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The nucleotide sequence of the 3' long terminal repeat and adjacent viral and host sequences was

determined for a bovine leukemia provirus cloned from a bovine tumor. The long terminal repeat was found
to comprise 535 nucleotides and to harbor at both ends an imperfect inverted repeat of 7 bases. Promoter-
like sequences (Hogness box and CAT box), an mRNA capping site, and a core enhancer-related sequence
were tentatively located. No kinship was detected between this bovine leukemia proviral fragment and
other retroviral long terminal repeats, including that of human T-cell leukemia virus.

Retroviruses provide useful systems to study the integra-
tion of foreign DNA into eucaryotic genomes and the regula-
tion of expression of the viral genes (2, 48). The provirus, the
integrated form of the virus genome, contains the viral genes
flanked by long terminal repeat (LTR) sequences covalently
linked to cell DNA. The integration event causes the loss of
(usually) 2 base pairs (bp) at the distal end of each LTR and
the appearance of inverse repeats of a few bp in cell DNA (8,
17, 39, 44, 45). Encoded in the LTRs are signal sequences for
regulating the transcription of viral genes and for processing
the transcripts by the addition of polyadenylic acid-contain-
ing tails. LTRs also contain potential Z-DNA-forming se-
quences and core enhancer sequences thought to be part of
enhancer elements (27, 47). All these regulatory structures
play a role in activating the expression of viral genes. They
also activate the expression of a cellular gene in leukosis
induced by avian leukosis virus. In some tumors, avian
leukosis virus integrates immediately upstream of the c-myc
gene and activates it by downstream promotion (14, 26). In
other tumors, provirus integration exerts a regional effect,
regardless of orientation and position (28, 30). Downstream
promotion makes use of the LTR promoter; the regional
activation suggests that the viral DNA contains sequences
that enhance expression from heterologous promoters. An
enhancing activity has been recently identified in the Rous
sarcoma virus promoter (21). It has been localized partly (88
bp) in the 5' end of the LTR within the U3 region and partly
(55 bp) in the viral sequences flanking the 5' boundary of the
LTR from circular DNA. In this case, the enhancing effect is
only present at the 3' end of naturally acquired proviruses.
The availability of DNA clones of the bovine leukemia

virus (BLV) genome has allowed investigations of the mode
of action of the virus in inducing the tumor phase of enzootic
bovine leukosis (5, 19, 20). The provirus found in the tumor
cell is in a repressed state, integrated in different chromo-
somes in different tumors (D. Gregoire, D. Couez, J. Des-
champs, S. Heuertz, M.-C. Hors-Cayla, J. Szpirer, C.
Szpirer, A. Burny, G. Huez, and R. Kettmann, submitted
for publication). Possible explanations of the BLV mode of
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action include (i) cell transformation by a viral product at a
particularly critical stage of cell differenciation or (ii) en-
hancement of expression of one or several cellular onco-
genes. The sites of BLV provirus integration in bovine
tumors being multiple (20), it can be hypothesized that the
provirus integrates at a crucial spot in host DNA and is
transposed later on to a secondary site, where it is found in
the tumor.
Two sets of data motivated our in-depth studies of the

BLV provirus structure: (i) The presence at rather high
frequency (25% of total cases) of proviruses with deletions in
tumor tissue. The systematic occurrence of the deletion in
the 5' moiety of the provirus was indicative of the putatively
important role played by the 3' side of the molecule in the
neoplastic process. (ii) The discovery of the human T-cell
leukemia virus (HTLV) (31, 32) and of its apparent unique-
ness among the Retroviridae, except for a distinct but clear-
cut relatedness to BLV (29).

Since the U3 region of the LTR has been repeatedly (3, 34,
43) suspected of playing a key role in leukemogenesis by a
number of leukemia viruses, we first focused our attention
on the detailed structure of the proviral LTR cloned from a
tumor tissue. This work was in progress when Seiki et al.
(37) published the LTR sequence of HTLV, thus allowing a
direct comparison between corresponding regions of the
related proviral agents.

