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ABSTRACT The complete nucleotide sequence ofthe proviral
genome of simian sarcoma virus (SSV), an acute transforming ret-
rovirus of primate origin, has been determined. Like other trans-
forming viruses, SSV contains sequences derived from its helper
virus, simian sarcoma-associated virus (SSAV), and a cell-derived
(v-sis) insertion sequence. By comparison with the sequence of
Moloney murine leukemia virus, it was possible to precisely lo-
calize and define sequences contributed by SSAV during the gen-
eration of SSV. Comparative sequence analysis of SSV and SSAV
showed that SSAV provides regulatory sequences for initiation and
termination of transcription of the SSV transforming gene. More-
over, coding sequences for the putative protein product of this
gene appear to initiate from the amino terminus of the SSAV env
gene. Antibodies to synthetic peptides derived from the carboxy
and amino termini of the putative protein predicted by the open
reading frame identified within v-sis specifically detect a Mr
28,000 protein, p28tm, in SSV-transformed cells. These and other
findings confirm the predicted amino acid sequence of this protein
and localize it to the coding region of the SSV transforming gene.

Simian sarcoma virus (SSV) is the only primate representative
of the class of replication-defective acute transforming retro-
viruses (1). This virus arose by recombination of the nondefec-
tive simian sarcoma-associated virus (SSAV) with cellular se-
quences (sis) present within the woolly monkey genome (2-5).
By deletion mutant analysis, v-sis sequences have been shown
to be essential for SSV transforming activity (6). In an effort to
better understand its structural organization as well as the mo-
lecular mechanisms involved in SSV transformation, we have
determined the primary sequence ofthe complete SSV genome
and its rat cellular flanking sequences. The results provide in-
sight into the mechanisms of the transcription and translation
of the SSV transforming gene. Moreover, these studies show
that a Mr 28,000 product (p28tm) detected in SSV-transformed
cells with antibodies to synthetic peptides originates from v-sis
coding sequences in the SSV transforming region.

MATERIALS AND METHODS
Molecular Cloning ofSSV DNA. The isolation ofa molecular

clone of integrated SSV DNA from SSV-11 nonproductively
transformed normal rat kidney cells in Charon 16A phage (2)
and its subsequent subeloning in pBR322 (7) has been de-
scribed. The 5.8-kilobase pair (kbp) SSV DNA insert from plas--
mid DNA was purified by agarose gel electrophoresis and
DEAE-cellulose (DE-52, Whatman) column chromatography
after cleavage with EcoRI and used in all subsequent analyses.
Molecular cloning of the unintegrated form of SSAV genome
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in Charon 16A has been described (2). A 2.6-kb fragment de-
rived from SSAV DNA after digestion with Kpn I encompassing
the env gene was used for the sequence analysis.
DNA Sequence Analysis. The nucleotide sequence was de-

termined by the procedure ofMaxam and Gilbert (8). DNA frag-
ments were obtained by using various restriction endonucleases
and were labeled either at their 5' end by using [ y-32P]ATP
(Amersham; 3,000 Ci/mmol; 1 Ci = 3.7 x 1010 Bq) and-polynu-
cleotide kinase (P-L Biochemicals) (8) or at their 3' end by using
cordycepin 5'-[a-32P]triphosphate (Amersham; 3,000 Ci/mmol)
and terminal deoxynucleotidyltransferase (P-L Biochemicals)
according to Roychoudhury and Wu (9). End-labeled DNA frag-
ments were digested with appropriate restriction endonu-
cleases (New England Biolabs), isolated by agarose or poly-
acrylamide gel electrophoresis, and used for sequence analysis;

Preparation of Antisera. Pentadecapeptides based on pre-
dicted amino acid sequences were obtained from Peninsula
Laboratories (San Carlos, CA). About 100 ,Ag ofthe appropriate
peptide was coupled with thyroglobulin (10) and administered
to rabbits intraperitoneally at 14-day intervals. Animals were
bled 1 wk after each injection. The effectiveness ofthe immune
response was monitored by the ability ofserum from sequential
blood samples to precipitate the "2I-labeled peptide.

Immunoprecipitation Analysis. Subconfluent cultures (about
107 cells per 10-cm Petri dish) were labeled for 3 hr at 370C with
4 ml of methionine-free Dulbecco's modified Eagle's minimal
essential medium containing 100 tkCi of [35S]methionine (1,200
Ci/mmol; Amersham) per ml. Radiolabeled cells were lysed,
immunoprecipitated, and analyzed by NaDodSO4/polyacryl-
amide gel electrophoresis as described (11).

