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The nucleotide sequences of the Gardner-Arnstein feline sarcoma virus (FeSV)
long terminal repeat and the adjacent leader sequences 5' to the viral gag gene
were determined. These were compared with homologous portions of Snyder-
Theilen FeSV and with previously published sequences for Moloney murine
sarcoma virus and simian sarcoma virus proviral DNA. More than 75% of the
residues in the FeSV R and U5 regions were homologous to sequences within the
same regions of the other viral long terminal repeats. Unexpectedly, alignment of
the FeSV sequences with those of the Moloney murine sarcoma and simian
sarcoma viruses showed similar extents of homology within U3. The homologous
U3 regions included the inverted repeats, a single set of putative enhancer
sequences, corresponding to a "72-base-pair" repeat, and sequences, including
the CAT and TATA boxes, characteristic of eucaryotic promotors. The 5' leader
sequences of both FeSV strains included a binding site for prolyl tRNA and a
putative splice donor sequence. In addition, the FeSV leader contained a long
open reading frame which was adjacent to and in phase with the ATG codon at the
5' end of the FeSV gag gene. The open reading frame could code for a signal
peptide of about 7.4 kilodaltons. Our results support the concept that the
virogenic portions of both FeSV and simian sarcoma virus were ancestrally
derived from viruses of rodent origin, with conservation of regulatory sequences
as well as the viral structural genes.

A characteristic difference between the provi-
ral DNA and genomic RNA of retroviruses is the
presence of long terminal repeats (LTRs) at each
proviral DNA terminus (20, 37) which are
formed during the process of reverse transcrip-
tion (16). Each proviral LTR contains the se-
quences U3-R-U5, where U3 and U5 designate
unique sequences derived from the 3' and 5'
ends, respectively, of viral RNA, and R desig-
nates a short, terminally redundant sequence
present at both termini of viral RNA. The LTRs
are assumed to play a critical role in the integra-
tion of proviral DNA into the host chromosome
and are known to contain regulatory sequences
necessary for the transcription of viral RNA (9,
10, 21, 28, 31, 41, 42, 45-47).

Directly downstream of the 5' LTR is a leader
sequence which separates the LTR from viral
genes encoding structural proteins. The leader
begins with a sequence complementary to por-
tions of a tRNA molecule used as the primer in
proviral DNA synthesis (16). For all replicating

viruses, and for some classes of replication-
defective genomes, subgenomic mRNAs encod-
ing information from the 3' end of proviral DNA
(18, 49) contain leader sequences spliced from
the extreme 5' end of the viral genome (32). A
packaging signal for encapsidation of viral RNA
into virions may also be located within the
leader sequences (38).
We have now determined the primary nucleo-

tide sequences of the LTR and 5' leader of the
Gardner-Arnstein (GA) strain of feline sarcoma
virus (FeSV) (15) and compared these with the
homologous region of the Snyder-Theilen (ST)
FeSV strain (44). For these analyses, we used a
previously obtained A phage clone containing
transforming GA-FeSV proviral DNA (14). In
DNA transfection assays, the molecularly
cloned proviral DNA transforms NIH/3T3 cells
at efficiencies of up to 104 focus-forming units
per ,ug of DNA. The 5' ends of the cloned GA-
FeSV molecules, including the regions subjected
to sequencing analysis, were successfully substi-
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tuted into replicating feline leukemia viruses (J.
Even, D. Lowy, S. Anderson, A. Hampe, F.
Galibert, and C. J. Sherr, unpublished data),
and were previously used to activate human
cellular proto-oncogene sequences (7). Togeth-
er, these data show that the GA-FeSV LTR is
active in promoting transcription and that the
leader sequences can function in tRNA binding,
splicing, and packaging of viral RNA.

Additional sequencing analyses were per-
formed with biologically inactive ST-FeSV
DNA molecules, cloned as unintegrated DNA
intermediates (39). This clone contains a small
deletion within the viral oncogene which alters
the reading frame encoding the transforming
polyprotein (16a). In addition, comparative se-
quencing analyses (see below) are consistent
with the possibility that the ST-FeSV LTR con-
tains two EcoRI restriction sites within the U3
region. Because EcoRI sites were used to molec-
ularly clone linear ST-FeSV DNA molecules,
the LTR sequences are probably incomplete and
may themselves be inactive.
Nucleotide sequencing of both DNA clones

was performed by the method of Maxam and
Gilbert (26). Usually, about 10 pmol of DNA
was restricted with a given endonuclease, and
the fragments were dephosphorylated and la-
beled with [.y-32P]ATP and polynucleotide ki-
nase as previously described (19). Under certain
circumstances, fragments with recessed 3' ends
were labeled with a a-32P-labeled nucleotide
triphosphate with DNA polymerase I (17). All
restriction sites used as starting points were
analyzed as internal sites within overlapping
fragments. The sequences of both strands of
both the 5' and 3' LTRs were determined, but
for convenience only one LTR sequence is
shown.
The sequence of the GA-FeSV LTR (482

