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The complete DNA sequence of the human JC virus, which was found to consist of 5,130 nucleotide pairs,
is presented. The amino acid sequence of six proteins could be deduced: the early, nonstructural proteins, large
T and small t antigens; the late capsid proteins, VP1, VP2, and VP3; and the agnogene product encoded within
the late leader sequence, called the agnoprotein in simian virus 40. The extent of homology between JC virus
DNA and the genomes of simian virus 40 (69%) and BK virus (75%) confirmed the close evolutionary
relationship of these three polyomaviruses. The sequences showing the greatest divergence in these viral DNAs
occurred within the tandem repeats located to the late side of the replication origins.

Exposure to JC virus (JCV) usually occurs during child-
hood and results in a subclinical infection (47); however, in
a small number of immunodeficient individuals, an infection
leads to the fatal demyelinating brain disease called progres-
sive multifocal leukoencephalopathy (49). In addition to its
pathogenic potential in humans, JCV has also proven to be a

highly oncogenic virus in animals; inoculation of hamsters
and primates with JCV results in a wide variety of tumors,
some of which are among the more frequent types found in
people (36, 50, 55, 71).
JCV is a member of the genus Polyomavirus, a group

which includes simian virus 40 (SV40), polyomavirus and
BK virus (BKV) (monkey, mouse, and human viruses,
respectively). These latter three viruses have been studied
intensively, and their structural and genetic organizations
are found to be closely related (69). A similar understanding
of JCV has been hampered by the lack of a readily available
permissive cell system; however, available serological and
biochemical evidence suggests that the organization of the
JCV genome is similar to that of the other polyomaviruses
(14, 15, 33, 42, 61, 71). In light of these results, an important
question arises: what accounts for the diverse biological
parameters (e.g., host range, tissue tropism, pathogenicity,
and oncogenicity) exhibited by these viruses? Part of the
answer may come from studies of the enhancer or activator
element, a sequence usually found as a tandem repeat near
the replication origin of each virus (1, 2, 7, 23, 34, 57, 58, 70).
Hybridization and sequence data indicate that this is the
region of the polyomavirus genomes which has diverged to
the greatest extent (13, 14, 33, 54, 59, 76). Furthermore, the
enhancer element has already been shown to influence the
host range of polyomavirus (18, 29, 30) and the oncogenicity
of BKV (73, 74).
To gain a better understanding of the organization of the

JCV genome and the factors influencing its unique biology,
we determined the nucleotide sequence (5,130 nucleotide
pairs [np]) of the prototype Madl strain of JCV. Features of
the JCV regulatory region, including the tandem repeats, are
discussed in relation to the inefficient lytic and transforming
activities of JCV in vitro. The probable primary structures of
the six JCV proteins are also presented and are compared
with the amino acid sequences of the SV40 and BKV
proteins.

* Corresponding author.

MATERIALS AND METHODS

DNA preparation. Prototype JCV (Madl) was passed in
primary human fetal glial cells at low multiplicities of infec-
tion (<0.1 infectious unit per cell). DNA of homogeneous
size was extracted by the method of Hirt (24) and used to
construct the pMadl-TC clone used in all sequence analyses
(15). The recombinant molecules represent full-length, bio-
logically active DNA that is indistinguishable from DNA
extracted directly from the original diseased brain material
(14, 21; unpublished data).
DNA sequence analysis. Restriction endonuclease frag-

ments were end labeled with the large fragment of Escheri-
chia coli DNA polymerase 1 (Klenow reagent) and the
appropriate [ot-32PJdeoxynucleoside triphosphate. These
DNAs were cleaved with a second restriction enzyme, and
DNA fragments labeled at only one end were isolated from
low-melting agarose gels, purified, and chemically cleaved
by the method of Maxam and Gilbert (38). Electrophoresis
on polyacrylamide gels (6%, 8%, or 12%) was carried out for
various lengths of time. Gels were frozen and autoradiog-
raphed without intensifier screens for 0.5 to 3 days. Of the
nucleotide sequence, ca. 80% was determined for both DNA
strands; all determinations were repeated at least once.