Localization of LTR sequences within integrated BLV DNA
and sequencing strategy. An EcoRI tumor DNA fragment
designated T15-4, containing the right viral LTR with flank-
ing cellular and viral sequences, was previously cloned in
Charon 21 A phage (7, 22). The fragment was recovered from
an EcoRI digest of the recombinant phage after agarose gel
electrophoresis and electroelution. An 8.3-kilobase (kb) Sacl
fragment containing the BLV information (5), except for 104
bases missing because of a second Sacl site in the LTR, was
subcloned into the PstI site of pBR322 by the method of
Villa-Komaroff et al. (46). Restriction of the cloned BLV
DNA with PstI generated four fragments of 1.2, 0.5, 1.4, and
5.2 kb (Fig. 1B). The 5' LTR-gag gene junction fragment (1.2
kb) was recovered as described above for the EcoRI DNA
fragment.
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FIG. 1. Molecular cloning of BLV LTRs and strategy for determining their nucleotide sequence. Box, LTR DNA; straight line, viral DNA;
wavy line, cellular DNA; A, Aval; E, EcoRI; H, HpaII; P. PvuII; PI, PstI; S, Sacl; T. TaqI. (A) EcoRI tumor DNA fragment designated T15-
4, containing the 3' LTR with flanking viral and cellular sequences, was cloned in Charon 21A. This fragment was isolated from a EcoRI digest
of the recombinant phage, and its single restriction map was established. The T15-4 fragment was then cut with TaqI, HpaII, and PillII and
was subcloned in M13mp7, mp8, or mp9. (B) The 8.3-kb Sacl fragment containing all the BLV information was cloned into the PstI site of
pBR322. This cloned BLV DNA was cut with PstI, and the 1.2-kb PstI fragment which bears the Us of the 5' LTR was subcloned in M13mp8.
These different subclones were sequenced by the method of Sanger et al. (36). Horizontal arrows indicate the direction and extent of sequence
determination obtained by cleaving the DNA with the indicated endonuclease.

The map of the EcoRI fragment T15-4 was based on
restriction endonuclease cleavage products obtained and
visualized either on agarose gels after staining with ethidium
bromide or by autoradiography after labeling of 5' ends with
[y-32P]ATP and T4 polynucleotide kinase.
To use a shotgun approach as described by Messing et al.

(24, 25), the T15-4 fragment was cut with TaqI, HpaII, or

PvullI and inserted into the AccI or SmaI site of the
coliphage M13mp7, mp8, or mp9. After cloning, these sets of
small fragments yielded banks of recombinant phages in
which the T15-4 fragment was represented piecemeal with
the two complementary DNA strands present in separate
clones. The nucleotide sequences of the cloned single-
stranded DNAs were determined by the method of Sanger et
al. (36).

Figure 1A provides a summary of the strategy used to
determine the entire sequence. Each piece of DNA was

sequenced at least twice, and the sequences were read by
two different investigators. The entire primary structure was
constructed by compiling the data obtained and aligning the
successive fragments by overlaps and complementarities
(Fig. 2A).
The 1.2-kb PstI fragment derived from cloned BLV DNA

was subcloned into the PstI site of phage M13mp8, and
sequence analysis was limited to the terminal regions.
The 8.3-kb Sacl fragment was also subcloned into a

modified pUC8 vector. This clone has been used for com-

plete sequencing of the T15 proviral genome, except for a

small SacI fragment (104 bases) located within the LTR.
Sequencing was performed in both directions over the 500-
bp regions at both ends of the large fragment by the method
of Maxam and Gilbert (23). This sequence was then com-

pared with that obtained independently from the EcoRI
fragment.
The complete sequence of the T15-4 fragment and the 5'

LTR-gag junction fragment is shown in Figure 2. The plus
strand (same sense as viral RNA) is presented.
The sites for a number of restriction endonucleases are

presented in Table 1. It should be noticed that the TaqI sites
at positions -467 and -416 were apparently not accessible
to the enzyme.
The strategy used to delineate LTR boundaries rested

upon sequencing of the entire 3' LTR and the right-hand side
of the 5' LTR. The point of sequence divergence identified
the limit between the LTR and gag regions (for the 5' LTR;
Fig. 3B) and between the LTR and cellular genomic DNA
(for the 3' LTR; Fig. 3A). Such a transition point was found
corresponding to the residues numbered 321 in Fig. 2.
Residue 321 of the 5' LTR (Fig. 2B) and the stretch of 18
bases (TGGGGGCTCGTCCGGGAT) complementary to the
3' sequence of tRNAPro (13) were separated only by one T
residue. Divergence of the T15-4 and 5' LTR-gag sequences,
together with the position for accommodation of initiator
tRNAPrO, was consistent with the idea that the sequence
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5' G AATTCGAGCT GCCCCTTATC