residues) and the leader sequence preceding the
viral gag gene (432 residues) are shown in Fig. 1.
The numbers on the top line refer only to the
positions of residues within GA-FeSV DNA.
For comparison, nonidentical sequences found
in ST-FeSV DNA are noted below each num-
bered line. For ST-FeSV DNA, the EcoRI clon-
ing site in the left LTR was aligned with residue
241 of the GA-FeSV DNA sequence. The EcoRI
cloning site in the right LTR, which was not
identical, was aligned with GA-FeSV residue
105. These data suggest that the ST-FeSV LTR
contains two EcoRI sites and that sequences
corresponding to residues 106 through 240 were
deleted by cloning. With the exception of this
region, approximately 92% of the LTR and
leader sequences were conserved between the
two strains. A comparable level of homology
(95%) was observed between the shared por-
tions of the two FeSV gag genes, and an even

greater degree of homology (>99%) was found
within the common portions of the viral trans-
forming gene, v-fes (16a).
The locations of certain characteristic se-

quences are summarized as follows. (i) A
twelve-base-long inverted repeat defined the be-
ginning (residues 1 through 12) and end (residues
471 through 482) of the FeSV LTR sequences.
(ii) The adenine plus thymine-rich transcription
initiation signal, known as the Goldberg-Hog-
ness or TATA box, was found at residues 311
through 317 with the sequence 5'-TATAAAA.
(iii) Twenty-two bases downstream were two
overlapping GCG triplets, which are presumed
to designate the 5' capping site for viral RNA (9,
21, 28, 31, 41, 47). (iv) The TATA box was
preceded by a characteristic CAT box with the
sequence 5'-CCAAT at residues 270 through
274. The relative positions of the CAT, TATA,
and GCG sequences corresponded to those ex-
pected for eucaryotic RNA polymerase II pro-
motors (12). (v) The hexanucleotide, 5'-
AATAAA, typically preceding the polyadenyla-
tion sites of eucaryotic genes (29) was found at
residues 387 through 392. (vi) This was followed
by the dinucleotide CA, 15 to 16 bases down-
stream, which is presumed to specify the pre-
ferred site for polyadenylation. Based on the
locations of the 5' cap triplets and the polyaden-
ylation dinucleotide, the GA-FeSV LTR is com-
posed of 340 nucleotides derived from the 3' end
of viral RNA (U3), followed by R and U5
sequences estimated at 68 and 74 nucleotides,
respectively.

After the inverted repeat sequence at the end
of the LTR, two T residues and the prolyl tRNA-
binding site at residues 483 through 502 mark the
beginning of the leader sequence. A consensus
splice donor sequence, found at residues 543 to
551, was not preceded by any ATG codons
within the upstream sequences corresponding to
the extreme 5' end of the viral RNA. A nine-
base deletion relative to GA-FeSV DNA was
found within the ST-FeSV leader sequences and
was aligned at residues 738 to 746. The leader
sequences end at residue 914, after which an
ATG codon specifies the p15 amino-terminus of
the FeSV polyprotein (16a).
The GA-FeSV LTR sequence was compared

with previously published LTR sequences of the
Moloney murine sarcoma virus (MSV) (9, 30,
31, 47, 48) and the simian sarcoma virus (SSV)
(8) (Fig. 2). A comparison of the GA-FeSV
sequences downstream from the CAT box with
those of MSV and SSV showed that more than
75% of the GA-FeSV sequences were homolo-
gous to nucleotides in the MSV and SSV LTRs.
This highly conserved region included the CAT
and TATA boxes, the capping triplets, the po-
lyadenylation signals, and major portions of the

VOL. 45, 1983



START U3: inverted repeat
.10 .20 .30 .40 .50 .60 .70 .80 .90 .100

TGAAAGACCC CC TACCCCAA AATTTAG CCA GCTATTGCAG TGGTGCCATT TCACAAGGCA TGGAAAATTA CTCAAGTATG TTCCCATGAG ATACAAGGAA
CCCC G C TCAG AA C C A T

EcoRI in ST
.110 .120 .130 .140 .150 .160 .170 .180 .190 .200

GTTAG AGGCT AAAACAGGAT ATCTGTGGTT AAGCACCTGG GCCCCGGCTT GAGGCCAAGA ACAGTTAAAC CCCCATATAG CTGAAACAGC AGAAGTTTCA
ATTC

EcoRI in ST CAT box
.210 .220 .230 .240 .250 .260 .270 .280 .290 .300

AGGCCGCTGC CAGCAGTCTC CAGGCTCCCC AGTTGACCAG AGTTCGACCT TCCGCCTCAT TTGAACTAAC CAATCCCCAC GCCTCTCGCT TCTGTGCGCG
A AK T AKAi

