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We have determined the nucleotide sequence of the HindIII-B DNA segment of African green monkey B-
lymphotropic papovavirus (LPV), which shows a highly restricted host range and whose genome is a 5.1-
kilobase-long circular DNA. The segment, consisting of 1,123 base pairs, contained the origin of DNA
replication, the putative control region for early transcription, and the region probably coding for the amino-
terminal portion of T antigens. The symmetrical region at the center of replication origin, 5'-GAGGC CA
GGGGCCCC TA GCCTC-3' (on the L strand), has diverged in the central portion from the corresponding
regions of primate polyomaviruses simian virus 40, BK virus, and JC virus, but resembles that of mouse
polyomavirus. The structure of the control region upstream of the replication origin was unique to LPV and
contained several repeated sequences, the longest of which were two 60-base-pair tandem repeats. The
amino-terminal region common to LPV small T and large T antigens showed some homology (41%) in the
deduced amino acid sequence to that of both simian virus 40 and the mouse polyomavirus. Like other
polyomaviruses, the probable carboxyl-terminal region unique to LPV small T antigen contained two sets of
the Cys-x-Cys-x-x-Cys structure. These data show that, despite the unique structures in the control region,
LPV is evolutionally related to the mouse polyomavirus and to simian virus 40.

Lymphotropic papovavirus (LPV), isolated from a B-
lymphoblastoid cell line of the African green monkey (41),
shows a highly restricted host range. It grows only in certain
monkey or human B-lymphoblastoid cell lines, but not in
most of the T and null lymphoblastoid cell lines (3, 4, 33).
Although serological surveys have shown that the yet un-
identified viruses antigenically related to LPV must occur
widely among humans, apes, and monkeys (3, 33), the
pathogenicity of LPV is still unknown. For its special host
range and prevalence of antibody to it in primates, LPV is
distinct from other primate polyomaviruses.
Nondefective monkey LPV DNA has been characterized

by molecular cloning from heterogeneous DNA grown in
human B-lymphoblastoid BJA-B cells (33). Circular 5.1-
kilobase (kb)-long LPV DNA begins to replicate bidirection-
ally from a point located near its unique BamHI cleavage site
(16). Hybridization experiments with specific DNA frag-
ments revealed partial homology over the entire genomes
between LPV DNA and simian virus 40 (SV40) or BK virus
(BKV) DNA, indicating that LPV is evolutionally related to
these polyomaviruses, and the LPV genome can be aligned
to those of SV40 and BKV with the replication origin as a
reference point (16). It is now possible to deduce the
correlation between the physical and functional maps of the
LPV genome, if LPV has the genomic organization common
to the polyomaviruses.
The noncoding region around the replication origin, whose

nucleotide sequences are the least homologous even among
closely related primate polyomaviruses SV40, BKV, and JC
virus (JCV) (9, 24, 27, 35, 39), contains the control signals
affecting diverse biological properties of polyomaviruses
including the host range of mouse polyomavirus (10, 18, 28),
SV40 (5, 19), and JCV (40) and the transforming capacity of
BKV (37). Detailed analyses of the SV40 genome have
shown that the three 21-base-pair (bp) repeats upstream from
the replication origin function as the important elements of
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the promoter (5), and that the two 72-bp tandem repeats
further upstream have the enhancing and host-discrimina-
tory functions for the early viral transcription in vivo (1, 5,
13, 38). Since LPV has a special host range among polyoma-
viruses, the anatomy of the structure of the region encom-
passing the origin of DNA replication is interesting and
essential for further analyses of possible unique signals of
LPV controlling expression of the viral genome in B-lym-
phoblastoid cells.

In the present study we determined the nucleotide se-
quence of HindIII-B fragment of LPV DNA. Within this
segment of 1,123 bp, we located the origin of DNA replica-
tion, the putative control region for early transcription, and
the probable coding region for the early viral proteins.