RESULTS

The assignment of nucleotide numbers in this manuscript
does not correspond to that used in previous studies pre-
senting a portion of the JCV DNA sequence (14, 42). To
facilitate comparisons with the other polyomavirus ge-
nomes, we began numbering within the presumed origin of
DNA replication and proceeded clockwise toward the late
gene region (Fig. 1). This is the system used by Fiers et al.
(13) for SV40 and later adopted by Seif et al. (60) for the
Dunlop strain of BKV [BKV(Dun)].

Origin of DNA replication. A number of studies have
indicated that the replication origins of the JCV, BKV, and
SV40 genomes are located near 0.67 map units (14, 21, 69).
The organization of this region was highly conserved in the
three viruses (Fig. 2). It included a true palindrome of 17
nucleotides (5074 to 5090 in JCV [Fig. 1]; 16 and 15 nucle-
otides shared with SV40 and BKV, respectively) and two
sets of shared dyad symmetries to the late side of the
palindrome (5096 to 5114 and 5118 to 12 in JCV [Fig. 1]). The
second symmetry, which is the most highly conserved,
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20 30 40 50 60 70 at 90 00f
CCC6CCT66C TATATA TAAAAAAAA8 66AA666AT6 6CTGCCAGCC AASCAT6AGC TCATACCTAG 66AGCCAACC AGCTAACAGC CAGTAAACAA

ATATAT ATTTTTTTTC CCTTCCCTAC C6ACG6TC66 TTC6TACTC6 A6TAT66ATC CCTC66TT66 TC6ATTGTC6 GTCATTT6TT
120 130 140 iSO 160 170 180 190 2ff

A6CACAAG4ITATATATA AAAAAAA666 AA666AT66C TGCCAGCCAA 6CATGA6CTC ATACCTA666 AGCCAACCA6 CTAACA6CCA 6TAAACAAA6
TT ACATATATAT TTTTTTTCCC TTCCCTACC6 AC66TC66TT CGTACTC6A6 TAT66ATCCC TC66TT66TC 6ATTGTC66T CATTT6TTTC

ii 220 230 240 250 260 270 280 290 300
CACAG A AT66AAA6C AGCCAA686A ACAT6TTTT6 C6AGCCA6A6 CTGTTTT66C TT6TCACCA6 CT66Ca TTCTTCGCCA 6CTGTCAC6T
6GTTC TTCACCTTTC6 TC66TTCCCT TGTACAAAAC 6CTC6GTCTC 6ACAAAACC6 AACA6TG6TC GACC66TACC 4AAGA6C68T C6ACAGT6CA

30 320 330 340 350 360 370 380 390 4ff 0

AA6GCTTCT6 T6AAA6TTA6 TAAAACCTGG A6T66AACTA AAAAAAGAGC TCAAA66ATT TTAATTTTTT TGTTAGAATT TTT6CT66AC TTTTGCACA6
TTCC6AA6AC ACTTTCAATC ATTTT66ACC TCACCTT6AT TTTTTTCTCG AGTTTCCTAA AATTAAAAAA ACAATCTTAA AAAC8ACCTG AAAAC6T6TC

410 420 430 440 450 460 470 480 4904 500
6TGAA6ACA6 T6TA6AC666 AAAAAAA6AC AGA6ACACA6 T66TTT6ACT 6A6CA6ACAT AC.A6T6CTTT 6CCT6AACCA AAA6CT CTAA6TAA
CACTTCTGTC ACATCTGCCC TTTTTTTCT6 TCTCT6T6TC ACCAAACT6A CTCGTCTGTA TGTCAC6AAA C66ACTT66T TTTC6AT6TA TCCATTCATT

510 520 4A 530 540 550 560 570 580 590 600
TGTTTITTTT T6T6TTTTCA 66TTIEM6 T6CC6CACTT 6CACTTTT66 666ACCTA6T T6CTACT6TT TCT6AfiCT6 CTGCT6CCAC A66ATTTTCA
ACAAAAAAAA ACACAAAA6T CCAA6TACCC AC66C6T6AA C6T6AAAACC CCCT66ATCA AC6ATGACAA A6ACTCC6AC 6AC6AC66T6 TCCTAAAA6T

