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ABSTRACT Adult T-cell leukemia virus (ATLV) is a human
retrovirus closely associated with adult T-cell leukemia. The in-
tegrated provirus DNA and cDNA from virion RNA were molec-
ularly cloned and their structures were analyzed. Clone AATM-
1 of an integrated provirus DNA in the MT-I cell line, established
from adult T-cell leukemia cells by cocultivation with cord lym-
phocytes, contained DNA about 13,000 base pairs (bp) long and
long terminal repeats (LTR) at both ends of the viral sequence that
were about 8,000 bp long. These two LTR sequences were linked
to cellular sequences with direct repeats of 7 bp. Each LTR con-
sisted of 754 bp including inverted repeats of 2 bp at the ends and
the T-A-T-A-A box, characteristics in common with those of LTRs
of other known retroviruses. Adjacent to the 5' LTR there was a
sequence identical to the tRNAPr` binding site in murine leukemia
virus, suggesting that tRNAPrO is a primer for reverse transcrip-
tion ofthe viral genome. From these structural features, the mech-
anism of ATLV replication was suggested to be the same as that
of other known animal retroviruses. However, the length of the
small terminal repeats at the ends of the RNA genome, 228 ± 1
bases, is much longer than the lengths, up to 80 bases, of those in
avian, mouse, or primate retroviruses so far analyzed. These find-
ings suggest that ATLV should be classified in a distinct group of
retroviruses with bovine leukemia virus which also makes unu-
sually long strong-stop cDNA.

Adult T-cell leukemia (ATL) is a unique disease of T-cell ma-
lignancy in that the birthplaces of the patients show a peculiar
distribution in the southwest part of Japan (1). Recently, the
retrovirus adult T-cell leukemia virus (ATLV)* was isolated (2,
3) from cell line MT-2 which had been established by coculti-
vation of the leukemia T cells of an ATL patient with normal
cord lymphocytes (4). Furthermore, ATLV was concluded to
be closely associated with the leukemia because provirus DNA
was found in ATL patients but not in healthy adults and also
because all sera from ATL patients tested contained antibody
against ATLV protein p24 (3). In 1980, a similar retrovirus was
isolated by Poiesz et al (5) from a patient with cutaneous T-cell
lymphoma and was reported as a new retrovirus, HTLV (6).
Robert-Guroff et al. (7) reported immunological crossreactivity
of HTLV p24 or p19 with sera from Japanese ATL patients,
suggesting that ATLV and HTLV are related viruses. However,
no information on the viral genome has been available.

In molecular analyses of animal retroviruses, a number of
transforming genes that were acquired from cellular counter-
parts were identified (8, 9) and long terminal repeats (LTRs)
were found in the integrated provirus genome (10) that could
be involved in activation of cellular onc-related sequences (11).
More detailed molecular analysis ofATLV genome should pro-
vide some information on the mechanism of malignant trans-
formation of T cells and also on the origin of this human virus

and its mode of transmission and replication. Therefore, we
isolated a DNA clone of the integrated provirus DNA and also
cDNA clones of virion RNA.

In this paper, we report studies on the nucleotide sequences
of LTR in ATLV provirus DNA and the virus-cell junction. The
data suggest that ATLV should be classified with bovine leu-
kemia virus in a distinct group of retroviruses.

MATERIALS AND METHODS
DNA Cloning of Integrated Provirus of ATLV. High mo-

lecular weight DNA from cell line MT-i (12), which produces
ATLV in low titer, was digested with EcoRI, and DNA frag-
ments of about 11-15 kilobase pairs (kbp) were separated by
agarose gel electrophoresis. The DNA fragments were ligated
to the arms of Charon 4A phage DNA (13) and subjected to in
vitro packaging as described by Blattner et al (14). About 5
X 105' plaques of the recombinant phages were screened with
viral [32P]cDNA, and one recombinant phage AATM-1 was iso-
lated. The viral sequence had one cleavage site for Sal I. The
two fragments produced were subeloned in pBR322, and
pATM-1 and pATM-3 were obtained. For further analysis, the
5- and 8-kbp insert DNAs in these clones were purified on agar-
ose gel after cleavage with EcoRI and Sal I.