MATERIALS AND METHODS
LPV DNA. A recombinant plasmid, pL02, which has a

nondefective 5.1-kb LPV DNA insert at the BamHI site of
plasmid pBR322 (32), and its derivatives, pL026 and pL027,
were used. Recombinants pL026 and pL027 contain
BamHI-HindIII-B2 and -B1, respectively, of LPV DNA
between BamHI and HindIII sites of pBR322. Molecular
cloning, preparation of recombinant DNA, and the cleavage
maps of LPV DNA were described previously (33).
Enzymes. Restriction endonucleases, purchased from Be-

thesda Research Laboratories, Rockville, Md. (AluI, AvaI,
AvaIl, BamHI, DdeI, EcoRI, HindIII, HpaII, and Sau96I),
from New England BioLabs, Beverly, Mass. (BstNI, Hinfl,
Ncol, and RsaI), and from Takara Shuzo Co., Ltd., Kyoto,
Japan (HaeII, HaeIII, and HhaI), were used as recommend-
ed by the manufacturers. Bacterial alkaline phosphatase and
T4 polynucleotide kinase were purchased from Worthington
Biochemical Corp., Freehold, N.J., and Boehringer Mann-
heim GmbH Biochemica, Mannheim, West Germany, re-
spectively.
Approximate location of origin of LPV DNA replication.

LPV DNA, either isolated from the recombinant plasmid
pL02 or extracted from LPV-infected BJA-B cells (33), was
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FIG. 1. Schematic representation of the strategy used to sequence the HindIII-B segment of LPV DNA. HindIII cleaves LPV DNA at two
sites, generating 4-kb (HindIII-A) and 1.1-kb (HindIII-B) fragments (33). The relative positions of restriction endonuclease sites were
determined either by comparative sizing of digested fragments or directly by sequencing. Fragments were labeled at 5' ends (@) or 3' ends (0).
The arrows indicate the direction and approximate extent of reading. HaeII sites not shown here overlap Hhal sites. The DNA sequencing
shown in Fig. 2 revealed an Avall cleavage site (5'-GGTCC-3') at nucleotides 334 to 338, partially overlapping a BstNI site (5'-CCAGG-3') at
nucleotides 337 to 341. This AvaIl sequence was insensitive to Avall and Sau96I, probably because of methylation occurring at the second C
in a stretch of 5'-CCAGG-3'. pBR322 DNA also has an AvaIl site partially overlapping a BstNI site in a stretch of 5'-GGTCCTGG-3' at
nucleotides 1,438 to 1,445 (32). In accordance with Sutcliffe (32), AvaIl did not cut our pBR322 DNA at this Avall site.

cleaved with BamHI, Hindlll, and HpaII, each alone or with
appropriate combination, and subjected to electrophoresis in
1.0% agarose as described previously (33). Separated DNA
fragments in the gels were transferred to membrane filters by
the method of Southern (31) and hybridized to purified BKV
DNA HindIII-C fragments, which consist of 555 bp and
contain the BKV DNA replication origin and its surrounding
area (27, 39), labeled with [a*-32P]dCTP (specific activity, 600
Ci/mmol; Amersham International plc, Buckinghamshire,
England) by nick translation (25). The method of hybridiza-
tion was as described by Howley et al. (15), with various
concentrations (20, 40, and 60%) of formamide used to
change the stringency of hybridization conditions.
DNA sequencing. Nucleotide sequences were determined

by the chemical method of Maxam and Gilbert (21). LPV
DNA digested with appropriate restriction enzymes was
subjected to preparative electrophoresis in 5% polyacryl-
amide-0.25% bisacrylamide gels. When necessary, double-
stranded fragments isolated from gels were cleaved with the
second restriction enzymes. Specific DNA fragments were
labeled at their 5' ends with [_y-32P]ATP (specific activity,
3,000 or 6,000 Ci/mmol; Amersham International) and T4
polynucleotide kinase or labeled at their 3' ends with [a-
32P]ddATP (specific activity, 3,000 Ci/mmol; Amersham
International) with a 3' end-labeling kit (Amersham Interna-
tional). Fragments labeled at one end were prepared by
strand separation (in 8% polyacrylamide-0. 16% bisacryl-
amide) or cleavage with an appropriate restriction enzyme
and were submitted to the four sets of partial degradation
reaction of A>C, G, C, and C+T. The degradation products
were run on 0.5-mm-thick 12% polyacrylamide-0.6% bis-
acrylamide-8 M urea gels. Autoradiography was performed
at -80°C with an intensifying screen.