610 620 630 640 650 abO 670 680 690 700 90
GTAGCT6AAA TTGCTGCT66 AA66BCTGCT 6CTACTATA6 AA6TT6AAAT T6CATCCCTT 6CTACT6TA6 A6666ATTAC AA6TACCTCT 6A66CTATA6
CATC6ACTTT AACGACGACC TCTCC6AC6A C6AT6ATATC TTCAACTTTA ACGTA6GGAA C6AT6ACATC TCCCCTAAT6 TTCAT66AGA CTCC6ATATC

710 720 730 740 750 760 770 780 790 8ff
CTGCTATA6G CCTTACTCCT 6AAACATAT6 CT6TAATAAC T66A6CTCCG S666CTGA6 CT666TTT6C TGCATT66TT CAAACTSTAA CT66T66TA6
GACGATATCC 6GAAT6A66A CTTTGTATAC 6ACATTATTB ACCTCGA66C CCCCGACATC SACCCAAAC6 AC6TAACCAA 6TTT6ACATT 6ACCACCATC

810 820 830 840 850 860 870 880 890 900
TGCTATT6CT CAGTT666AI ATAGATTTTT T6CTGACT66 6ATCATAAA6 TTTCAACA6T T666CTTTTT CASCA6CCA6 CICTTT ACATTATTT <
ACGATAACGA 6TCAACCCTA TATCTAAAAA ACGACT6ACC CTA6TATTTC AAAGTT6TCA ACCCSAAAAA 6TCGTC66TC 6ATACCGAAA T6TTAATAAA to

910 920 930 940 950 960 970 980 990 1#000 %

AATCCA6AA6 ACTACTATGA TATTTTATTT CCTSGA6T6A AT6CCTTT6T TAACAATATT CACTATTIA6 ATCCTA6ACA TT6666CCC6 TCCTTGTTCT
TTAG6TCTTC TGATSATACT ATAAAATAAA GG6CCTCACT TAC66AAACA ATTGTTATAA ST6ATAAATC TA66ATCT6T AACCCC666C A66AACAA6A

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
CCACAATCTC CCAG6CTTTT T66AATCTTG TTA6AGAT6A TTT6CCA6CC TTAACCTCTC A66AAATTCA 6A6AAGAACC CAAAAACTAT TT6TT6AAA6
6GTGTTA6A6 GGTCCSAAAA ACCTTAGAAC AAICTCTA&T AAAC6GTC66 AATT66AGA6 TCCTTTAA6T CTCTTCTT66 6TTTTT6ATA AACAACTTTC

1110 1120 1130 1140 1150 1160 1170 1180 1190 12ff
TTTA6CAAS6 TTTTTG6AA6 AAACTACTTG 66CAATA6TT AATTCACCA6 CTAACTTATA TAATTATATT TCA6ACTATT ATTCTA6ATT GTCTCCA6TT
AAATCGTTCC AAAAACCTTC TTTGATGAAC CCGTTATCAA TTAAT6T6TC GATTSAAJAT ATTAATATAA A6TrT6ATAA TAAGATCTAA CA6AGGTCAA

121I0 I22 Ja3 12740 13 20 1?0 28 li I1IN
A66CCCTCTA TG6TAA66CA AGTTGCCCAA A666AG666A CCTATATTIC TTITIG6CCAC TCATACACCC AAA6TATA6A T6AT6CA64C 46CATTCAA6
TCC66AG6AT ACCATTCC6T TCAAC66GTT TCCCTCCCTT 66ATATAAA6 AAAACC66T6 A.6TAT67G66 TTTCATATCT ACTAC6TCT6 TC6TAA6TTC

1310 1320 13,30 1340 I3N 13160 1370 1380 1390 14ff
AA6TTACCCA AA66CTA6AT TTAAAAACCC CAAAI6TGCA ATCT66TGAA TTTATAGAAA GAA6TATG6C ACCAGGA661 SCAAATCAAA 6ATCT6CTCC
TTCAATGGGT TICCGATCTA AATTTTT666 6TTTACAC6T TAGACCAClI AAATATCTTI CTTCATAACG T66TCCTCCA C6TTTA6TTT CTA AC6A66