GTCTGTCCCC GCGATCGACC TATTCCTAAC

ACCGGTTACA CTGTG'GTCC AGTCCTAAGG

GACCCIACGC TCACCTGGTC AGAATTGGTT

TGATTCACCC TTAAAATTAC AGCTGTTAGA
'LTR

TTTTTTGAGG GGGAGTCATT TATGAAAG
rBS. IR E

CCACCGCCCC GTAAACCAGA CAGAGACGTC

ACGGCAGCTG GTGGTCAGAA TCCCCGTACC

GAAAAATCCA CACCCTGAGC TGCTGACCTC
L;31:GCCGGCC CTGTCGAGTT AGCGGCACCA'

CCCTAGTGCT CAGCTCTCGG TCCTGAGCTC

GGTCGGCTAT CCGGCAGCGG TCAGGTAAGG

GGTTCTCGGC TGAGACCGCC GCGAGCTCTA

TCCACGTGGA CTCTCTCTCT TGCCTCCTGA

TGGCTTGCAC CCGCGTTTGT TTCCTGTCTT

271 CGCGCTCTCT CCCTCGGCGC CCTCTAGCGG

321 !6GCACT GGACATGACT TAGAGACTGA

371 GCAGGTGGGC AGGTTTATAA GAAGCACATT

CAAACGCCCG GCCTGTCTTG

CGGTCCCCCT TCCCCATACG

CCTTACAACG CTTCCTCCAT

GCTAGCGGGA AACTAAGACT

AAATGAATGG CTCTCCCGCC

ATCATGCAGG CCTAGCGCCG
Z DNA

AGCTGCCAGA GAAGCTGCTG

TCCA CCCCTTTCCC

ACCTG GAT AAATTAATAA
5'C A P

GAAGCGTTCT CCTCCTGAGA

TCTTGCTCCC GAGACCTTCT

CAAACCACGG TTTGGAGGGT

TCTCCGGTCC TCTGACCGTC

CCCCGCGCTC CAAGGGCGTC

ACTTTCTGTT TCTCGCGGCC
3'LTR

CCAGGAGAGA CCGGCAAACA
IR

ACAACAACCA TCTTGAGGTG

GGTTTGAATT C 3'

B.
'.5

TGCAGGGGGGGGGGGGAGCTCTCTTGCTCCCGAGACCTT......
5'LTR 321

...... GCGGCCAGGAGAGACCCGGAACAAAATGGGGGCTCGTCCGGGATT
IR| PBS

FIG. 2. (A) Nucleotide sequence of the integrated 3' LTR with adjacent viral and cellular DNA in T15-4 fragment. (B) Partial nucleotide
sequence of the 5' LTR in 1.2-kb Pstl fragment. The sequence of the plus strand (same sense as viral RNA) is presented. Position 1 in the se-

quence corresponds to the 5' end of the RNA genome, the capping site ( I ). Important features of the BLV LTR sequence: IR, inverted
repeat; Z-DNA, zone of Z-DNA; E, enhancer core sequence: U3. unique sequence derived from the 3' end of genomic RNA; PSB+, plus-
strand binding site: PBS-, tRNAPrO binding site; LH, RU, locally homologous regions to U3 regions of the simian sarcoma virus LTR. The
possible promoter sequences Hogness and CAT boxes are shown in boxes.

...CAAACAA included the expected inverted repeat
known to exist at both ends of LTRs. Indeed, the search for
the inverted repeat of CAAACAA pointed to sequence
TCATTTG, numbered -215 to -209 in Fig. 2A, although
these proposed inverted repeats did not exactly match (they
are imperfect inverted repeats owing to two AC pairs).
Moreover, the left-hand boundary of'all 3' LTRs studied so

far is adjacent to a purine tract, thought to act as a plus-
strand primer-binding site (3, 38, 40).