Goldberg-Hogness box 5'cap: START R poly A signal
.310 .320 .330 .340 .350 .360 .370 .380 .390 .400

CGCTTTCTGC TATAAAA CGA GCCCTCAGCC CCCAACGGGC GCGCAAGTCT TTGCTGAGAC TTGACCGCCC CGGGTACCCG TGTACGAATA AA CCTCTTGC
AA A CA T G

add poly A: START U5 inverted repeat: end LTR tRNApro binding site:
.410 .420 .430 .440 .450 .460 .470 .480 .490 .500

TGTTTGCATC TGACTCGTGG TCTCGGTGTT CCGTGGGTAC GGGGTCTCAT CGCCGAGGAA GACCTAATTC GGGGGTCTTT CA TTTGGGGG CTCGTCCGGG
CC CC

splice donor
.510 .520 .530 .540 .550 .560 .570 .580 .590 .600

ATCGAGACCC CCAACCCCCG GGACCACCGA CCCACCATCA GGAGGTAAGC TGGCCGGCAA CCATATCTGT TGTCCTTGTA TGAGTGTCTC TGTCATTTGA
A A G A AC

.610 .620 .630 .640 .650 .660 .670 .680 .690 .700
TCTGATTTTG GCGGTGGAGC CGAAGGAGCT GACGAGCTCG AACTTCGCCC CCGCAACCCT GGAAGACGTT CCACGGGTGT CTGATGTCTC GAGCCTCTAG

A T G

ST deletion
.710 .720 .730 .740 .750 .760 .770 .780 .790 .800

TGGGACAGCC ACTGGGGCTA GATTGTTTGG GATCTCATCC GTATTAGGTG AATACAGGGT GTTGATCGGA GACGAGGGAG CCGGACCCTC AAGGTCTCCT
T C ATC *** ******CC A T

.810 .820 .830 .840 .850 .860 .870 .880 .890 .900
TCTGAGGTTT CATTTTCGGT TTGGTATCGA AGCCGCGCGG AACGTCTTGT CATTGTTTGT CTGGTTGCGT CTTTTCTTGT CCCTTGTCTA ACCTTTTTAA

C T C C

.910 START gag gene
TTGCAGAAAC CGTCATG-p1 5

FIG. 1. Nucleotide sequences of the LTRs and 5' leaders ofGA- and ST-FeSV. The junction of the LTR and
5' leader occurs after residue 482; the A residue at position 915 marks the start of sequences encoding the fusion
gag-fes polyproteins of each FeSV strain. The numbers above the sequences refer to positions of residues within
the GA-FeSV provirus. Base substitutions and additions within ST-FeSV DNA are indicated by residues below
the line. The aligned positions of EcoRI sites within the ST-FeSV LTR are indicated by the vertical bars after
residues 105 and 240. Characteristic sequence configurations discussed in the text are defined by horizontal bars.
The asterisks at residues 738 to 746 designate residues present only within GA-FeSV.

inverted repeats. Overlapping hexanucleotide
recognition sites for SmaI and KpnI were also
identified in the R regions of all three viruses,
located at residues 369 to 378 in the GA-FeSV
LTR sequence.
By aligning the U3 sequences upstream from

the CAT boxes, we were able to detect regions
of additional homology not previously identified
within mammalian retroviral LTRs. Three runs
of sequences present in both MSV and SSV
appeared to have no counterpart within the
FeSV LTR (Fig. 2). These additional residues
were positioned between FeSV residues 77-78,
89-90, and 100-101. In addition, the MSV LTR
contains a 73-base-pair sequence, of which 69
bases are tandemly and directly repeated within
the MSV U3 region (9, 30, 31, 47, 48). The

location of the 69-base-pair repeated element
was aligned between FeSV residues 100 and 101,
whereas the 73-base-pair MSV repeat was
aligned with FeSV residues 101 to 163. For the
clones analyzed, only a single copy of sequences
corresponding to the MSV repeat was found in
each LTR. Alignment of the U3 sequences in the
manner shown suggested that more than 70% of
the GA-FeSV sequences are homologous to
nucleotides within MSV and SSV.
The 73-base-pair repeat in MSV has been

shown to substitute for the 72-base-pair repeat in
simian virus 40 in augmenting the transcription
of papovavirus early genes (23). It therefore
appears that this region of the MSV LTR serves
as an "activator" or "enhancer" element in
retroviral RNA transcription. In agreement with
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inverted repeat

.10 .20 .30 .40 .50 .60 .70
FeSV TGAAAGACCC CCTACCCCAA AATTT AGCCA GCTATTGCAG TGGTGCCA TT T CACAAGGCA TGGAAAA TTA C TCAAGT

__________ 1111 11: III III 1111 111111 I IIIIII IIIIIIIIII 11:1
MSV TGAAAGACCC C ACCCGTA GG TGGCAAGCTA GCT TA AG TAACGCCACTT TGC AAGGCA TGGAAAAAT A CA T AACT