RESULTS
For determination of the segment containing the origin of

LPV DNA replication, specific LPV DNA fragments immo-
bilized on membrane filters were hybridized to 0.56-kb 32p_
labeled BKV DNA fragments (specific activity, 1.3 x 108
cpm/,Lg of DNA) containing the origin of BKV DNA replica-
tion. Homology was detected only under the lowest stringen-
cy conditions (20% formamide, Tm - 50°C) between BKV
DNA fragments and LPV DNA BamHI-HindIII-B1 or LPV
DNA BamHI-HpaII-B2 (data not shown), indicating that the
LPV DNA replication origin was probably located between 0
and 0.1 map unit from the unique BamHI cleavage site.
Therefore, the HindIII-B segment (1.1 kb long) ofLPV DNA
containing BamHI site was chosen for DNA sequencing.

Figure 1 illustrates the cleavage sites of various restriction
endonucleases in the LPV DNA HindIII-B segment and
schematic representation of the strategy for sequencing, and
Fig. 2 summarizes the results obtained. The LPV sequence
was compared with those around the DNA replication origin
in SV40 (24, 35, 36), BKV (27, 39), and JCV (9, 22), and the
mouse polyomavirus (7, 8, 17, 29, 30).

Origin of DNA replication. We have located the origin of
LPV DNA replication between nucleotides -32 and 49 (Fig.
2) from the structural similarity among polyomaviruses. The
core of SV40 DNA replication origin, which has been
extensively studied (2, 14), consists of a 17-bp AT-rich
sequence, a 27-bp perfect palindrome having a two-fold
rotational symmetry, a 15-bp palindrome, and a 17-bp true
palindrome. Similar structures were also found in the LPV
DNA (Fig. 3).

In the replication origin, a 27-bp symmetrical structure is
the area where the sequence homology is most highly
conserved among SV40, BKV, and JCV DNAs and probably
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HindII
+ -420 -410 -400

5'-AGCTTAAT TCAGCAGCAA TTTCAGAAAT ATTAAACAAA

-390 -380 -370 -360 -350 -340 -330
AGAGATAATA CACCCCCCAT TTCTTACCAA ATGGCGGGCT AATTTAAAAA AGGCGGGCTT CTTGGCGGCG

-320 -310 -300 -290 -280 -270 -260
CTGATGTAAA TGAGTACCAA ATGGCGGGCT AATTTAAAAA AGGCGGGCTT CTTGGCGGCG CTGATGTAAA

-250 -240 -230 -220 -210 -200 -190
TGAGTAACTT CCTCTACTTG AGGTTGCTAA GTAGGTTGCT AAGCGCCACC TAGCAACTAG ACCGCAGAAC

-180 -170 -160 -150 -140 -130 -120
AGTTGTTTGT CACTTATCAG GAAATGTCAC AAAAAGTCCC CGGGCGGTGC GGTGAGCGAG TCTAACCACA

-110 -100 -90 -80 -70 -60 -50
GCTTCCTCTA TCAGTTGATT CTGCAAAAAC AACCTGTTAT TGAAGTCTGC AAGTCTGCAA AATCACTATG
< < < < HaeIII - < - *