1410 1420 Ak430 1440 1450 1460 1470 1480 1490 lSff
TCAATG6AT6 TT6CCTTTAC TTTTAG 6TT 6TAC666ACT 61AACACCT6 CTCTT6AA6C ATATWAA~CCCCAACA AAAWAAAAAG6AGAB
AGTTACCTAC AACG6AAAT6 AAAATCCCAA CATCUCCTGA CATTGTS6AC 6A6AACTTC6 TATACTTCTA CC66S6TT6T TTTTCTTTTC CTCTTTCCTT

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
G6ACCCCT6T CA46TTCCAA AACTTCTTAT AA6AG6A6GA ST;.GAASTTC TA6AA610AACT&66TT 6ACTCAATTA CA6A66TA6A AT6CTTTTTA
CCT66GGCAC 6TTCAA6GTT TT6AA6AATA TTCTCCTCCT CATCTTCAA6 ATCTTCAATT TT6ACCCCAA CT6A6TTAAT 6TCTCCATCT TAC6AAAAAT

1610 16210 1630 1640 1650 1660 1670 1680 1690 1700
ACTCCAGAAA T696TGACCC A6ATGA6CAT CITA6666TT TTAGTAA6TC AATATCTATA TCA6ATACAT TT6AAA6T6A CTCCCCAAAT A6GGACAT6C
TGA66TCTTT ACCCACTG66 TCTACTCGTA GAATCCCCAA AATCATTCAG TTATAGATAT A6TCTATGTA AACTTTCACT SA6666TTTA TCCCT6TAC6

1710 1720 1730 1740 1750 1760 1770 1780 1790 18ff
TTCCTTGTTA CA6T6TGGCC ASAATTCCAC TACCCAATCT AAATGA66AT CTAACCT6T6 6AAATATACT CATGT666A6 6CT6T6ACCT TAAAAACTGA
AA66AACAAT GTCACACC66 TCTTAA66T6 AT6G6TTAGA TTTACTCCTA 6ATT66ACAC CTTTATAT6A 6TACACCCTC C6ACACT66A ATTTTT6ACT

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
66TTATA666 6T6ACAAGTT T6AT6AAT6T 6CACTCTAAT 666CAA6CAA CTCAT6ACAA T66TGCA666 AA6CCAGTGC A666CACCA6 CTTTCATTTT
CCAATATCCC CACT6TTCAA ACTACTTACA C6T6AGATTA CCC6TTC6TT GA6TACTGTT 4CCAC6TCCC TTC66TCAC6 TCCC6T66TC SAAAGTAAAA

1910 1920 1930 1940 1950 1960 1970 1980 1990 20ff
TTTTCTGTT6 666666A66C TTIA6AATTA CAG666ST6C TTTTTAATTA CASAACAAA6 TACUCAGATS 6AACAATTTT TCCAAA6AAT 6CCACA6TGC
AAAA6ACAAC CCCCCCTCC6 AAATCTTAAT 6TCCCCCAC6 AAAAATTAAT 6TCITTTTTC AT666TCTAC CTT6TTAAAA A66TTTCTTA C66T6TCAC6

2010 2020 2030 20404 2050 2060 2070 2080 2090 21ff
AATCTCAA6T CATGAACACA 6A6CACAAGG CGTACCTA6A TAAGAACAAA 6CATATCCT6 TT8AATGTT6 66TTCCTGAT CCCACCA6AA ATGAAACA
TTA6AGiTTCA 6TACTTOT6T CTC6T6TTCC GCAT66ATCT ATTCUTTGT C6TATA66AC AACTTACAAC CCAA66ACTA 666166TCTT TACTITTETST

2110 2120 2130 2140 2150 2160 2170 2180 2190 22ff
AA6ATATTTT 666ACACTAA CA66A66A6A AAAT6tTCCT CCAGTTCTTC ATATAACAAA CACT6CCACA ACA6T6TT6C TT6AT6AATT T66T6TT666
TTCTATAAAA CCCT6t6ATT 6TCCTCCTCT TTTACAA66A 66TCAA6AAG TATATT6TT7 6TGAC6GTGiT T6T'CACAAC6 AACTACTTAA ACCACAACCC

.2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
CCACTTTGCA AA6GT6ACAA CTTATACTT6 TCA6CTGTT6 AT6TCT6T66 CATGTTTACA AACA66TCT6 6TTCCCA6CA 6T66A8A6A6 CTCTCCA6AT
66TGAAAC6T TtCCACT6TT 6AATATgAAC A6TC6ACAAC TACAGACACC 8TACAAAT6T TT6TCCAGAC CAAGGETCGiT CACCTCTCCT 6AA6 6TCTA