Preparation ofcDNA Clones of Viral RNA. ATLV RNA con-
taining poly(A) was prepared from the virions (3) purified from
the MT-2 cell line (4). cDNA of the viral RNA was synthesized
by extending oligo(dT) primers at the 3' end of poly(A) with
reverse transcriptase. The second-strand DNA complementary
to cDNA was synthesized by the method described by Tani-
guchi et al. (15). Both ends of the molecules were tailed with
poly(dC) by use of terminal transferase and hybridized to the
oligo(dG) tails at the Pst I site of pBR322. The recombinant
plasmids were used for transformation of the X1776 strain of
Escherichia coli K-12 and two tetracycline-resistant clones,
pATV-1 and pATV-2, containing the cDNA fragment were se-
lected by colony hybridization with viral [32P]cDNA.

Nucleotide Sequence Analysis. DNA fragments from the re-
combinant plasmids were digested with Sma I, Pst I Hinfl, or
Hpa II and were labeled either at their 5' end by using [y-
32P]ATP and polynucleotide kinase as described by Maxam and
Gilbert (16) or at their 3' end by using [a-32P]dCTP and the
Klenow fragment ofpolymerase I. End-labeled DNA fragments
were applied to a gel for strand separation or digested with an
appropriate restriction endonuclease and the nucleotide se-
quences of the reisolated fragments were determined by the

Abbreviations: ATL, adult T-cell leukemia; ATLV, adult T-cell leuke-
mia virus; LTR, long terminal repeat; kbp, kilobase pair(s); BLV, bovine
leukemia virus.
* The independent isolates HTLV and ATLV are now known to be sim-
ilar to each other; however, until the International Committee for
Retrovirus Nomenclature proposes a systematic nomenclature for
these viruses, we will use the name "ATLV."
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FIG. 1. Restriction map of integrated provirus of ATLV in a clone
AATM-1. The regions contained in subclones pATM-1 and pATM-3 are
also shown. e, Sal, I; v, Xho I; o, Xba I, o, Sma I. Arrows, extent and
direction of the sequence obtained by cleaving the DNA with the in-
dicated endonuclease.

procedure of Maxam and Gilbert (16).
Synthesis of Strong-Stop cDNA. ATLV virions purified from

MT-2 were incubated in a mixture consisting of 50mM Tris HCl

(pH 7.5), 10 mM MgCl2, 10 mM dithiothreitol, dATP, dGTP,
and dTTP each at 0.1 mM, various concentrations of [32P]dCTP,
0.02-0.1% Nonidet P-40, and actinomycin D (50 ,g/ml) at
39°C for 30 min. The cDNA was purified by digestion with pro-
teinase K and phenol extraction followed by alkaline treatment.

RESULTS
Strategy for Determining the Sequence ofthe LTR Regions.

A simple restriction map of molecularly cloned ATLV DNA
AATM-1 was constructed (Fig. 1). To determine the location of
the possible LTR sequences, the fragments formed by Sma I
digestion were hybridized to strong-stop viral cDNA which rep-
resents the 5' end ofthe viral RNA. Two fragments, which were
separated by a sequence of about 8.0 kbp, were found to hy-
bridize strongly to the probe (data not shown). For sequence
determination of these regions separately, two Sal I fragments,
each containing one ofthe hybridizable regions, were subcloned
in pBR322, and pATM-1 and pATM-3 were obtained. Sequence
determination strategy of the hybridizable regions in these
clones is indicated in Fig. 1 and the sequence is shown in Fig.
2A.

Sequence Organization of LTR Regions and Flanking Se-
quences. The identical nucleotide sequences that were hybrid-
izable to viral strong-stop cDNA in pATM-1 and pATM-3 were

A 15'LTR
HUMAN DNA

-20 CATTTAATCAAGG CATTCCIACATGACCATGAGCCCCAAATATCCCCCGGGGGCTTAGAGCCTCCCAGTGAMMCATTTCCGAGAAACAGAAGTCT 80

GAAAAGGTCGCGGCCCAGACTMAGGCTCTGACGTCTCCCCCCGGAGGGCAGCTCAGCACCGGCTCAGGCTAGGCCCTGACGTGTCCCCCTGAAGACAMAT 180

CATAAGCTCAGACCTCCGG GGGAACCACCCATTTCCTCCCCATGTTTGTCGCCGTCCTCAGGCGTTGACGACAACCCCTCACCTCAAAA 280
CAP

U31 R ATCTCTCCTTCACGCGCCCG
AACTTTTCATGGCACGCATATGGCTCAATAAACTAACAGGAGTCtfB;CGTGGAGACAGTTCAGGAGGGGCTCGCATCTCTCCTTCACGCGCCCG 380