-40 -30 -20 -10 0 10 20 30
GCAACCCTAG TTTTTTTTAC CTGG i-~ AGGCCAGGGG CCCCTAGCCT CCTCCTCTTC TTTCAACAAA

40 50 60 70 80 90 100
GAGAGAGGCT TTGGAGGCTT TTCCAAAAAC TCATTAGGTA AGCTGCCCTG AGATATTTTC CCATATAATT

110 120 130 140 150 160 170
AAGTATTAAG GCCACCTAGG TAATTAAATT TATTCCATTT TATTCACAGC CMjT3ACCAA ACGCTGTCTA

180 190 200 210 220 230 240
AGGAGGAGAG AAATGAGCTT ATGGATTTAT TGCAAATAAC TAGAGCTGCA TGGGGAAATC TTTCTATGAT

250& 260 270 280 290 300 310
GAAAAAAGCCTATAAAAATG TCTCCAAGCT CTACCATCCT GATAAAGGAG GAGATTCAGC TAAAATGCAG

BamHI
320 330 340 350 360 370 * 380

CGGCTCAATG AATTATTTCA AAGGGTCCAG GTTACCTTGA TGGAGATAAG GAGTCAATGT GGATCCTCTT

390 400 410 420 430 440 450
CTTCCCAGGT AGCTTGGTTT TTTTGGGATG AGAATTTTAG AACCCTAGGA GCTTTTCTAG GAGAAAAATT

460 470 480 490 500 510 520
TAATGAAAAA ATTATTGGAC TCTACCCTAC TTGCACTAAA TTTGTAAGAG CTAATTGTAA TTGTATAGTA

530 540 550 560 570 580 590
TGTCTGCTAA AAAAGCAGCA TGCAGGTACA AAAAAAAATT TAAAAAAGCC ATGTTTAGTC TGGGGAGAAT

600 610 620 630 640 650 660
GTTGGTGCTA CAAATGTTAT TTAGTATGGT TTGGCTTTCC TGAGGATTTC ACCTCTTTTC GCTACTGGAC

HindIII
670 680 690 t

CCTTCTTATG GCMATATGG ATTTATCTAT GCTCA-3'

FIG. 2. Nucleotide sequence of LPV DNA, L strand of HindIll-
B-segment. The sequence has the same polarity as the early mRNA
in the 5' to 3' direction. One of the HaeIII cleavage sites within
replication origin has been arbitrarily taken as the zero point for
numbering nucleotides. Some signals are boxed with a solid line, the
TATA box at nucleotides -16 to -12 and the initiation codon for T
antigen mRNA at nucleotides 152 to 154. The arrows indicate some
of the repeated sequences.

represents the center of the replication origin. Whereas the
highly conserved sequence of SV40 is 5'-GAGGC C
GAGGC C GCCTC G GCCTC-3' on the L strand (24, 35),
the corresponding sequence of LPV was 5'-GAGGC CA
GGGGCCCC TA GCCTC-3' (nucleotides -11 to 11 in Fig.
2). This sequence of LPV resembled the recently reported
counterpart of the mouse polyomavirus, 5'-GAGGC CG
GGGGCCCC TG GCCTC-3' (17). Except for an identical
stretch of 8 T's (nucleotides -30 to -23 in Fig. 2), other
structures were loosely conserved in LPV DNA (Fig. 3).
The arrangement of possible large T antigen recognition

pentanucleotides around the LPV DNA replication origin is
shown in Fig. 3. The recognition pentanucleotides of the
consensus family 5'-(G>T)(A>G)GGC-3' of SV40 (6) were
found in LPV DNA distributed in the regions corresponding
to T antigen binding sites I and II of SV40 (34). Between
nucleotides -12 and 12 four sets of pentanucleotides were
oriented as inverted repeats, and the two sets of 5'-GGGGC-
3' with opposite polarity at the center were partially overlap-
ping. This region apparently corresponds to site II of SV40.
The region between nucleotides 34 and 49, including two sets
of 5'-GAGGC-3', probably corresponds to site I of SV40. In
the area topographically corresponding to site III of SV40,
LPV had no sets of the consensus pentanucleotides.

