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Nucleotide sequence analysis of the long terminal repeat (LTR) of the integrat-
ed simian sarcoma virus showed that the simian sarcoma virus LTR comprised
504 nucleotides with an inverted repeat of seven bases at its 5' and 3' termini. At
the site of simian sarcoma virus integration, cellular flanking sequences adjacent
to the proviral LTR contained a direct repeat of four bases. A 13-base sequence

after the 5' LTR was found to be complementary to prolyl tRNA, suggesting that
tRNAIro may serve as the primer for reverse transcription of simian sarcoma virus
RNA. The U5 and R regions, derived respectively from the 5' end and terminally
redundant sequences of the viral RNA, were found to have similar organization
and sequence homology close to that of Moloney murine sarcoma virus or

Moloney murine leukemia virus. These results indicate that regions within LTRs
with known functionally important sequences have been most well conserved
during retrovirus evolution.

An important structural feature of the retro-
viral genome is the appearance of two long
terminal repeats (LTRs) at both 5' and 3' ends of
the proviral genome (11, 16, 17, 36). These LTRs
bear striking similarities to the terminal repeats
of procaryotic transposable elements and con-
tain promoter-like sequences as well as mRNA
capping and polyadenylation signals (7, 31, 37,
40, 41, 44). The recent demonstration that mo-
lecularly cloned LTR sequences have the capac-
ity to initiate transcription in vitro of avian and
murine type C retroviruses has provided direct
evidence that transcription promotion signals in
the LTR have the capacity to act as efficient
promoters (27, 45). Moreover, the promoter
signals in the LTRs have been shown to regulate
and initiate transcription when present either at
5' or 3' end of the functional gene (4, 14) and
even in opposite orientations (H. E. Varmus, R.
Swanstrom, N. Quintrell, G. Payne, R. Parker,
S. Oritz, H. Oppermann, G. Mardon, J. Majors,
P. Luciw, S. Hughes, W. DeLorbe, M. Capec-
chi, and J. M. Bishop, Int. Congr. Virol. Abstr.
Vth, Strasbourg, France, p. 12, 1981).

Detailed analysis of the structure of the LTR
has been limited to a few avian and mammalian
retroviruses. Their sequence complexity ranges
from around 300 bases for avian viruses to
around 1,200 bases for mouse mammary tumor
virus. The LTRs of mammalian type C viruses
appear to comprise around 600 bases. Among

mammalian type C retroviruses, complete nucleo-
tide sequence data is available only for Moloney
murine leukemia virus (38) and Moloney murine
sarcoma virus (MSV) (30), which derived its
LTR from Moloney murine leukemia virus.

In view of the known evolutionary relation-
ships among mammalian type C retroviruses as
well as the important functional role of the LTR
in the virus life cycle, it was of interest to
analyze and compare by primary sequence anal-
ysis different mammalian type C retroviral
LTRs. Simian sarcoma virus (SSV) has recently
been molecularly cloned and shown to comprise
some sequences of a mammalian type C helper
virus, designated simian sarcoma associated vi-
rus, and a unique sequence cell-derived gene
(10, 33) of primate origin (34). In the present
report, we undertook primary sequence analysis
of the SSV LTR and have compared its se-
quence organization with that of other type C
viral LTRs.

Localization of LTR sequences within integrat-
ed SSV DNA and sequencing strategy. The isola-
tion of a molecular clone of integrated SSV
DNA from SSV-11 nonproductively trans-
formed normal rat kidney cells has been de-
scribed previously (33). Charon 16A A phage
containing the 5.8 kilobase pair of the SSV-11
provirus, designated X-SSV-11 Cl 1, was propa-
gated in Escherichia coli K-12 DP50 supF. K-
SSV-11 Cl 1 DNA was excised with EcoRI to
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FIG. 1. Restriction enzyme map and strategy for sequencing SSV LTR. The 5' LTR sequence was derived by

using the restriction sites on the diagrammatic map. The 5' ends were labeled with [-y-32P]ATP and T4

polynucleotide kinase (24). The 3' ends were labeled with [32p]cordycepin triphosphate and terminal transferase