CCGCCCTACCTGAGGCCGCCATCCACGCCGGTTGAGTCGCGTTCTGCCGCCTCCGCCCTGTGGTGCCTCCTGAACTGCGTCCGCCGTCTAGGTMGTTTACCGC CTACCTGAGGCCGCCATCCACGCCGGTTGAGTCGCGTTCTGCCGCCTCCCGCCTGTGGTGCCTCCTGAACTGCGTCCGCCGTCTAGGTAGTTTAI 480
TAO

GAGCTC GAGACCGGGCCTTTGTCCGGCGCTCCCTTGGAGCCTACCTAGACTCAGCCGGCTCTCCACGCTTTGCCTGACCCTGCTTGTTCMCTCT
GGTAGCGAGA CGGGCCTUr-r.TrrrTGTr.CTCG CTA CMGCC _ Ga

aU5 TAG
A GCTGTTCGTTTTCTGTTCTGCGCCGTTACAGATcxGAMGTTCCAcCCCTTTCCCMCATTCACGACTGACTGCCGGCTTGGCCCACGGCCAAG

5'LTRII PBS I
TACCGGCGACTCCGTTGGCTCGGAGCCGCGACAGCCCATCCTATAGCACTCTCAGGAGAGAAATTTAGTACA GTTGGGGGCTCGTCCGGGATACGAGC

3' LTR 3 LTRI HUMAN DNA
GCCCC.** -7.3 kbp. AGAGGCAG TGACAATGACCATGA. 724bp ..... GAAATTTAGTACACGCATTCCATTCCATTCCA
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FIG. 2. (A) Nucleotide sequences of 5' LTR in subclone pATM-3 and of cDNA clone pATV-1. The sequence of the (+) strand (same sense as viral
RNA) is presented. The shorter sequence around the middle of LTR is that of cDNA clone pATV-1 containing 3' end of viral RNA. Numbering is
from the beginning of the LTR. Regions of interest are marked: U3, sequence from the 3' end of viral RNA also present at the 5' end of viral DNA;
R, sequence repeated at both ends of viral RNA; U5, sequence from the 5' end of viral RNA between R and the primer (tRNAPrN) binding site; PBS,
18-bp sequence identical to the tRNAPrO binding site in murine sarcoma virus/murine leukemia virus putative primer. The possible promoter se-
quence is shown in a box. Horizontal arrows indicate the sequences of direct or inverted repeats. The long thick underlining represents strong-stop
cDNA. Taq I sites are shown by small vertical arrows. (B) Schematic illustration of the arrangement of provirus DNA in AATM-1.
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defined as the LTR regions of the integrated provirus genome
ofATLV (Fig. 2A). Each LTR consisted of 754 bp, and one ter-
minus of each LTR was linked to a directly repeated cellular 7-
bp sequence, G-C-A-T-T-C-C (Fig. 2B). LTR had a terminal
inverted repeat of 2 bp. These structural features of the virus-
cell junction are consistent with those found generally for other
animal retroviruses (17) and are also similar to those of trans-
posable elements in lower organisms (18).

In general, the LTR sequence consisted of one copy each of
the 3' end (U3) and 5' end (U5) regions and terminal.repeats
(R) of the viral RNA. To determine the region of the 3' end of
viral RNA in LTR, we determined the nucleotide sequences of
two cDNA clones, pATV-1 and pATV-2. These two clones con-
tained identical sequences adjacent to a long poly(dA) stretch,
thus indicating that these cDNA clones represented a sequence
at the 3' end of viral RNA, but not a sequence primed at a small
oligo(dA) cluster within the viral genome. The nucleotide se-_._ t_A_ 1k T A 1 -1 _ r 1- _-1 -. *1 - '1 -quence in the cDNA clones was also touncl t
upstream from position 581 in LTR (Fig. 2
ations of two bases (positions 572 and 581
site for viral RNA was identified at positic
bases from this point to the end of LTR aw
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Table 1. Sizes of various regions in the LTR sequence
Primer