Early transcriptional control region. Topographically, the
replication origin and its upstream area in the HindIII-B
segment corresponds to the early transcriptional control
region of SV40 (5), which consists of two 72-bp tandem
repeats and three 21-bp repeats followed by the core struc-
ture of the replication origin. Although the structure of LPV
DNA in this region (nucleotides -428 to -1) was different
from those of SV40 (35), BKV (27), JCV (9), and the mouse
polyomavirus (30), it contained its characteristic sets of
repeated sequences.
The longest of these are two 60-bp tandem repeats at

nucleotides -365 to -306 and nucleotides -305 to -246
(Fig. 2). Within the 60-bp tandem repeats were GC-rich
repeats; four sets of 5'-GGCGGGC-3' (nucleotides -358 to
-352, nucleotides -339 to -333, nucleotides -298 to -292,
and nucleotides -279 to -273) and two sets of 5'-
GGCGGCGC-3' (nucleotides -327 to -320, and nucleotides
-267 to -260). Other sets of two repeats were 5'-
CTTCCTCTA-3' (at nucleotides -243 to -235 and nucleo-
tides - 109 to - 101), and 5'-AGGTTGCTAAG-3' (at nucleo-
tides -230 to -220 and nucleotides -218 to -208). Near the
replication origin there were three repeats of 5'-TCTGCAA-
3' at nucleotides -91 to -85, nucleotides -65 to -59, and
nucleotides -57 to -51.
Coding region for viral early proteins. Like other polyma-

viruses, LPV is believed to code for T antigens. Although
the 84K protein found in the proteins synthesized in vitro
(26) may be LPV large T antigen, the presence of small T
antigen remains to be proved.
The probable coding region for T antigens initiates from

the ATG at nucleotides 152 to 154. In the region downstream
from the replication origin, this ATG was the first initiation
codon followed by the longest open reading frame within the
HindIII-B segment. The deduced amino acid sequence,
together with those of SV40 and the mouse polyomavirus, is
shown in Fig. 4.
By analogy to other polyomaviruses, the amino-terminal

region of LPV small T antigen is believed to be shared by
large T antigen. From the similarity to consensus sequences
for splicing (23), LPV DNA has two possible splice donor

BKV 5' CT -- TTTTTTTTA TAATA TA TM-, GAGGC C- GAGGCCGCCTC T- GCCTC ICACCC
SV40 5' CT AA TTTTTTTTA ---TT TA TGCA, GAGGC C- GAGGCCGCCTC -G GCCTC TGAGC

LPV 5' CT AG TTTTTTTTA CCTGG TA TM- GAGGC CA -GGGG-CCCC- TA GCCTC ICTCCT

Py 5 CT -G TTTTTTTTA -GTAT TA AGCAI GAGGC CG -GGGG-CCCC- TG GCCTC ICGCTT

TTTCTCTCAAGTAGTAAGGGTGTG GAGGC TTTTTCT GAGGC CTAGCAAAAC 3' BKV
TATTCCAGAAGTAGTGAG------ GAGGC TTTTTTG GAGGC CTAGGCTTTT 3' SV40

CTTCTTTCAACAAA-GAGA----- GAGGC TTT---G GAGGC TTTTCCAAAA 3' LPV

ACTCTGGAGAAAAAGAAGA----- ATT-GTA TTCCAGAGGC 3' Py

FIG. 3. Comparison of the sequences of the replication origins of
LPV, SV40, BKV, and mouse polyomavirus DNAs. The sequence
of SV40 includes a 17-bp AT-rich stretch, a 27-bp perfect palin-
drome, a 15-bp palindrome, and a 17-bp true palindrome. Conserved
stretches are boxed with a solid line. The symmetrical region
(included in the 27-bp palindrome in SV40 DNA) is boxed with a
dashed line. The arrows indicate distribution of T-antigen recogni-
tion pentanucleotides (described previously for SV40 DNA [6, 34])
in the LPV DNA replication origin. In the LPV sequence, the first C
and the last A are nucleotides -34 and 58, respectively, in Fig. 2.
BKV and SV40 sequences are from published data (24, 27, 35). The
mouse polyomavirus (Py) sequence is from Katinka and Yaniv (17).
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1 10
SV40 Met s Lys Val eu Asn Arg Glu Glu Ser Leu Gln Me As LeuL
LPV Met Asp Gin Thr Leu Se Lys 1 lu Arg Asn Glu Leu Me A L eu
Py Met s Arg Val eu|e Arg Ala Asp Lys Glu Arg Leu Leu e