RESULTS
Primary Sequence of the SSV Genome. The primary nu-

cleotide sequence of the integrated SSV genome was deter-,
mined according to the partial chemical degradation method of
Maxam and Gilbert (8). The sequences of both strands were

determined for most of the genome, and known restriction
cleavage sites were confirmed by sequence analysis. The com-

plete sequence of SSV along with its flanking rat cellular se-

quences are presented in Fig. 1. The 5,779-nucleotide SSV
genome contained 504-base-pair long terminal repeats (LTRs).
The woolly monkey cell-derived onc sequence, v-sis, which is

essential for SSV transformation (6), encompassed 1,006 base
pairs and was localized between positions 3,811 and 4,817 in

the SSV genome (Fig. 1). Some ofthe salient features ofthe viral
genome are summarized in Fig. 2.

Abbreviations: SSV, simian sarcoma virus; SSAV, simian sarcoma-as-
sociated virus; kbp, kilobase pair(s); Mo-MuLV, Moloney murine leu-
kemia virus; LTR, long terminal repeat.
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FIG. 1. Complete nucleotide sequence of the proviral SSV genome. The sequence proceeding in the 5' to 3' direction has the same polarity as
SSV genomic RNA. Every 20th nucleotide is marked by a dot. The sequence is corrected from that reported previously (12) by addition of cytosine
residues at positions 3,702, 4,068, and 4,101 and a guanosine residue at position 4,202. The amino acid sequence deduced from the open reading
frame is given either above or below the nucleotide sequence. The major structural features of the genome are-indicated. Amino acid residues in
common with those of murine leukemia virus (Mo-MuLV) are underlined.
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FIG. 2. Summary of the major structural features of the SSV genome. Important features of the SSV genome, including the opening reading
frames, possible signals for promoter, polyadenylylation, and donor and acceptor splice signals are indicated. The precise location of substitution
of SSAV env gene sequences with v-sis in the SSV genome is also shown.

Sites ofSSV Integration. Rat cellular sequences immediately
flanking the SSV LTRs were found to contain a four-nucleotide
direct repeat sequence, T-A-A-T' confirming previous findings
ofduplication ofa short stretch ofsequences at the site of retro-
virus integration (13, 14). In the 5'-flanking rat cellular se-

quence, two promoter-like sequences and a 42-nucleotide-long
sequence consisting of21 repeats of the dinucleotide T-G were

detected. The role of these sequences with respect to SSV in-
tegration is not known.
The SSV LTRs, like previously studied avian and mouse type

C viral LTRs (7, 13-20), contain signals for the initiation and
termination of viral RNA transcription and resemble prokaryot-
ic transposable elements (Figs. 1 and 2). Certain retroviral se-

quences are known to be critical in processes related to reverse
transcription. These include a prolyl tRNA binding site (21) that
followed the 5' LTR at positions 942-960 and the purine-rich
plus-strand stop DNA (19) that preceded the 3' LTR (Figs. 1

and 2).
Identification of SSAV Coding Sequences Within the SSV

Genome. It is known that the respective gene products ofSSAV
share crossreacting antigenic determinants with those ofMuLV
(22, 23). Moloney murine sarcoma virus and Mo-MuLV are the
only retroviruses for which complete nucleotide sequence data
are available (24-26). In an attempt to precisely localize SSAV
coding regions within the SSV genome, the primary nucleotide
and amino acid sequences of the viral RNA strand of SSV were

compared with those of Mo-MuLV in all three reading frames
by using the ALIGN program (27).

As shown by the underlined homologous amino acid se-

quences in Fig. 1, there was an excellent correlation between
the nucleotide and amino acid sequences in the SSAV-derived
gag, poi, and env coding regions of SSV and those of Moloney-
MuLV. Moreover, the predicted sequence of SSV protein p30
(Fig. 1) matched well with the partial amino acid sequence data
available for SSAV p30 (28). Sequence comparison further
showed that (i) the entire SSAV gag gene was present in the SSV

genome and was localized at positions 1,398-2,933. (ii) The pol
gene had undergone a single large deletion at its amino ter-
minus, leaving a stretch of 882 nucleotides that corresponded
to the carboxyl terminus of this gene. Sequence analysis ofMo-
MuLV has shown that the pol gene open reading frame is over-
lapped at its 3' end with the amino terminal region of the env

gene coding sequence (26). By sequence comparison with Mo-
MuLV, the SSAV-derived poi sequence of SSV also included
the overlapping amino terminus of the SSAV env gene, whose
reading frame extended into v-sis. (iii) To the right of the 3' v-

sis SSAV junction, it was possible to identify sequences that
showed significant homology with the carboxyl-terminal region
ofthe MuLV env gene (Fig. 2). In fact, sequence analysis of the
SSAV genome showed that the nucleotides at positions 4,818-
5,047 of the SSV genome (Fig. 1) were derived from the car-

boxyl-terminal region of the SSAV genome coding for protein
pl5E (Fig. 2). These findings together with the previously re-

ported observation that the U5 and R region of'LTRs and tRNA
binding sites show close sequence homology among mammalian
retroviruses (7) indicate that functionally important sequences