___1 II 11 I 11: 1111111III 1111 11111111 11 III 111111 111111III :1
SSV TGAAGGA AGT GTTTTTCAAGCTA GCT GCAG TAACGCCATTT TGC AAGGCA CGGAAAA TTA CCCT GGTAAAAAGCCCA

.80 .90 .100
FeSV ATG TTC CC ATGA G ATACAAGGAA

III 11 1iii III
MSV GAGAATAGA AAAG TTC A GATCAAGGTCAGG A ACAAAGAA [69 bp repeat + AG]

11 1111 11 1111 III 11 11
SSV AAGCATAGGGGAA G TACAGCTAAAGGTCAA GTC G AGA AA AA

"72 base pair" repeat

.110 .120 .130 .140 .150 .160
FeSV G TTAGA GGCT AAAACAGGAT ATCTGTGGTT AAOCACCT GG GCCCCGGCTT GAGGCCAA GA ACA

1 111 III IIIIIIIIII 1111111 11111:11 :: 111111111 111111 11 IIIMSV ACAGCTGA G T GAT GGGCC AAACAGGAT ATCTGTGGT AAGCAG TTCCTGCCCCGGCTC GGGGCCAA GA ACAGATG
11 11 I I 11111 IIIIIIIIIIIIIIIII I I :11 :: III 1111 1111111 11 111111

SSV CAA GGA G A ACAGGGCC AAACAGGAT ATCTGTGGTC ATG CCT GG GCC GGCCC AGGGCCAAAGA CAGATG

.170 .180 .190 .200
FeSV GTTAAAC CCCCATA TAG CTGAAACAGC AGAAG mC A A

III 111111 111 1:1 1111 11 11 1111
MSV GT CCCCAGA T G CGG TCCAGCCCTCAGCAG MTCTA

III 111 111 III :1 11 111 111 111111
SSV GTT CCC AGAAATAG ATG AG TCAACAGCAGTTTCTA GGGT

CAT box

.210 .220 .230 .240 .250 .260 .270 .280 .290 .300
FeSV GGCCGCTGC CAGCAGTCTC CAGGCTCCCC AGTTGACCAG AGTTCGACCT TCCGCCTCAT TTGAACTAAC CAATCCCCAC GCCTCTCGCT TCTGTGCGCG

: 1 1l 11 111l1 :11 1: :: III III 1111l-.7 : 1IIIIiilra l 1lll 11i 11 11
MSV GTGAATCAT CAGATGTTTC CAGGGTGCCC CAAGGACCTG AAAATGACCC TGTACCTTAT TTGAACTAAC CAATCAGTTC GCTTCTCGCT TCTGTTCGCG

:: III 111111 11 III :1111 I 1: :: 11II 11 111111 1111111 IT-1TM I::1 1111111111 11111 11
SSV GCCCCTCAA C TGTTTC AAGAACTCCC ACATGACCGG AGCTC ACCCCTGG CCTTAT TTGAACTGAC CAATTACCTT GCTTCTCGCT TCTGTACCCG

Goldberg-Hogness box 5'cap SmaI and KpnI in R

.310 .320 .330 .340 .350 .360 .370 .380
FeSV CGCTT TCT GC T ATAAAACGA GCCCTCAG CC CC C AA CGGGC GCGCAAGTCT TTGCTGAGAC TTGAC CGCCC CGGGTACCCG TGT ACG

111111111 11111 11 111 11 1 11 11'1 111 11111 :11 1: I11T Tr TTI11111 1:1I1
MSV CGCTTCCGCTCTCCGAGC TCAATAAAA GA GCCCACAA CC CCTC ACTCG GC GCGCCAGTCT TCCGATAGAC T GCGTCG CC CGGGTACCCG TATTCCC

II 11l II1 11 1 11 111111''IIIIIIT1IIIIII 11111:1111 1:1111TII111r11T 1:1
SSV CGCTT TTT GC T ATAAAATGA GCTCAGAAAC TCCACTCG GC GCGCCAGTCC TCCGAGAGAC T GAGTCG CC CGGGTACCTG TGTGTTC

poly A Signal Add poly A inverted repeat

.390 .400 .410 .420 .430 .440 .450 .460 .470 .480
FeSV AATA AA CCTCTTGC TGTTTGCATC TGACT CGTGG TCTCGGTGTT CCGTGGGTAC GGGGTCTCAT CGCCGAGGAA GACCTA AT TC GGGGGTCTTT CA

1111 11IIIIIIIIII1lII IIIIIIIIIIII IIIII 11 1111 111111111 I 11 111 : 111111111 11
MSV AATA AAGCCTCTTGC TGTTGTCATC CGAAT CGTGG TCTCGCTGTT CCTTGGG A GGGTCTCCT CTGAG TGATTGAC TACCCACGAC GGGGGTCTTT CA