(35). The 5' or 3' end-labeled DNA fragments were digested with appropriate restriction endonucleases and

isolated by agarose or polyacrylamide gel electrophoresis. The nucleotide sequence was determined by the

procedure of Maxam and Gilbert (24). 0, Labeled end of each fragment. The extent and direction of sequencing

are indicated by the arrows.

obtain the viral insert, purified by agarose gel

electrophoresis, and ligated to EcoRI-digested

pBR322. E. coli C600 was transfected (42) with

SSV DNA ligated to pBR322 and plated on agar

containing NZ-amine type A (Hum-ko-Sheffield,

Lynnhurst, N.J.) and yeast extract (Difco Labo-

ratories, Detroit, Mich.). Colonies containing
SSV DNA were identified by in situ hybridiza-

tion (2) with nick-translated SSV probe., Plasmid

DNA isolated from chloramphenicol-treated

cells (3) was used for sequence analysis.

The restriction map of proviral SSV DNA was

constructed based on the restriction endonucle-

ase cleavage products as visualized on agarose

gels after staining with ethidium bromide (33)

and later confirmed by the partial restriction

mapping technique of Smith and Birmstiel (39).

The location of LTR sequences within the SSV

genome was defined by the presence of an

identical constellation of restriction sites near

either end of SSV DNA. Thus, the presence of

Pstl, Hinfl, Sacl, and KpnI sites at either end of

the DNA roughly defined the location of the

LTR in the SSV integrated genome (33). Figure

1 shows the location of these restriction sites

within the 5' LTR. The 5' to 3' orientation of the

molecule was defined as described previously

(33). We analyzed both 5' and 3' LTR as well as

host flanking sequences. However, for the sake

of simplicity, the strategy for sequencing only

the 5' LTR is shown in Fig. 1. The sequence of

both strands of DNA was determined, and all

restriction cleavage sites were confirmed by

sequence analysis.

Sequence organization of the SSV LTR and its

adjacent regions. The nucleotide sequence of 5'

and 3' LTRs as well as cellular flanking regions

is shown in Fig. 2. The SSV LTR comprised 504

bases and possessed an imperfect inverted re-

peat of 7 bases with a sequence 5'-T-G-A-A-G-

G-A-3' at its 5' and 3' terminus (at position 1-7

and 498-504). A four-base host sequence (T-A-

A-T), apparently repeated at the site of virus

integration, was detected. In addition, putative

regulatory signals within the LTR can be sum-

marized as follows (Fig. 3). (i) The adenine-

thymine-rich eucaryotic transcription initiation

signal, commonly known as the Hogness box,

was detected at 331-337 with the sequence 5'-T-

A-T-A-A-A-A-3'. Some of the characteristic se-

quences around this Hogness box promoter con-

sist of a pentamer 5'-C-C-A-A-T-3' (Cat box)

around 40 bases preceding the promoter se-

quence (9). Thus, the presence of a Cat box at

290-294 indicates that the sequence at 331-337

may be the promoter for transcription of viral

RNA. (ii) Another important feature is the cap-

ping site for the viral genomic RNA synthesis. It

is known that RNA transcription is initiated

around 22 to 25 bases from the promoter se-

quence (7, 31, 40, 44). Thus, the G-C-G se-

quence at position 359-361 is the most likely site

for initiation of viral RNA synthesis. (iii) The

hexanucleotide AATAAA precedes the poly-

adenylation site in several eucaryotic genes (29).