In the Rous sarcoma virus system, at least 9 and at most 29
of the nucleotides of this region adjacent to U3 were demon-
strated to be necessary for growth, even in the presence of a

helper virus. It was concluded that the polypurine tract
provided a cis-acting function necessary for retrovirus repli-
cation (40). The purine array GAGGGGAG from residues
-224 to -216 is an obvious candidate for such a function and
confirms the strong conservative behavior of this sequence
in evolution.
The single T residue mentioned above as being located

between the inverted repeat and the tRNAPrO binding site
was lacking on the right side of the T15-4 fragment. A few
bp, usually two, are eliminated from the ends of both LTRs
at some point before or during integration (8, 39, 44, 45). In
the present case, only one T-A bp was apparently involved

in this process. Based upon the observations and assump-
tions detailed above (Fig. 2), it was concluded that the BLV
LTR extended from the nucleotide T labeled -215 to the
nucleotide A labeled +321, totaling 535 residues.

TABLE 1. Restriction endonuclease sites of T15-4 DNA

Enzyme Sequence Positions

Alul AGCT -465, -261, -150, -125, -63, +32.
+46, +144

AvaI CCCGAG +58
Ddel CTNAG -357, -289, -66, +15, +29, +43,

+130, +339
EcoRI GAATTC -472, +406
HaellI GGCC -442, -353, -192, -24, +267, +299
HpalI CCGG -402, -380, -24, +80, +154, +311
Hinfl GANTC -280, -219, -113, +179
Pv'UI CGATCG -420
PvUII CAGCTG -262, -151. -126
Sacl GAGCTC +45, +143
SaO3A GATC -419
Sau96I GGNCC -400, -366, -24, +39, +156, +267
Taql" TCGA -468, -417. -18

a Two TaqI sites (-468, -417) were resistant to endonuclease
digestion.
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FIG. 3. Autoradiograms of sequencing gels illustrating the point
of sequence divergence among the two fragments analyzed. (A) T15-
4 fragment containing the 3' LTR with an adjacent cellular se-
quence; (B) Pstl fragment of 1.2 kb bearing the U5 of the 5' LTR,
and the nucleotide sequence deduced from the autoradiograms. The
sequences commonly found in A and B accompanied by samples
from each of the reactions (lanes designated ACGT) were fractionat-
ed by electrophoresis in a 6% polyacrylamide gel containing 7 M
urea. After electrophoresis at 1,500 V for 1.5 or 3 h, the gel was
removed for autoradiography.

Potential transcription regulatory sites in the BLV LTR.
Once the boundaries of the BLV LTR were delineated and
the tRNAPrO initiator site was located, it became possible to
locate the putative viral RNA capping site at the GAAG
sequence and to number the left-side G of this sequence as
residue number 1. The assignment was made possible by
taking advantage of the size of BLV strong-stop cDNA (320
± 1 nucleotides [37]) for BLV produced by the chronically
infected fetal lamb kidney cell line.
Once presently known LTRs are all arranged according to

the same general scheme, one should find upstream from the
capping site the two transcriptional regulatory entities called
the TATA (or Hogness) box (11, 12) and the CAT box (10).
The TATA box element has been tentatively identified
within the AT-rich region extending between positions -44
and -28; the 5' side of this sequence, TGATAAA, is the
closest to the standard recognized sequence, NTATAAAN,
and runs from -44 to -38. The sequence CCAACT oc-
curred between positions -97 and -92 and was taken as the
putative CAT box. The positions of all three transcriptional
signals relative to each other are in accordance with what is
known in other virus systems (9, 17, 35, 41, 44).
An obvious candidate for the polyadenylation signal (8,

26) would be the AATAAA sequence extending between
positions -35 and -30, nearly adjacent to the presumed
TATA box. No experimental attempt has been made so far
to locate the adenylation site; CA is the consensus sequence
(33). In HTLV LTRs, the polyadenylation site has been
tentatively assigned to a TA or a TG pair but not to a CA
(37). A number of CA and TG were found in the region
where a polyadenylation site was theoretically expected to
be located. Accurate determination of this site is mandatory
before the R region can be exactly delineated.
A computer search was carried out to identify DNA

segments of alternating purine-pyrimidine sequences consid-
ered to be potential Z-DNA-forming regions and key struc-
tures of transcription enhancers (27). Such structures were
found as pairs with nucleotide sequences between them