of these viruses have been well conserved.
Role of SSAV Sequences in the Transcription of v-sis. We

had earlier identified four possible splice-acceptor signals in
helper viral sequences upstream from v-sis (12). In the present
study, we identified two additional splice-acceptor signals. One
of these corresponded to the acceptor splice signal proposed to

be involved in the generation of Mo-MuLV subgenomic env

mRNA (26). The location, at positions 1,001-1,008, of the pu-

tative splice donor signal for the mRNA is shown in Fig. 2. SSV-
transformed nonproducer cells contain a single subgenomic
RNA of about 2.7 kb. This RNA has been shown to hybridize
with LTR and v-sis probes but not with SSAV gag-specific
probes (unpublished data). Such a RNA could be generated by
using the acceptor and donor signals identified here.
A promoter-like sequence was identified at position 3,771.

We have found that subgenomic SSV DNA clones that lack the
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5' LTR retain transforming activity but with somewhat reduced
efficiency (unpublished data). Thus, transcription can be ini-
tiated in the absence ofthe 5' LTR and donor splice signals, and
an internal promoter-like signal could also-initiate transcription
of the SSV transforming gene.

Role of SSAV Sequences in the Translation of v-sis. Ex-
amination of the region of the SSV genome to which its trans-
forming gene has been localized (6) indicated a long open read-
ing frame. This reading frame initiated at position 3,657 within
SSAV sequences to the left of the 5'-SSAV v-sis junction and
terminated with an ochre codon within v-sis at position 4,470
(Fig. 2). By sequence comparison with Mo-MuLV, the open
reading frame to the left ofv-sis was identified as initiating from
the amino-terminal region of the SSAV env gene. Sequence
comparison with Mo-MuLV revealed 37% homology with SSV
in this region. Sequence analysis of molecularly cloned SSAV
confirmed that this region codes for the amino-terminal se-
quences of its env gene. The open reading frame of the SSAV
env gene was identical from position 3,657 to position 3,810 at
the 5' end of the sis open reading frame (Fig. 1). This stretch
of sequences contained two more ATG codons in the same read-
ing frame. One of these corresponded to the ATG codon that
has been proposed as the initiator codon of the Mo-MuLV env
gene product (26). This initiator codon could be used for syn-
thesis of the v-sis gene product from a spliced mRNA analogous
to that used for the env gene product (29, 30).

If the v-sis gene product is synthesized from the ATG at po-
sition 3,657, a protein of Mr approximately 33,000 containing
271 amino acids, will result. A v-sis gene product synthesized
from the second or third ATG would result in a protein of Mr
30,000 or 28,000, respectively. We have recently identified a-
Mr 28,000 protein in SSV-transformed cells by using antibody
directed against the predicted amino acid sequence of v-sis at
its amino-terminal region and found that antibodies directed
against the SSAV env gene product failed to precipitate this
protein (6). These findings are consistent with translation of the
v-sis gene product initiating at the third ATG. However, rapid
processing of a larger protein cannot be excluded.

Demonstration that the SSV Transforming Gene Product
(p28m') Is Encoded Within the v-sis Open Reading Frame. By
construction of SSV deletion mutants, we have shown that the
SSV transforming region encompassed v-sis together- with 345
nucleotides to the left and 305 nucleotides to the right of v-sis
(6). To conclusively establish that p28" is encoded within the
v-sis open reading frame and to confirm our predicted nucleo-
tide sequence of the SSV transforming gene, we took two ap-
proaches. Within the predicted amino acid sequence, methi-
onine residues were localized at nucleotide positions 3,840,
3,936, and 4,023. The largest cyanogen bromide cleavage prod-
uct would have a Mr of 18,000. SSV-transformed cells were ra-
diolabeled for 3 hr with cysteine. Cell extracts were immuno-
precipitated with anti-amino-terminal peptide serum and
subjected to cyanogen bromide cleavage and polyacrylamide gel
electrophoresis analysis. We observed a Mr 18,000 protein (data
not shown), a result consistent with the predicted structure of
this protein.
We also prepared antibody to a pentadecapeptide derived