Such a polyadenylation signal was found at

position 407-412 in the SSV LTR. At 16 bases

downstream from AATAAA, a dinucleotide C-A

(at 428-429) may represent the preferred site for

polyadenylation (29). Based on the putative sig-

nals for initiation and termination of transcrip-

tion, the SSV LTR is composed of a track of 358
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11vv

VOL. 42, 1982

%.F I

-1
----

1-
----



1110 NOTES

AATAAAAGTC AGTGGACTTC CCTTTACTCC
5' LTR - Pst
TG GT GTTTTTCAAG CTAGCTGCA G

100
CATAGGGGAA GTACAGCTAA AGGTCAAGTC

-50
AGAAACACAG CCAATCATGC CTCAGGATGT

50
TAACGCCATT TTGCAAGGCA CGGAAAATTA

GAGAAAAACA AGGAGAACAG GGCCAAACAG
200

-10 host
TACTAGAACC CCTCAGTAAT

CCCTGGTAAA AAGCCCAAAG
150

GATATCTGTG GTCATGCCTG

GGCCGGCCCA GGGCCAAAGA CAGATGGTTC CCAGAAATAG ATGAGTCAAC AGCAGTTTCT AGGGTGCCCC TCAACTGTTT
250 Sac cat box 300

CAAGAACTCC CACATGACCG GAGCTCACCC CTGGCCTTAT TTGAACTGA 3rACCTi GCTTCTCGCT TCTGTACCCG
Promoter Sac l 350 5' end of viral RNA Kpnl400

CGCTTTTTGC IIATAA6GA GCdCA&AMC TCCACTCGGC 1GCGCCAGTCC TCCGAGAGAC TGAGTCGCCC GRIGTA(fTGT
Poly A signal 450

GTGTTMUCA IIACCTCTTG CTATTTGCAT CCGAAGCCGT GGTCTCGTTG TTCCTTGGGA GGGTCTCTCC TAACTGATTG
500 550

ACTGCCCACC TCGGGG ITC; CTCATTGGG GGCTCGTCCG GGATCGGAGA CCCCCACCCA GGGACCACCG ACCCACCAAC
end 5' LTR tRNA binding site 4660 3' LTR

GGGAGGT AAGAGAAATG GGGGAA43AGTGTTT TTCAAGCTAG

5000 plus strong stop 5170
CTGCAGTAAC GCCATTTTGC CCTCGG 1313CTCTCA
host 5200 5240 end 3' LTR
TAATGAGCTA GAGGTAGGCT GACACTAGGT CTATAATGCC TAGATATGGT CAGAGATGGA ATA;TCTCCA TAAAGAAATA

FIG. 2. Sequence of SSV LTR and its adjacent regions of integrated proviral genome. The sequence of LTR
and its flanking regions proceeding in the 5' to 3' direction with the same polarity as that of the SSV genomic
RNA is shown. The major structural features of the LTR are indicated.

nucleotides derived from the 3' end of viral
RNA, directly followed to the right by a stretch
of about 146 nucleotides derived from the 5' end
of the viral genome. It is known that retroviral
genomic RNA contains a direct terminally re-

peated sequence of 50 to 60 nucleotides, termed
R or trs (5, 6). Thus, if the C-A signal at position
428-429 corresponds to the 3' end of SSV RNA,
the sequence of 69 to 71 nucleotides between
this CA and the GCG triplet representing the 5'
end of the viral RNA should constitute the R
region of SSV (Fig. 2 and 3). (iv) Retroviral
genomes contain a tRNA binding site immedi-
ately following the LTR (13, 43). This site serves
as a primer for synthesis of viral DNA. Se-
quence analysis of the SSV genome showed a

stretch of 18 bases at position 507-524 (5'-T-G-
G-G-G-G-C-T-C-G-T-C-C-G-G-G-A-T-3') which
was complementary to the 3' sequence of prolyl
tRNA (28). These results suggest that, as with
Moloney MSV (7, 31), prolyl tRNA may serve

as primer for reverse transcription of SSV. It is
of interest to note that Moloney MSV (7, 30), a
mammalian type C virus, and spleen necrosis
virus (37), a retrovirus of avian origin belonging
to the reticuloendotheliosis virus group, both
prefer tRNAPr" as a primer for initiation of plus-
strong-stop DNA. In contrast, typical type C
avian viruses utilize tRNATrp primer (43). Previ-
ous studies have demonstrated immunological
cross-reaction of the reverse transcriptase (25)
and major structural proteins (1, 18) of the
reticuloendotheliosis virus group with the analo-
gous proteins of mammalian type C retroviruses.
Thus, tRNAPro binding site may be another
marker for evolutionary linkage among these
retroviruses.