1111 11 1111111 IllllTTII 1111 11111 11111 1111 1111111 1111111 11111111 11111 :1 1'1111111 11
SSV AATA AAACCTCTTGC TATTTGCATC CGAAGCCGTGG TCTCGTTGTT CCTTGGG A GGGTCTC T CCTAACTGATTGAC TGCCCACCTC GGGGGTCTCT CA

FIG. 2. Comparison of the LTRs of different sarcoma viruses. The GA-FeSV DNA sequence was compared
with the published sequences of MSV strain 124 (48) and SSV (8) and was aligned without the assistance of a
computer program. The positions of characteristic sequence configurations are noted by horizontal bars, as in
Fig. 1. The MSV 69-base-pair repeat occurs after the GAA residues aligned with the FeSV sequence at positions
98 to 100; this is followed by an AG dinucleotide and the MSV 74-base pair repeat, as shown. The latter regions
can functionally substitute for the 72-base-pair activator sequence of simian virus 40 (23) (see the text).
Homologous restriction sites for SmaI and KpnI are underlined (nucleotides 369 through 378).

this interpretation, U3 sequences of murine re- son of FeSV, MSV, and SSV sequences showed
troviral LTRs have been shown to activate tran- that, although FeSV contains only 63 nucleo-
scription of cellular proto-oncogenes (3, 6, 7), tides within the predicted region of the 72-base-
and have been used to enhance transcription pair repeat, most of the nucleotides within this
within the mouse mammary tumor virus LTR region were identical to residues within the other
(G. Hager, personal communication). Compari- two sarcoma viruses. In particular, FeSV nucle-



tRNApro binding site splice donor
.490 .500 .510 .520 .530 .540 .550 .560 .570 .580

TTTGGGGG CTCGTCCGGG ATCGAGACCC CCAACCCCCG GGACCACCGA CCCACCATCA GGAG C TGGCCGGCAA CCATATCTGT TGTCCTTGTA
A A G

.590 .600 .610 .620 .630 .640 .650 .660 .670 .680
TGAGTGTCTC TGTCAT TCTGATTTTG GCGGTGGAGC CGAAGGAGCCGAAGCTCG AACTTCGCCC CCGCAACCCT GGAAGACGTT CCACGGGTGT CTG
ACA T

ST deletion
G T CAT C G CC

ATG TCT CGA GCC TCT GGG ACA GCC ACT GGG GC _ TTG TTT GGG ATC TCA TCC GTA 1l _Mn TAC AGG GTG 11TC GGA GAC
met ser arg ala ser ser gly thr ala thr gly ala arg leu phe gly ile ser ser val leu gly glu tyr arg val leu ile gly asp

gly ile his leu val *** *** *** pro
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A T C T
GAG GGA GCC GGA CCC TCA AGG TCT CCT TcI3 GTT TCA TTT TCG GTT TGG TAT CGA AGC CGC GCG GCA CGT CTT GTC ATT GTT TGT CTG
glu gly ala gly pro ser arg ser pro ser glu val ser phe ser val trp tyr arg ser arg ala ala arg leu val ile val cys leu

lys leu leu
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

C C G
GTT GCG TCT TTT CTT GTC CCT TGT C_ C TTT 1_lr GCA GAA ACC GTC ATG-START pl5
val ala ser phe leu val pro cys leu thr phe leu ile ala glu thr val met

ala
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77

FIG. 3. Translation of the 5' leader open reading frame of FeSV. The GA-FeSV sequence has been numbered
to correspond to the residues indicated in Fig. 1. The prolyl tRNA-binding site and a putative splice donor
consensus sequence are indicated by horizontal bars. The positions of potential initiator and terminator triplets
are shaded. The ATG codon after residue 683 specifies an amino-terminal methionine, assigned as amino acid no.
1 in the sequence. Amino acid no. 78 is the amino-terminus of the FeSV gag gene. Residues 19 through 21
(asterisks) are not represented in ST-FeSV. Other base substitutions within ST-FeSV are indicated as described
in the legend to Fig. 1, together with putative changes in amino acid assignments.

otides 112 through 129 showed uninterrupted
homology to sequences within both MSV and
ssv.

Figure 3 shows the GA- and ST-FeSV leader
sequences and designates the positions of poten-
tial initiation and termination codons. The GA-
FeSV leader contained only three ATG codons.
The first, at residues 580 to 582, had undergone a
base substitution within ST-FeSV DNA to ATA
and was almost immediately followed by a TGA
stop codon at residues 597 to 600 in the GA-
FeSV sequence. The second ATG codon was
followed by a long open reading frame, which
could encode 77 amino acids in GA-FeSV (Fig.
3). The nine-base deletion in ST-FeSV DNA
maintained the integrity of the reading frame but
limited the coding capacity by three amino acids
(Fig. 3, residues 19 to 21).
The open reading frame in the FeSV leader