Gly Leu Glu rSer A Trp Ass lile Pro Leu Met ArgLysAla Ty Leu Lys
Gln Ile Thr Arg Ala Al Ass Leu Ser Met Met Lys LAs Ala iTy Lys Asn
Lys Leu Pro r Gln Leu Trp 2Aspr Phe Gly Arg Met Gln G AlaT Lys Gln

40 5
Lys C Glu Phe Hi Pr L ys Glu Me Lys Met
Val e Ls euTyrHi Pr AS Lys Gi Ser Me GArgeu
Gln SeHi Pr s G Ser His Me GluLeu

60 70
As Thr eu Tyr Lys Lys Met Glu Asp Gly Lys Tyr Al His Gln Pro Asp Phe
Asn Glu Leu - - Phe Gln Arg Val Gln Thr - Met Glu Ile Arg Ser
Ass Ser Leu Trp Gly Thr Phe Lys Thr Glu Tyr Asns eu Arg Met Asn Leu Gly

80 90
Gly Gly h Trp Asp Ala Thr Vl! - - - ejAla Ser Ser Leu Asn Pro
Gln Cys Glyl Ser Ser Ser SeriGiVal Ala Trp PheLhTjTrp AspsGlu Asn Phe Arg
Gly Thr Phe - - - I Arg Arg Leu His Ala Asp Gly Trp Asn Leu

Gly Val Asp A 100 - Tyr Cys Lys Gln Trp r
Thr Leu GlylAla Phe LeufGlyGlu Lys Phe Asn Glu Lys Ile Ile Gly Leu Tyr Pr
Ser Thr Lys Asp Thr PheG y Asp Arg Tyr Tyr Gin Arg Phe Cys Arg Met Pro Leu

110 120
Ala LLys - Ser Ala Cys Ile C Leu Leu Arg

lThlCysl ThrI.i .r.~JPhe a - Arg Ala CysI Asn cyslIlel Val CysIlLeuIlLeulLys
Leu Val Asns Lys Tyr Ser SerICys Ser Cy Ile Leu LeujLeu Arg

130 140
Met s His Glu Asn Arg j Leu Tyr Arg - Asp Pro Le Val r Val As
yms His Ala Gly Thr s Lys Asn MU Lys Pro y Le Val Tr GMil

His Arg Glu Leu s Asp Lys Cys Ala Arg CyLe Val lALu
150 160

C Tyr Cys Phe Asp Phe Arg Met Tr Pe ly Leu A Leu Cys Glu Gly Thr
Cys Trp Cys Tyr Lys Cys Tyr Leu Val Tr Phe ly PheP Glu Asp Phe Thr Ser
y Phe Cys Leu Glu E J Met Gln Tr Thr - Thr Arg Asp Val

170 180
Leu Leu Leu rCys Asp Ile Ile GI Gln Thr Thr Tyr Arg Asp SV40
Phe Arg Tyr Jrl Thr Leu Leu Met AlalAsns Mt Asp Leu Ser Met Leul LPV
Leu Asn Leu Ala Asp Phe Ile ISerj Pro Ile Asp Trp L Py

FIG. 4. Amino acid sequences of the amino-terminal portions of
SV40, LPV, and mouse polyomavirus T antigens. The sequence of
LPV was deduced from the nucleotide sequence from nucleotides
152 to 694 in Fig. 2. The sequences for SV40 and mouse polyoma-
virus (Py) are from published data (8, 29, 36). The greater parts of
SV40 and mouse polyomavirus small T antigens consisting of 174
and 195 amino acids, respectively, are shown here. Gaps were left
where necessary to maximize homology. The alignment between
SV40 and mouse polyomavirus was modified from Seif et al. (27).
The boxes indicate the homologous amino acids between LPV and
SV40 or mouse polyomavirus. Numbers refer to amino acid posi-
tions for LPV. The first Met and the last Leu of LPV are numbered
as positions 1 and 181, respectively. The arrow between Gln and Val
(positions 79 and 80) of LPV divides the amino-terminal region
common to the small T and large T antigens from the carboxyl-
terminal region unique to the small T antigen.

sites for large T antigen mRNA between nucleotides 340 and
341 and between nucleotides 388 and 389 (Fig. 2).