Virus LTR IR R R + U5 tRNA
ATLV 754 2 228 ± 1 403 ± 1 Pro(?)
BLV 750 - - 320 ± 1
ALV/SV* 326-344 12 21 99 Trp
SNV* 543-615 3 79 174 Pro
MLV/SV* 515-588 11 60-68 136-151 Pro
MMTV 1,330 6 16 136 Lys

ATLV, adult T-cell leukemia virus; BLV, bovine leukemia virus;
ALV/SV, avian leukosis-sarcoma virus; SNV, spleen necrosis virus;
MLV/SV, Molony murine leukemia and sarcoma viruses; MMTV,
mouse mammary tumor virus.
* Values for these viruses are from the review by Temin (17). IR, in-
verted repeat at ends of LTR in integrated provirus; R, repeated se-
quence at both ends of viral RNA; R + U5, strong-stop viral cDNA.

to be identical to that point mutations among the different isolates of ATLV: LTR
.A), except for alter- clones were isolated from the MT-1 cell line established from
.). Thus, the poly(A) one patient with ATLV, whereas virion RNA for cDNA clones
n 581, defining 173 was isolated from the MT-2 cell line established from another,
sU5. Differences of unrelated, patient with ATL (4, 12).
uld be explained by To determine the site of the 5' terminus of viral RNA, we

analyzed the strong-stop viral cDNA. Purified ATLV virions
were incubated under the conditions for general cDNA syn-
thesis except that a higher concentration of dNTP and slightly
higher temperature (39°C) were used. In this way, cDNA of a
discrete size was synthesized after a short reaction period (Fig.
3A). The maximal size of the main product was 403 + 1 nu-
cleotides and was not affected by the concentration ofdetergent
or substrates. Therefore, cDNA of403 ± 1 nucleotides was con-
cluded to be strong-stop viral cDNA which had been primed
by tRNA on the genome RNA and stopped at the 5' end of the
genome. Three fragments ofcDNA were obtained by digestion
with Taq I, and these were mapped as shown in Fig. 3B. For
this mapping, immature small products, which were synthe-
sized with a low concentration of dCTP as shown in lanes d-f
of Fig. 3A, were used. The sequences in LTR contained a map

RAW of Taq I sites identical to that in cDNA (Fig. 2A). Thus, the
strong-stop cDNA corresponds to the region shown with thick
underlining in Fig. 2A. Therefore, the cap site for the 5' ter-

-- ~ minus of viral RNA was identified as position 354 ± 1, defining
the upstream 353 ± 1 nucleotides as U3 and the downstream
228 ± 1 nucleotides as the terminal repeat sequence at the ends
of viral RNA. This length of 228 ± 1 for the terminal repeat
sequence is much longer than such values in other known re-
troviruses (Table 1).

B

TAQ
137 i 129

TAQ
137

FIG. 3. Analysis of strong-stop viral cDNA of ATLV and bovine
leukemia virus (BLV) (A) and the physical map of Taq I sites (B). (A)
cDNAs were synthesized with 0.1 mM [32P]dCTP (lanes a-c) or with
5 ,IM [32P]dCTP (lanes d-f) in the presence of various concentrations
of Nonidet P-40 (0.02% for a and d, 0.05% for b and e, 0.1% for c and
f). The reaction was carried out at 390C for 30 min. ThecDNA extracted
from lane a was digested with Taq I and run in a separate gel (lane g).
ATLV cDNA in lane a was compared with that of BLV strong-stop
cDNA (lane h). The size markers of pBR322 fragments formed by Taq
I (Ml) or Hpa II digestion (M2) are also included and the sizes were
shown by nucleotide numbers. (B) The arrow in the map represents
strong-stop cDNA and its direction of synthesis.

DISCUSSION
General Features of Provirus and LTR Structures. The

main functions of LTR in retroviruses are (a) reverse transcrip-
tion of viral RNA, (b) integration of the provirus DNA into cel-
lular DNA, and (c) regulation of the synthesis ofviral RNA. The
LTR of the ATLV provirus was shown to have the same struc-
tural organization as that of other animal retroviruses-that is,
U3-R-U5. This structural organization suggests that this LTR
has functions similar to those of other LTRs in viral replication.
LTR is bound by 2-base inverted repeats, T-G and C-A.