Preceding the 3' LTR, we detected a purine-
rich sequence of 16 bases (at position 4656 to
4671). Similar purine-rich sequences have been
found at analogous positions in murine mamma-
ry tumor virus (8), avian sarcoma virus (41),

tRNAPRO BINDING SITE

INVERTED REPEAT

TGAAGGAJ TCTTC-_- /

5 TAAT JJ11 i
HOST,' \

,' ~~~~~\\

CCAATff,f,fTATAAhAAJIJJGCGCff^f AATAAA
290 331 359 407

CAT PROMOTER 5' END POLY A
BOX OF RNA SIGNAL

TGGGGGCTCGTCCGGGAT
/ 507 -

// ,,'

/-' Pst I

,' 4150 BASES

AAGAGAAATGGGGGAA
4656

Sac Kpn I

4, 14
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FIG. 3. Summary of the major features of SSV LTR and its adjacent sequences. Important features of the
SSV LTR sequence, including putative signals for promoter and polyadenylation; 5' terminus of SSV genomic
RNA, tRNAIo binding site, and plus-strong-stop DNA; U3 sequences unique to the 3' end of genomic RNA;
terminally redundant sequences of genomic RNA (R); sequences unique to 5' end of genomic RNA (U5); and
position of an imperfect inverted repeat have been illustrated diagrammatically.
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FIG. 4. Homology between the LTRs of Moloney
MSV, spleen necrosis virus, Rous sarcoma virus, and
SSV. The sequence homology between LTRs of Mo-
loney MSV (7, 30), spleen necrosis virus (38), and
Rous sarcoma virus (Schwartz et al., in press) was

determined by a two-dimensional dot matrix homology
comparison computer program developed by J. V.
Maizel, Jr. (19, 23). Each dot represents the center of a
three-base homology between two LTRs. The grid
allows comparison of the homology represented by a
line at -45° to the reference to U3, R, and U5 region of
LTR. The numbers in parentheses represent the posi-
tions of nucleotide bases in the 5' or 3' LTR.

Moloney MSV (7), Moloney murine leukemia
virus (37), avian endogenous virus evl (15), and
avian myeloblastosis virus (Rushlow et al., per-
sonal communication). Though not conclusively
proven, it has been proposed that this purine-
rich sequence may serve as a primer for plus-
strong-stop DNA (41).
Comparison of LTR sequences of Moloney

MSV and SSV. We next compared the SSV LTR
sequence with that of Moloney MSV, another
mammalian type C virus. To do so, we utilized
the two-dimensional dot matrix homology com-
parison computer program developed by J. V.
Maizel, Jr. (19, 23). In this program, two se-
quences are compared with each other base by
base. Thus, each row or column represents the
comparison of a single base of one sequence
with the corresponding base of the other. A dot
represents a three-base homology, and homolo-
gy of a long stretch of sequence is observed as a
line of dots extending at a -45° angle. Duplica-
tion regions are observed as a second line paral-
lel to the first, whereas deletion or insertions are
observed as a line parallel to the major line but
shifted up or down by the number of bases not
found in the other gene.

Considerable homology was observed be-
tween R and U5 regions of SSV and Moloney
MSV LTR sequences (Fig. 4, top panel). These
results indicate that the DNA sequences coding
for the 5' ends of their RNAs possess significant
sequence homology and support the contention
that these sequences are well conserved (22).
Another finding revealed by this analysis was
the deletion of around 72 base pairs in the U3
region of the SSV LTR compared with the
analogous region of Moloney MSV. This was
detected by the presence of a line parallel to the
major line but shifted up by around 70 bases
(Fig. 4, top panel). The Moloney MSV LTR
contains an almost perfect duplication of 72 base
pairs in the U3 region (7, 31). Although the
function of these sequences in the life cycle of
MSV is not yet known, it is interesting to note
that similar tandem repeats have been shown to
occur on the right side of the origin for DNA
replication of simian virus 40 (32). These se-
quences appear to play an important role in
promotion of the early transcription of the simi-
an virus 40 genome (12, 26). The absence of such
duplication in the SSV LTR does not impair its
function, as cloned SSV DNA transforms cells
in tissue culture at a very high efficiency. More-
over, the SSV genome can be rescued from such
transformants by superinfection with a type C
helper virus (33).