varying in length from 50 to 80 bp. They seem to exist in
many retrovirus LTRs (27), and in some systems, at least,
the enhancers involve viral sequences at the 3' end of
proviral DNA but outside the LTR (21). Our data point to the
sequence TACACGTGTGGT (-374 to -365) as the best
candidate region with Z-DNA-forming potential. However,
this DNA segment is located outside the LTR. In the LTR
itself, the computer analysis showed one 8-bp segment,
ATCATGCA (-200 to -192), with one bp out of alternation.
A 6-bp segment, CACGTG, was found at positions 388
to 393 in cell DNA. Another segment of interest is the
core enhancer element with the consensus sequence
5'-cAGGAAGTGAA-3' (15) or 5'-TGGAAAG-3' (47), in which
one critical replacement appears to be the first G. The BLV
LTR contains the segment 5'-TGAAAG-3' at positions -206
to -201, a 6-bp sequence consistent with the consensus
sequences mentioned above. However, the assumptions
made here are hypothetical, and the homologies observed
with known core sequences of enhancer elements may be
coincidental. The role of these sequences in the activation of
transcription should now be explicitly tested.

Protein-coding potential. As illustrated in Fig. 4, there is no
large open reading frame in the BLV LTR. The largest one
exists in frame A and extends over a region of about 200
nucleotides, but it does not contain any initiation codon
ATG.
Comparison of the BLV LTR with the LTRs from other

mammalian retroviruses. The overall size of the BLV LTR,

321 -r
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A B C

FIG. 4. Reading frame analysis of the BLV 3' LTR. To the right
of the LTR box, horizontal lines represent the position of translation
termination codons (TAA, TGA, TAG) found in the three different
reading frames designated A, B, and C.
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535 nucleotides, and its right-hand boundary, immediately
adjacent to a 18-bp sequence complementary to the 3' end of
tRNAPr, (13), are peculiarities shared by LTRs in mammali-
an viruses. The primer tRNA used by BLV had not been
identified yet. The presence of the tRNAPro complementary
sequence strongly suggests that tRNAPro is used in BLV
retrotranscription, as in Moloney murine leukemia and sar-

coma viruses (8, 44, 45), spleen necrosis virus (38), baboon
endogenous virus (41), simian sarcoma virus (6), and HTLV
(37). Thus, all analyzed mammalian type C viruses use
tRNAPrO as primer molecules, whereas avian viruses special-
ize in using tRNATrP (4, 42). The only known exception to
this rule is avian spleen necrosis virus, which also uses

tRNAPrO. Interestingly enough, spleen necrosis virus dis-
plays homologies with mammalian retroviruses (1, 16), and
thus fits within the frame of the proposition of Devare et al.
(6) that the tRNAPrO binding site might be a marker for the
evolutionary relationship among retroviruses.
A computer-assisted search by the method of Kaneshisa

(18) was used to look for homologous subsequences in BLV
LTR and LTRs of Moloney leukemia virus, simian sarcoma

virus, Rauscher leukemia virus, gibbon ape leukemia virus,
baboon endogenous virus, and HTLV. Except for two
locally homologous regions, TGCACCCGCGTTTG
TTTCCT and CTCC CTCGGCGC, found at successive
positions in SSV-U3 (positions 313 and 350 [6]) and BLV-
RUs (positions 226 and 279), no significant homology was
revealed between BLV LTR and those cited above, includ-
ing HTLV. It thus seems that, aside from a number of
practically invariant structures and signals, LTRs fulfill their
biological functions while being permissive to genetic drift.
We did not, indeed, expect many similarities to appear

between BLV and murine LTRs since only a very distant
relationship seems to exist between the bovine virus and the
murine group. Somewhat to our surprise, we reached the
same conclusion when comparing BLV and HTLV LTR
sequences. The human virus LTR is significantly longer (37)
(754 bp), with no apparent homology to BLV. It should thus
be concluded that similarities between BLV and HTLV
found in several structural proteins (27) had a more stringent
biological function to fulfill than the overall base sequence of
LTR besides the basic, well-conserved signals like inverted
repeats, CAT and TATA boxes, the capping site, and
promoter binding sites for retrotranscription.
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ADDENDUM IN PROOF

A recent publication by Tsimanis et al. (Nucleic Acids
Res. 11:6079-6087, 1983) enables us to locate the polyadeny-
lic acid addition site at base C, position 234. It follows that
the R region of BLV LTR is 234 bp long, a value very similar
to that found for the HTLV LTR (R = 228 bp), thus
reemphasizing the similarities that exist between both virus-
es.
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