Known inverted repeats in LTR are larger than 3 bases. Thus,
ATLV provides an example of minimal inverted repeats at the
ends, which are thought to be important for integration of the
provirus DNA. The viral sequence of about 8.7 kbp in AATM-
1 had LTR sequences at both ends and was linked to cellular
sequences by a 7-base direct repeat sequence, G-C-A-T-T-C-
C. Clone AATM-1 seemed to contain the whole viral genome

Biochemistry: Seiki et aL
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of ATLV, judging from the presence of two LTRs in the same
direction.

Adjacent to 5'-LTR in pATM-3, after 2 bases there is a se-
quence of 18 bases identical to the tRNAPrO binding site in mu-
rine sarcoma virus (19) (Fig. 2A). This sequence suggests that
tRNAPro is a primer for reverse transcription ofthe viral genome
as murine leukemia virus/sarcoma virus, although the se-
quence of tRNAPW of human origin is not available.

All these structural features suggest that the mechanism of
replication of ATLV is the same as that of other animal retro-
viruses, although the infectivity of ATLV is hard to demon-
strate. The size of the viral sequence, about 8.0 kbp, is con-
sistent with the previous findings (3) that the largest viral RNA
in infected cell lines was 35 S. This size is similar to that ofanimal
lymphatic leukosis viruses which do not contain a transforming
gene.

Sequences Possibly Related to Transcriptional Control. As
in other LTRs, a consensus sequence T-A-T-A-A-A, which is
thought to be the signal for contributing to promote the tran-
scriptional initiation of the proviral genome, was found at po-
sition 325-331. This sequence is located 29 ± 1 bases upstream
from the cap site at position 354 ± 1, thus being consistent with
the general features for sequence arrangements of T-A-T-A-A
and initiation site (20). Short direct repeats of 10 bases were
presentat about 130 bases before the T-A-T-A-A box. This could
be an enhancer signal for initiation of transcription, although
the direct repeat is shorter than those in the known viral LTRs
(18, 19).
The end of the terminal repeat-that is, the poly(A) site-is

T-A at position 581. This T-A was changed to T-G in both cDNA
clones. In any case, these ends are unique because all terminal
repeat sequences of other known retroviruses end with C-A
(17). Furthermore, A-A-T-A-A-A, the so-called poly(A) signal,
was not present 10-30 bases upstream from the poly(A) site.
Without these signal sequences, ATLV viral RNA contained
poly(A) at the 3' end, although the sequence A-A-T-A-A-A is
thought to be required for polyadenylylation (21). Almost all
known eukaryotic mRNAs containing poly(A) have this signal
sequence, although a few exceptions have been reported: sur-
face glycoprotein mRNA in Trypanosoma (22) and transcripts
from the cycl locus in yeast (23). Our findings together with
these previous exceptions suggest that the consensus sequence
A-A-T-A-A-A is essential for efficient polyadenylylation but is
not absolutely required.

Unusual Structure of the ATLV LTR. The terminal repeat
sequence R, which is repeated at both ends of viral RNA, was
228 ± 1 bases. This was much longer than known R sequences
(Table 1), among which 79 bases in spleen nephrosis virus of
chicken was the longest (17). This great difference in the size
ofthe R sequence suggests that ATLV is a member ofa different
group from the known avian, mouse, or primate retroviruses.
This unusually long R sequence and the absence of a poly(A)
signal may be related to the inefficient replicative nature of this
virus. We also analyzed strong-stop viral cDNA of BLV, which
also replicates inefficiently. As shown in lane h of Fig. 3A, the
strong-stop cDNA (U5 + R) was 320 ± 1 bases and, although
different from that of ATLV, it too was unusually long. These
results suggest thatATLV and BLV should be classified in a class
of retroviruses distinct from other known retroviruses because
the LTR sequences were well conserved among the viruses re-
lated (24).

This conclusion is supported by the preliminary finding that
strong-stop cDNA of BLV hybridizes significantly with the
ATLV LTR sequence under nonstringent conditions. The re-
latedness of BLV with HTLV has been reported by Oroszlan
et aL (25) who showed that virion p24 of BLV and HTLV has
a similar amino acid sequence. Because similarity between
ATLV and HTLV were suggested from the immunological
crossreactivity ofp24 or p19 (7), our conclusion from ATLV ge-
nome analysis is consistent with that on HTLV by Oroszlan et
al (25). From these results, ATLV and BLV are suggested to
be derived from a common ancestor of retroviruses.
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