-rich nucleotide
track followed by the dinucleotide 5 A-G 3’ (20). Indeed, the
sequence A-G at 83-84 was preceded by a track of 11 pyrimi-

dines lacking another A-G dinucleotide (20). Electron micro- -

scopic studies have shown that the M-MuSV genome retains the
splice junction in Moloney murine leukemia virus at which 5
leader sequences are joined to the body of the mRNA for the
env gene (2, 21). The position of this splice point (2) closely
corresponds to the position of the splicing signal identified here.
This signal could serve a similar function in the processing of
a putative src mRNA.

Sequence Organization of the M-MuSV src Region and
Helper Viral Sequences Flanking Its Right Side. Examination
of the viral RNA strand of the src region of MuSV (Fig. 1) re-
vealed an open reading frame starting with the initiation codon
ATG at position 176 and terminating with the trlplet TAA at
position 1400. This stretch of 1224 nucleotides began close to
the src-helper viral junction on the left and ended 58 nucleo-
tides into the helper viral sequences to the right of the src re-
gion. This segment of the genome has a coding capacity for a
protein of 408 amino acids.

Toward the right end of the genome, we observed a cluster
of A+T-rich sequences which included a stretch of eight base
pairs at positions 1506-1513, followed by an inverted repeat
of the same sequence at positions 1516-1523. The inverted
repeats contained the polyadenylylation signal 5’ A-A-T-A-A-A

8'. This signal at positions 1507-1512 preceded the dinucleotide
C-A in position 1530 by 18 base pairs, which is a preferred site
for polyadenylylation (22).

The nucleotide sequence of the cDNA strand (antiviral RNA
strand) included a promoter-like sequence (21), 5’ T-A-A-A-
A-A-A-T &, at positions 1347-1340, 17 bases to the right of the
HindIII site within the src sequence. Fifteen base pairs from
this sequence in the 3’ direction was 5’ A-G 3, a dinucleotide
that is the common capping site (5’ end) of many eukaryotic
mRNAs and is often found about 23 nucleotides from a tran-
scriptional promoter signal (19). On the same strand immedi-
ately to the right of the promoter-like sequence described above
were two similar sequences at positions 1358-1365 and
1371-1379, respectively. No open reading frame downstream
from these promoter-like sequences could be identified.

Sequence of the LTR. One of the LTRs (23, 24) of M-MuSV
extended 584 bases, between positions 1546 and 2127. We
identified the extent of the repeat by additional sequence de-
termination into the second LTR attached in tandem within
the 5.8-kbp M-MuSV DNA (8). Examination of the LTR se-
quence revealed a number of salient features.

Inverted terminal repeats. An inverted repeat of 11 nucle-
otides, 5’ T-G-A-A-A-G-A-C-C-C-C &', appeared at the termini
of the LTR (1546-1556, 2117-2127). Because genomic M-
MuSV contains a complete LTR at each end, the entire M-
MuSV genome possesses a terminal inverted repeat.

Identification of the 5’ end of M-MuSV RNA. Restriction
enzyme analysis has indicated that the M-MuSV LTR is similar
to that of the murine leukemia virus (25, 26). As such, it is
composed of a track of about 450 nucleotides derived from the
8’ end of the viral RNA, directly followed to the right by a
stretch of approximately 150 nucleotides derived from the 5
end of the viral genome (27). To identify accurately these two
sections on the terminal repeat, we compared the DNA se-
quence obtained here with certain previously reported murine
leukemia virus sequences. The sequence 5’ A-A-T-G-A-A-A-
G-A 3’ has been shown to reside at the 5’ terminus of ““strong-
stop” M-MuSV DNA (28) and, as such, to represent the region
of joint between the latter and the tRNA primer. We found that
the last seven nucleotides of M-MuSV LTR, 5’ T-G-A-A-A-G-A
3, located at positions 2121-2127 on the anti-viral RNA strand
corresponded to the sequence described above. We noticed the
absence of the first two nucleotides, A-A, of strong-stop DNA
in LTR. Similarly, these nucleotides are missing from the LTR
of integrated M-MuSV (29). Having determined the position
of the 5’ terminus of strong-stop DNA of LTR we expected the
5" end of the viral RNA to reside around 135 nucleotides left-
ward on LTR (27, 28). Moreover, because the capped structure
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F1G. 3. Summary of the major structural features of the transforming region of M-MuSV. The upper diagram represents a physical map
of the M-MuSV genome and indicates unique restriction enzyme cleavage sites. Sections of the transforming region have been expanded in
the lower diagram and illustrate important features of the sequence. SPL, splicing signal; P, promoter; (A),, polyadenylylation signal, CAP,
5’ terminus of M-MuSV genomic RNA; Us, sequences unique to the 3’ end of genomic RNA; R, terminally redundant sequences of genomic
RNA; Us, sequences unique to 5’ end of genomic RNA; =, direct repeat; b 4, inverted repeat.