sequence was in phase with the ATG codon that
specifies the gag amino-terminus and could code
for a polypeptide of about 7.4 kilodaltons. Ami-
no acid residues 55 through 74 had a high
hydrophobicity index (36), contained two cyste-
ines, and were preceded by six amino acids,
which included three positively charged argin-
ines at positions 49, 51, and 54. These properties
are typical of eucaryotic "signal peptides,"
which direct nascent polypeptide chains to
membranes and are thought to be responsible for
the vectorial transport of certain proteins from

membrane-bound polyribosomes into the endo-
plasmic reticulum (4, 5, 25, 27, 33). Indeed,
murine leukemia viruses encode two forms of
the gag gene precursor (11, 13, 34). The larger of
the two contains about 7 kilodaltons of addition-
al amino-terminal residues and is glycosylated,
suggesting that the presence of signal sequences
leads to compartmentalization of this form of the
gag precursor within the endoplasmic reticulum
and its subsequent glycosylation (34, 35). The
glycosylated gag gene products are transported
to the plasma membranes of infected cells but
are not processed into virions (22, 43).

Unlike murine sarcoma viruses, which lack
the signal sequences (30, 48) and do not encode
glycosylated gag gene products, glycosylated
forms of both the ST- and GA-FeSV polypro-
teins have been detected in FeSV transformants
(40). The two ATG codons may be able to
initiate translation of glycosylated and nonglyco-
sylated forms, respectively, of the polyprotein,
from full-genome-length mRNA molecules.
Alternatively, full-length transcripts might be
spliced, removing the upstream ATG codon and
eliminating translation of glycosylated products;
a potential acceptor sequence between the two
ATG codons starts at residue 795
(TCTCCTTCTGAG I GT).

Although the leader sequences corresponding
to the FeSV open reading frame did not show
any clear homology to sequences in MSV, virtu-
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ally all of the noncoding leader sequences were
homologous to MSV sequences (data not
shown). Together with the relationship of se-

quences within the LTR regions of these ge-
nomes, the results suggest that the helper virus-
derived regions of these different sarcoma virus
isolates may have originated from a common
sequence. Previous comparisons of the viral
structural genes and their products are consis-
tent with the possibility that FeSV and SSV
were independently derived after interspecies
transmission of ancestral rodent retroviruses to
cats and primates, respectively (1, 2, 24). It
appears, then, that noncoding regulatory se-

quences at the termini of certain retroviral RNA
genomes have been as highly conserved as the
viral structural genes.

LITERATURE CITED

1. Benveniste, R. E., R. Callahan, C. J. Sherr, V. Chapman,
and G. J. Todaro. 1977. Two distinct endogenous type C
viruses isolated from the asian rodent Mus cervicolor:
conservation of virogene sequences in related rodent
species. J. Virol. 21:849-862.

2. Benveniste, R. E., C. J. Sherr, and G. J. Todaro. 1975.
Evolution of type C viral genes: origin of feline leukemia
virus. Science 190:886-888.

3. Blair, D. G., W. L. McClements, M. K. Oskarsson, P. J.
Flchinger, and G. Vande Woude. 1980. Biological activity
of cloned Moloney sarcoma virus DNA: terminally redun-
dant sequences may enhance transformation efficiency.
Proc. Natl. Acad. Sci. U.S.A. 77:3504-3508.

4. Blobel, G. 1980. Intracellular protein topogenesis. Proc.
Natl. Acad. Sci. U.S.A. 77:1496-1500.

5. Blobel, G., and B. Dobberstein. 1975. Transfer of proteins
across membranes. I. Presence of proteolytically proc-
essed and unprocessed nascent immunoglobulin light
chains on membrane-bound ribosomes of murine myelo-
ma. J. Cell Biol. 67:835-851.

6. Chang, E. H., R. W. Ellis, E. M. Scolnick, and D. R. Lowy.
1980. Transformation by cloned Harvey murine sarcoma
virus DNA: efficiency increased by long terminal repeat.
Science 210:1249-1251.

7. Chang, E. H., M. E. Furth, E. M. Scolnick, and D. R.
Lowy. 1982. Tumorigenic transformation of mammalian
cells induced by a normal human gene homologous to the
oncogene of Harvey murine sarcoma virus. Nature (Lon-
don) 297:479-483.

8. Devare, S., E. P. Reddy, J. D. Law, and S. A. Aaronson.
1982. Nucleotide sequence analysis of the long terminal
repeat of integrated simian sarcoma virus: evolutionary
relationship with other mammalian retroviral long termi-
nal repeats. J. Virol. 42:1108-1113.

9. Dhar, R., W. L. McClements, L. W. Enquist, and G. F.
Vande Woude. 1980. Nucleotide sequences of integrated
Moloney sarcoma provirus long terminal repeats and their
host and viral junctions. Proc. Natl. Acad. Sci. U.S.A.
77:3937-3941.

10. Donehower, L. A., A. L. Huang, and G. L. Hager. 1981.
Regulatory and coding potential of the mouse mammary
tumor virus long terminal redundancy. J. Virol. 37:226-
238.