DISCUSSION
We have located the origin of LPV DNA replication in the

HindIII-B segment from the structural characteristics com-
mon to the replication origins of SV40, BKV, and mouse
polyomavirus DNAs (Fig. 3). By analogy to these other
viruses, identification of the replication origin in the LPV
DNA sequence immediately predicts the orientation of the
early and late regions of the LPV genome. Downstream from
the replication origin we located a region probably encoding
the amino-terminal portion of the T antigens of LPV. The
predicted genomic organization of LPV is consistent with
the deduced correlation of physical and functional maps to
those of SV40 or BKV (16).
The structure of replication origin of monkey LPV DNA

was similar to those of primate polyomaviruses SV40, BKV,

and JCV. Probably the most important difference is in the
region corresponding to the symmetrical 27-bp palindrome
of SV40, which is most highly conserved in the cores of the
SV40, BKV, and JCV origins. The highly conserved se-
quence of LPV DNA replication origin was most related to
the mouse polyomavirus (Fig. 3).
The core region of replication origin contains a number of

polyomavirus promoter elements. Topographically, TATAA
at nucleotides -16 to -12 would appear to function as a
Goldberg-Hogness box and position precisely (20) the 5'
ends of early mRNA. SV40 early mRNA starts preferenti-
ally at 22 bp downstream from its TATA box and reads
GCCTCTGAGCTATTCCA (12). The corresponding se-
quence of LPV beginning 18 bp downstream from TATAA
(nucleotides -16 to -12) reads GCCTCCTCCTCTTCTTT.
Whether this is actually the 5' end of LPV mRNA and the
possible function of the second sequence (TATAAT) at
nucleotides 94 to 99 (Fig. 2) remain to be determined.
The region upstream of the replication origin contains the

signals controlling the early transcription, viability, host
range, and transforming capacity of polyomaviruses (10, 11,
13, 18, 19, 28, 37, 38, 40). The structure of this region is
different from virus to virus (9, 17, 24, 27, 30, 35, 39). The
control region of SV40 consists of three 21-bp repeats, which
are located just upstream of the replication origin and act as
the major element of the early promoter, and two 72-bp
tandem repeats, which are located upstream of the 21-bp
repeats and function as the host-discriminating enhancer for
early transcription (5, 13, 38). Although the comparable
region of LPV (nucleotides -428 to -1 in Fig. 2) did not
contain the same structure as SV40 has, it contained several
sets of repeated sequences unique to LPV, the longest of
which are 60-bp tandem repeats superficially resembling 72-
bp repeats of SV40. The domains for promoter components
and enhancer elements of LPV are yet to be determined.

Despite the superficial similarity, the nucleotide sequence
of the LPV 60-bp element was different from that of the
SV40 72-bp element, and the structures between the tandem
repeats and the replication origin were different between
LPV and SV40. The major components of SV40 early
promoter consisting of three 21-bp repeats contain six GC-
rich hexanucleotides (5'-CCGCCC-3' on the L strand).
The topographically comparable region of LPV had no
21-bp repeats and no GC-rich hexanucleotide sets. The
only GC-rich stretch in this region was 5'-
GTCCCCGGGCGGTGCGG-3' at nucleotides -145 to -129
(Fig. 2). Instead, the 60-bp elements contained short charac-
teristic GC-rich segments of 5'-GGCGGGC-3' (on the L
strand), which resembled, on the complementary strand, 5'-
CCGCCC-3' found in the major component of the SV40
promoter. Furthermore, the LPV 60-bp repeats did not
contain a complete set of 5'-TGGA(T)A(T)A(T)-3', which is
believed to be the potential core sequence in the polyoma-
virus enhancers first found in the 72-bp enhancer element of
SV40 (38). The LPV sequence resembling this core se-
quence, 5'-GGTGTGGAAAG-3' (on the L strand), of the
SV40 enhancer was located at nucleotides -119 to -109 (5'-
CTAACCACAGC-3' on the L strand in Fig. 2) with the
opposite orientation, reading on the E strand, 5'-
GCTGTGGTTAG-3'. Like the SV40 counterpart in the 72-
bp element, this 5'-TGGTTA-3' sequence of LPV (nucleo-
tides -118 to -113 read on the E strand) was followed by a
GC-rich stretch (nucleotides -145 to -121). In addition, the
potential core sequence (38) of 5'-TGGA(T)A(T)A(T)-3' was
located at three more sites, in the noncoding region around
LPV DNA replication origin, nucleotides -367 to -362,
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nucleotides 50 to 55, and nucleotides 132 to 137, all with
opposite orientation to those of SV40. One of the 60-bp
repeats contained only a part of this core sequence (nucleo-
tides -367 to -362 in Fig. 2).