at the extreme 5’ end of murine leukemia virus RNA has been
shown to be meGpppGmeCG (30), the corresponding DNA
sequence should be G-C-G. Either of the triplets at positions
1982-1984 and 1984-1986, localized at 145 and 143 nucleo-
tides, respectively, from the 5’ end of strong-stop DNA were
in appropriate positions to represent the capping sequence.
Thus, either of these two triplets could correspond to the 5’ end
of the viral RNA.

Transcription initiation and termination signals. A pro-
moter-like sequence, 5 A-A-T-A-A-A-A 8, was found in the
viral RNA strand at positions 1954-1960. This signal preceded
by 22 and 24 nucleotides, respectively, the two GCG triplets
likely to be at the 5’ end of the viral RNA. The correlation be-
tween the position of the promoter-like sequence and the 5’ end
of the viral RNA strongly suggests that the sequence at positions
1954-1960 is the promoter for synthesis of M-MuSV genomic
RNA. Similar to other promoter-like signals described above,
this sequence also contained a polyadenylylation signal.
Moreover, the dinucleotide C-A, which is a preferred poly-
adenylylation site, was found 16 nucleotides downstream from
this sequence. An additional polyadenylylation signal, 5’ A-
A-T-A-A-A &', was found at positions 2030-2035 and preceded
C-A at position 2051-2052.

This polyadenylylation signal was included within a larger
sequence at positions 1954-1959, which closely fit the sequence
of oligonucleotide 21, found at both ends of murine leukemia
virus RNA, and localized to the region very near the poly(A)
tail (31). This correlation strongly suggests that the sequence
at positions 2030-2035 represents the polyadenylylation signal
for genomic viral RNA. It is known that genomic RNA contains
a direct terminally repeated sequence (trs or R) of 50-60 nu-
cleotides (31). Thus, if the C-A signal at position 2051-2052
corresponds to the 3’ end of M-MuSV RNA, the sequence of
68-70 nucleotides between this C-A and the GCG triplets
representing the 5’ end of the viral RNA (at positions 1982-1984
or 1984-1986) should constitute the R region of MuSV.

Sequence duplication. M-MuSV LTR was found to contain
a nearly perfect duplication of 72 or 73 bases at positions
1657-1725 and 1726-1797. The function of these sequences is
not known.

The sequence of the LTR of the integrated m1-MuSV pro-
viral DNA has been independently determined recently by
Dhar et al. (29). That sequence is similar to the DNA sequence
i)]f the LTR of unintegrated M-MuSV sequences described

ere.

DISCUSSION

Nucleotide sequence analysis of the region of the M-MuSV
genome corresponding to the smallest known fragment re-
taining transforming activity (4) has revealed several important
features of its molecular organization. The M-MuSV trans-
forming region, which extends from the Bgl Il site to the right
end of the genome (4), is composed of 191 bases of helper viral
sequences followed by the entire cellular insertion (src) se-
quence and ending with 783 bases of helper viral information
including the LTR. By comparison of the nucleotide sequence
of the M-MuSV transforming region with information available
from sequence studies of Moloney murine leukemia virus, it
was possible to localize junction points between src and helper
viral sequences.