11. Edwards, S. A., and H. Fan. 1979. gag-related polypro-
teins of Moloney murine leukemia virus: evidence for
independent synthesis of glycosylated and unglycosylated
forms. J. Virol. 30:551-563.

12. Estratiadis, A. J. W. Posakony, T. Maniatis, R. M. Lawn,
C. O'ConneUl, R. A. Spritz, J. K. DeRiel, B. G. Forget,
S. M. Weissman, J. L. Slightom, A. E. Blechl, 0. Smithies,
F. E. BaraUe, C. C. Shoulders, and N. J. Proudfoot. 1980.

The structure and evolution of the human 3-globin gene
family. Cell 21:653-668.

13. Evans, L. H., S. Dresler, and D. Kabat. 1977. Synthesis
and glycosylation of polyprotein precursors to internal
core proteins of Friend murine leukemia virus. J. Virol.
24:865-874.

14. Fedele, L. A., J. Even, C. F. Garon, L. Donner, and C. J.
Sherr. 1981. Recombinant bacteriophages containing the
integrated transforming provirus of Gardner-Arnstein fe-
line sarcoma virus. Proc. Natl. Acad. Sci. U.S.A.
78:4036-4040.

15. Gardner, M., R. W. Rongey, P. Arnstein, J. D. Estes, P.
Sarma, R. J. Huebner, and C. G. Rickard. 1970. Experi-
mental transmission of feline fibrosarcoma to cats and
dogs. Nature (London) 226:807-809.

16. Gilboa, E., S. W. Mitra, S. Goff, and D. Baltimore. 1979.
A detailed model of reverse transcription and tests of
crucial aspects. Cell 18:93-100.

16a.Hampe, A., I. Laprevotte, F. Galibert, L. A. Fedele, and
C. J. Sherr. 1982. Nucleotide sequences of feline retro-
viral oncogenes (v-fes) provide evidence for a family of
tyrosine-specific protein kinase genes. Cell 30:755-785.

17. Hartley, J. L., and J. E. Donelson. 1980. Nucleotide
sequence of the yeast plasmid. Nature (London) 286:860-
864.

18. Hayward, W. D. 1977. Size and genetic content of viral
RNAs in avian oncovirus-infected cells. J. Virol. 24:47-
63.

19. Herisse, J., G. Courtois, and F. Galibert. 1980. Nucleotide
sequence of the EcoRI-D fragment of adenovirus 2
genome. Nucleic Acids Res. 8:2173-2191.

20. Hsu, T. W., J. L. Sabran, G. E. Mark, R. V. Guntaka, and
J. M. Taylor. 1978. Analysis of integrated avian RNA
tumor virus double-stranded DNA intermediates. J. Virol.
28:810-818.

21. Ju, G., and A. M. Skalka. 1980. Nucleotide sequence
analysis of the long terminal repeat (LTR) of avian retro-
viruses: structural similarities with transposable elements.
Cell 22:379-386.

22. Ledbetter, J., and R. C. Nowinski. 1977. Identification of
the gross cell surface antigen associated with murine
leukemia virus-infected cells. J. Virol. 23:315-322.

23. Levinson, B., G. Khoury, G. Vande Woude, and P. Gruss.
1982. Activation of SV40 genome by 72-base-pair tandem
repeats of Moloney sarcoma virus. Nature (London)
295:568-572.

24. Lieber, M. M., C. J. Sherr, G. J. Todaro, R. E. Benven-
iste, R. Callahan, and H. G. Coon. 1975. Isolation from the
asian mouse Mus caroli of an endogenous type C virus
related to infectious primate type C viruses. Proc. Natl.
Acad. Sci. U.S.A. 72:2315-2319.

25. Lodish, H. F., W. A. Braell, A. L. Schwartz, G. J. Strous,
and A. Zilberstein. 1981. Synthesis and assembly of mem-
brane and organelle proteins. Int. Rev. Cytol.
12(Suppl.):247-307.

26. Maxam, A., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavage. Methods En-
zymol. 65:499-560.

27. Milstein, C., G. G. Brownlee, T. M. Harrison, and M. B.
Mathews. 1972. A possible precursor of immunoglobulin
light chains. Nat. New Biol. 239:117-120.

28. Ostrowski, M. C., D. Berard, and G. L. Hager. 1981.
Specific transcriptional initiation in vitro on murine type C
retrovirus promotors. Proc. Natl. Acad. Sci. U.S.A.
78:4485-4489.

29. Proudfoot, N. J., and G. G. Brownlee. 1974. Sequence of
the 3' end of the globin mRNA shows homology with
immunoglobulin light chain mRNA. Nature (London)
252:359-362.

30. Reddy, E. P., M. J. Smith, and S. A. Aaronson. 1981.
Complete nucleotide sequence and organization of the
Moloney murine sarcoma virus genome. Science 214:445-
450.