from the carboxyl terminus of the predicted protein. This pep-
tide was localized within sequences of v-sis at position 4,425-
4,469 in the SSV genome. As shown in Fig. 3, antibody to both
the amino- and the carboxyl-terminal peptides of the v-sis open
reading frame detected p28w' in SSV-transformed but not in
uninfected cells. In competition experiments, precipitation of
this protein was specifically inhibited by the appropriate un-
labeled peptide. Moreover, neither antisera specifically pre-
cipitated any protein in cells infected with SSAV alone (data not
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FIG. 3. In vivo detection of the v-sis translational product by im-
munoprecipitation analysis. Subconfluent cultures (approximately 107
cells per 10-cm Petri dish) were labeled for 3 hr at 370C with 4 ml of
methionine-free Dulbecco's modified Eagle's minimal essential me-
dium containing 100 jxCi of [55S]methionine (1,200 Ci/nmol; Amer-
sham) per ml. Radiolabeled cells were lysed with 1 ml of 10mM sodium
phosphate, pH 7.5/100 mM NaCl/1% Triton X-100/0.5% sodium de-
oxycholate/0.1 mM phenylmethylsulfonyl fluoride per Petri dish, the
lysates were clarified at 100,000 x g for 30 min, and 200-sLd aliquots
were incubated with 4 ,ud of antiserum for 60 min at 400C. Immuno-
precipitates were recovered with the aid of Staphylococcus aureus pro-
tein A bound to Sepharose beads (Pharmacia) and analyzed by elec-
trophoresis in NaDodSO4/14% polyacrylamide gels as described (11).
Lanes: a, SSV clone 11-transformed nonproducer NRK cells with anti-
serum directed against the amino-terminal v-sis peptide (position
3,813-3,857); b, uninfected NRK cells with antiserum against the
amino-terminal peptide; c, SSV clone 11-transformed nonproducer
NRK cells with preimmune rabbit serum; d, uninfectedNRK cells with
antiserum directed against the carboxyl-terminal v-sis peptide (posi-
tion 4,425-4,469); e, SSV clone 11-transformed nonproducerNRK cells
with antiserum against the carboxyl-terminal v-sis peptide.

shown). All of these findings confirm the validity of our pre-
dicted amino acid sequence for p28s and verify that this protein
is encoded within the v-sis open reading frame.

DISCUSSION
We have studied the structural organization of the SSV genome
at the primary nucleotide level. These studies have enabled us
to identify signals for the transcription and translation of SSV-
encoded proteins, including the putative product of the SSV
transforming gene. By Southern blotting and heteroduplex
analysis, we have shown that SSV arose in nature by deletion
of approximately 3.7 kbp of SSAV sequences and substitution
of about 1 kbp of cellular sequences localized toward the 3' end
of the genome (2). In the present study, sequence analysis of
the entire SSV genome and comparison with the sequence of
the.SSAV env gene as well as the known sequence of Mo-MuLV
enabled us to precisely identify the structure ofthe SSV genome
as 5'-gag-Apol-Aenv-sis-Aenv-3'.
A number of transforming retroviruses synthesize their trans-

forming proteins by means ofgag-onc polyproteins, the initiator
codon of which is contributed by the amino-terminal region of
the helper viral gag gene. The long open reading frame within
the SSV transforming region was found to initiate within SSAV
sequences that code for its env gene. In fact, the initiator codon
for the SSAV env gene could also serve for synthesis of the SSV
transforming protein by using the same reading frame. Analo-

Proc. Natl. Acad. Sci. USA 80 (1983)
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gous findings have been reported for Moloney murine sarcoma

virus, in which the first five amino acids of the putative trans-
forming protein are contributed by helper viral sequences de-
rived from the amino terminus of the Mo-MuLV env gene (24,
25). Thus, transforming proteins of many retroviruses appear

to be hybrid proteins in which gag or env genes initiate their
translation.
We have no direct evidence that the SSV transforming pro-

tein functions as an env-sis hybrid protein. In fact, antibodies
to SSAV virion proteins do not precipitate the SSV transforming
gene product, p288' (6), and the protein itself has an apparent
molecular weight that can almost entirely be accounted for by
the v-sis open reading frame. Thus, whether the env precursor

region ofa hybrid protein is rapidly processed or the gene prod-
uct is synthesized from an initiating codon closer to v-sis is not
yet known.

Our present findings indicate four nucleotide changes from
our previously reported sequence of v-sis (Fig. 1) (12). These
changes do not alter the size of the predicted protein nor the
major portion of the molecule. However, the predicted amino
acid sequence of the central region of the molecule is changed.
The protein remains hydrophilic in nature with no transmem-
brane-specific amino acid sequences at either terminus. How-
ever, the hydrophobic region in the center of the molecule is
shorter than predicted earlier (12). Antibodies directed against
peptides derived from both the amino- and the carboxyl-ter-
minal regions ofthe v-sis open reading frame precipitated p28",
helping to confirm our sequence of this open reading frame as

well as localizing the coding region for p28"" to its sis sequence.
As our previous studies have shown that this region is essential
for SSV transformation (6), p28-' is the product ofthe SSV trans-

forming gene. Partial characterization of p28s has shown that
the molecule is not phosphorylated and lacks detectable protein
kinase activity (6). In these aspects, p28"' is distinguishable
from a number of other retrovirus transforming gene products
(31-41). Thus, the molecular mechanism by which SSV trans-

forms cells is likely to differ from those of other retroviral onc
gene products with known functional activities.
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