Interestingly, the putative control region of LPV DNA
contained some sequences resembling characteristic SV40
signals such as 5'-TGGAAA-3' (for the enhancer) and 5'-
CCGCCC-3' (for the promoter), with the opposite orienta-
tion or with the exchanged nucleotides at different topo-
graphical sites. Furthermore, the LPV control region
contained unique repeated sequences. Whether the SV40-
like signals of LPV function like the SV40 counterparts in
LPV-infected cells and whether unique repeats of LPV are
related to any of the biological characteristics of LPV will be
analyzed in the future studies.

If LPV had a small T antigen with a molecular weight
similar to those of other polyomaviruses, the amino acid
sequence shown in Fig. 4 would constitute the greater part of
this protein. By analogy to SV40, the LPV large T antigen is
expected to share the amino acid sequence of the amino-
terminal half of small T antigen. The surrounding sequences
of two possible splice donor sites for LPV large T antigen
mRNA read GTCCAG/GTTACCT (nucleotides 335 to 347 in
Fig. 2) and TCCCAG/GTAGCTT (nucleotides 383 to 395 in
Fig. 2), both of which contain a stretch similar to the
consensus sequence C(A)AG/GTA(G)AGT (23). Based on
the topographical similarity among polyomaviruses (Fig. 4)
and the similarity to the consensus sequence, we consider
the site between nucleotides 388 to 389 (between Gln and Val
at positions 79 and 80, respectively) to be the splice donor
site for LPV large T antigen mRNA.
The homology of amino acid sequences between LPV and

SV40 or mouse polyomavirus was higher in the amino-
terminal region common to small T and large T antigens than
in the carboxyl-terminal region unique to small T antigen
(Fig. 4). The degree of homology in the common region was
41% (32 of 79 amino acids) both between monkey LPV and
SV40 and between LPV and the mouse polyomavirus,
whereas the degree of homology in the same region is more
than 80% among primate polyomaviruses SV40, BKV, and
JCV (22).

Like other polyomaviruses (7, 27), the unique region of
LPV small T antigen contained two sets of the Cys-x-Cys-x-
x-Cys structure (positions 119 to 124, and 147 to 152 in Fig.
4). These conserved stretches of amino acids may be related
to the biological functions unique to small T antigens of
polyomaviruses.
The present analyses of LPV DNA sequence have re-

vealed that monkey LPV equally resembles both monkey
and mouse polyomaviruses. LPV and the mouse polyoma-
virus share a common structure at the central, symmetrical
portion of the DNA replication origin. The degree of homol-
ogy in amino acid sequence in the amino-terminal half of the
small T antigen between LPV and SV40 was similar to that
between LPV and the mouse polyomavirus. The results
show that the homology among LPV, SV40, and the mouse
polyomavirus does not reflect the phylogenetic relationships
of their natural hosts, African green monkey, rhesus mon-
key, and mouse, respectively. Nevertheless these data,
together with those of the previous study (16), suggest that
these viruses must have evolved from a common polyoma-
virus ancestor and that LPV diverged earlier than did SV40,
BKV, and JCV.

In summary we have determined the nucleotide sequence
of LPV DNA HindIII-B segment (1,123 bp) containing the
origin of DNA replication. The data should facilitate studies

to determine the domains of promoter and enhancer for early
transcription and to identify the signals related to the special
host range of LPV and will provide basis for further biologi-
cal and biochemical studies of LPV.
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