Examination of the sequence of the transforming region
revealed a single open reading frame on the viral RNA strand.
This frame, 1224 bases long, commenced to the left of the
src-helper viral junction and terminated at a point 58 nucleo-
tides into the helper viral sequences to the right of src (Fig. 3).
Our findings imply that, if this open reading frame were the
coding sequence for the M-MuSV transforming protein, the first
16 bases which include the initiator codon and the last 58 bases
including the terminator codon are contributed by the helper
viral genome. This sequence could code for a protein of 408
amino acids and a molecular weight of around 49,000.

A promotor-like sequence could be identified at positions
29-36 within the transforming region and thus could serve as
an initiation signal for transcription of the src gene. Alterna-
tively, the promoter-like sequence within the left LTR could
be the normal initiation signal for src gene transcription. If the
latter were the case, the acceptor splice point located between
Bgl 11 and Xba I sites could be used for splicing of a leader se-
quence initiated near the left LTR promoter to a src transcript.
Transcription of the Bgl II transforming fragment would then
presumably require integration of the fragment near a cellular
transcription signal or might involve rearrangement of the
promoter within the LTR at the 3’ end of the genome to a po-
sition upstream from the src gene.

Several promoter-like sequences, one of which was included
within src, were detected to the right of the HindIII site on the
antiviral RNA strand. However, numerous terminator codons
were found in each of the reading frames downstream from
these promoters. Thus, even if the negative-strand RNA were
synthesized, it is unlikely to code for any protein. Further
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knowledge of the transcriptional and translational products of
the M-MuSV transforming gene will be required in order to
ascertain whether the antiviral RNA strand plays any role in
transformation.

The LTRs that occur at both 5" and 3’ ends of the integrated
viral genome had several unique structural features. They
contained both promoter-like sequences for the initiation of
viral RNA synthesis and signals for the polyadenylylation of
viral mRNAs. The promoter-like sequence at position 1954—
1960 preceded by 22 or 24 nucleotides the proposed 5’ end of
the viral RNA. This sequence was followed 70 bases later by the
polyadenylylation signal. The positioning of LTRs at both ends
of the integrated provirus raises the possibility that the genomic
viral RNA is initiated at the promoter of the left LTR and ter-
minated at the polyadenylylation signal of the right LTR. The
juxtaposition of promoter and termination signals within the
LTR might also result in the formation of short RNA transcripts
or in transcripts initiating or terminating in flanking cellular
DNA. On the other hand, there may exist a mechanism for
prevention of premature termination at the polyadenylylation
site located 70 bases downstream from the promoter in the left
LTR.

The finding of an inverted repeat sequence of 11 nucleotides
at the termini of each LTR emphasizes some significant simi-
larities between retroviruses and prokaryotic transposable el-
ements (32, 33). Because of the occurrence of the LTR se-
quences at both ends of the integrated viral genome, the total
M-MuSV genome has an 11-base-pairs inverted repeat at the
two ends of the molecule. Thus, the M-MuSV genome resembles
prokaryotic transposable elements which also are flanked by
short inverted repeats and are capable of translocation to dif-
ferent positions on the chromosome or to another replicon in
the cell. Like these bacterial elements, retroviruses integrate
into the host DNA in a linear orientation with defined end
points. Finally, as in the case of transposable elements such as
Tnl0 (34, 35), we have recently found that M-MuSV DNA is
capable of promoting deletion events originating at the very
end of the LTR (unpublished data). It is possible that, similar
to integrated prokaryotic transposable elements which cause
strong polar effects and rearrangements of the host DNA, when
the genomes of retroviruses are integrated at the appropriate
position they may directly affect the expression of neighboring
host genes. In contrast to replication-defective retroviruses such
as M-MuSV, replication competent retroviruses that cause
leukemia as yet have not been shown to possess discrete trans-
forming genes. The oncogenicity of these latter viruses could
be related to their transposon-like structure.
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