In contrast to the conservation of U5 and R
regions, considerable divergence was observed
between the U3 regions of SSV and Moloney
MSV (Fig. 4). In fact, sequence analysis of
independent DNA clones of Moloney MSV Ml
(7) and MSV-124 (30, 31), as well as Moloney
MuLV (38, 40, 44), from which the MSV LTRs
were derived, has revealed as much as 5 to 10%
divergence in their respective U3 sequences with
no appreciable differences in U5 or R regions.
Moreover, comparison of the sequences of a
molecular clone of simian sarcoma-associated
virus with that of SSV revealed a similar degree
of divergence in U3 sequences as compared with

VOL. 42, 1982
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FIG. 5. Comparison of DNA sequences corresponding to the 5' terminal region for SSV, Moloney MSV (7,
30), Rauscher murine leukemia virus, and gibbon ape leukemia virus (21). The sequences have been aligned to
maximize homology. The putative signal for polyadenylation is indicated by the box.

U5 and R regions. These findings suggest that
the U5 and R regions have functionally impor-
tant sequences as compared with U3.
We also utilized dot matrix analysis to com-

pare the SSV LTR sequence with that reported
for avian spleen necrosis virus (37), a virus
immunologically related to mammalian type C
retroviruses (1, 18), and Rous sarcoma virus
(D. Schwartz, R. Tizard, and W. Gilbert, Cell, in
press), a prototype avian type C virus. Neither
of these viral LTRs showed appreciable se-
quence homology with the LTR sequence of
SSV (Fig. 4).

Conservation of 5'-terminal nucleotide se-
quences in mammalian retroviruses. Although
complete LTR sequence analysis has been per-
formed for only a few mammalian retroviruses,
sequence analysis has been reported for the
short stretch of nucleotides localized to the 5'
end of viral RNA designated as strong-stop
DNA (13, 43). Comparison of DNA sequences
corresponding to the 5' end of SSV RNA with
those of Moloney MSV (7, 31), Rauscher murine
leukemia virus, and gibbon ape leukemia virus
(21) showed that these sequences are conserved
among these mammalian retroviruses (Fig. 5).
These results are consistent with evidence that
SSV and gibbon ape leukemia virus have an
ancestral rodent origin (20). Sequence analysis
of strong-stop DNA of other mammalian retro-
viruses of rodent, feline, and primate origin have
also indicated significant nucleic acid homology
in their 5' terminal regions (21, 22). In contrast,
avian retroviruses do not share sequence homol-
ogy with mammalian retroviruses in this limited
region of the LTR (22).

In the present studies, a comparison of 5'
terminal sequences of SSV RNA with those of
other mammalian and avian retroviruses (21, 22)
did not show statistically significant relation-
ships (data not shown). These results, in combi-
nation with the known lack of detectable immu-

nological cross-reaction among the structural
proteins of avian and mammalian type C retro-
viruses, argue that these major type C virus
groups have diverged very markedly from a
common progenitor or were generated through
different evolutionary pathways.

We thank K. C. Robbins, whose SSV DNA clone we
utilized, and S. R. Tronick for help and advice during the
course of these studies. The dot matrix computer program was
generously provided by J. V. Maizel, Jr.

ADDENDUM IN PROOF
Van Beveren et al. have recently published the LTR

sequence of an additional Moloney MSV-124 DNA
clone (C. Van Beveren, F. van Straaten, J. A. Galle-
shaw, and I. M. Verma, Cell 27:97-108, 1981). The
LTR sequence of this clone is almost identical, even in
its U3 region, with that of one of our previously
published Moloney MSV-124 clones (31).
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