31. Reddy, E. P., M. J. Smith, E. Canaani, K. C. Robbins,
S. R. Tronick, S. Zain, and S. A. Aaronson. 1980. Nucleo-

VOL. 45, 1983



472 NOTES

tide sequence analysis of the transforming region and
large terminal redundancies of Moloney murine sarcoma
virus. Proc. Natl. Acad. Sci. U.S.A. 77:5234-5238.

32. Rothenberg, E., D. J. Donoghue, and D. Baltimore. 1978.
Analysis of a 5' leader sequence of murine leukemia virus
21S RNA; heteroduplex mapping with long reverse tran-
scriptase products. Cell 13:435-451.

33. Rothman, J. E., and J. Lenard. 1977. Membrane assy-
metry. Science 195:743-753.

34. Schultz, A. M., E. H. Rabin, and S. Oroszlan. 1979. Post-
translational modification of Rauscher leukemia virus
precursor polyproteins encoded by the gag gene. J. Virol.
30:255-266.

35. Schultz, A., S. M. Lockhart, E. M. Rabin, and S. Oroszlan.
1981. Structure of glycosylated and unglycosylated gag
polyproteins of Rauscher murine leukemia virus: carbohy-
drate attachment sites. J. Virol. 38:581-592.

36. Segrest, J. P., and R. Feldman. 1974. Membrane proteins:
amino acid sequence and membrane penetration. J. Mol.
Biol. 87:853-858.

37. Shank, P., S. H. Hughes, H.-J. Kung, J. E. Majors, N.
Quintrell, R. V. Guntaka, J. M. Bishop, and H. E.
Varmus. 1978. Mapping unintegrated avian sarcoma virus
DNA: termini of linear DNA bear 300 nucleotides present
once or twice in two species of circular DNA. Cell
15:1383-1395.

38. Shank, P., and M. Linial. 1980. Avian oncovirus mutant
(SE21Q1b) deficient in genomic RNA: characterization of
a deletion in the provirus. J. Virol. 36:450-456.

39. Sherr, C. J., L. A. Fedele, M. Oskarsson, J. Maizel, and G.
Vande Woude. 1980. Molecular cloning of Snyder-Theilen
feline leukemia and sarcoma viruses: comparative studies
of feline sarcoma virus with its natural helper virus and
with Moloney murine sarcoma virus. J. Virol. 34:200-212.

40. Sherr, C. J., L. Donner, L. A. Fedele, L. Turek, J. Even,
and S. K. Ruscetti. 1980. Molecular structure and products

of feline sarcoma and leukemia viruses: relationship to
FOCMA expression, p. 293-307. In W. D. Hardy, Jr., M.
Essex, and A. J. McClelland (ed.). In: Feline leukemia
virus. Elsevier/North-Holland, Inc., New York.

41. Shimotohno, K., S. Mizutani, and H. Temin. 1980. Se-
quence of retrovirus provirus resembles that of bacterial
transposable elements. Nature (London) 285:550-554.

42. Shoemaker, C., S. Goff, E. Gilboa, M. Paskind, S. Mitra,
and D. Baltimore. 1980. Structure of a cloned circular
Moloney murine leukemia virus DNA molecule contain-
ing an inverted segment: implications for retroviral inte-
gration. Proc. Natl. Acad. Sci. U.S.A. 77:3932-3936.

43. Snyder, H. W., E. Stockert, and E. Fleissner. 1977. Char-
acterization of molecular species carrying Gross cell sur-
face antigen. J. Virol. 23:302-314.

44. Snyder, S. P., and G. H. Theilen. 1969. Transmissible
feline fibrosarcoma. Nature (London) 221:1074-1075.

45. Swanstrom, R., W. J. DeLorbe, J. M. Bishop, and H. E.
Varmus. 1981. Nucleotide sequence of cloned unintegrat-
ed avian sarcoma virus DNA: viral DNA contains direct
and inverted repeats similar to those in transposable
elements. Proc. Natl. Acad. Sci. U.S.A. 78:124-128.

46. Temin, H. 1980. Function of the retrovirus long terminal
repeat. Cell 28:3-5.

47. Van Beveren, C., J. C. Goddard, A. Berns, and I. M.
Verma. 1980. Structure of Moloney murine leukemia viral
DNA: nucleotide sequence of the 5' long terminal repeat
and adjacent cellular sequences. Proc. NatI. Acad. Sci.
U.S.A. 77:3307-3311.

48. Van Beveren, C., F. van Straaten, J. A. Galleshaw, and I.
M. Verma. 1981. Nucleotide sequence of the genome of a
murine sarcoma virus. Cell 27:97-108.

49. Weiss, S. R., H. E. Varmus, and J. M. Bishop. 1977. The
size and genetic composition of virus-specific RNAs in the
cytoplasm of cells producing avian sarcoma-leukemia
viruses. Cell 12:983-992.

J. VIROL.