2310 2320 2330 2340 2350 2360 2370 2380 2390 24ff
ATTTTAA66T GCAGCTAA66 AAAAS6AGGG TTAAAAACCC CTACCCAATT TCTTTCCTTC TTACT6ATTT AATTAACA6A AGGATCCTA 6A6TT6AT66
TAAAATTCCA CSTC6ATTCC TTTTCCT-CCC AATTTTT666 6AT666TTAA AGAM66GA6 AAT6ACTAAA TTAATTGTCT TCCT6A66AT CTCAACTACC

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
6CAGCCTATG TAT66CAT66 AT6CTCAA6T AGABBA66TT AGAGTTTTT6 A666AACA6A 66AGCTTCCA 66G6ACCCA6 ACATSAT6A6 ATAC6TT6AC
C6TC86ATAC ATACCGTACC TAC6ASiTTCA TCTCCTCCAA TCTCAAAAAC TCCCTT6TCT CCTCBAAGET CCCCT66GTC tGTACTACTC TATGCAACT6

2510 252# 253# 254# 2550 256# 257# 258# 2590 26ff
AAATATB6AC A6TT6CA6AC AAAAAT6CT6ERICAAAAG CCTTTATT6T AATAT6CA6T ACATTTTMRLJWTATAAC CAGCTTTACT TAACA6TT6t
TTT4TACCT6 TCAACGTCTG TTTTTAC6AC ATTAGtTTTC 6GMAA&CA TTATACGTCA T6TAAAATTA TTTCATATTG 6TC6AAATGA ATT6TCAAC6

FIG. 1. Nucleotide sequence of JCV (Madl). The circular genome of JCV consists of 5,130 np. Numbering begins near the center of the
rpresume-d origin of 'repicaition (wuithin box) andA proceedsr towanrd the late- region. The uppe.r strandr in eac-h pair, read left to right, has. the-

polarity and sequence of the late mRNAs. The lower strand in each pair, read right to left, has the polarity and sequence of the early mRNAs.
The proposed coding regions for the JCV proteins are shown to the right of the sequence. Initiation and termination codons are indicated by
boxes. Donor and receptor splice sites for the early and late messages are denoted by an arrow and a D or an A. The potential polyadenylation
signals near the 3' ends of the early and late coding regions are underlined. The 98-np tandem repeat is indicated by brackets with arrows.
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2610 2620 2630 2640 2650 2660 2670 2680 2690 2700

MA6ITTTTT6 6666A6666T CTTT66TTTT IT6AAACATT 6AAA6CCITTT ACAGATGT6A AAAGT6CAGT TTTCCTGT6T 6TCT6CACCA SA6GCTTCT6

T A AAAC CCCCTCCCCA 6AAACCAAAA AACTTTGTAA CTTTC66AAA T8TCTACACT ITTCAUGICA AAA66ACACA CA6AC6T8GT tTCCGAAGAC
2710 2720 2730 2740 2750 2760 2770 2780 2790 2800

A6ACCT666A AAAGCATTWT 6ATTGT6ATT CA6TSCTTGA TCCAIGICCA 6A6TCTTCT6 CTICA6AATC TTCCTCTCTA 6BAAAASTCAA 6AAT666TCT
TCT66ACCCT TTTCGTAACA CTAACACTAA 6TCAC6AACT A6GTACA66T CTCA6AA6AC 6AAGTCTTA6 AA6SAGAAT CCTTTCAGTT CTTACCCA8A

2810 2820 2830 2849 2850 2860 2870 2880 2890 2900

CCCCATACCA ACATTASCTT TCATAGTA6A AAATSTATAC ATGCTTATTT CTAAATCCAG CCTTTCTTTC CACT8CACAA TCCTCTCATG AAT68CA6CT
G66G6TAT66T T6TAATC8AA AGTATCATCT TTTACATAT6 TACGAATAAA 6ATTTA6BTC 66AAA6AAA6 6T8AC6TGTT A686ABATAC TTACC8TC8A

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

GCAAAGTCAG CAACTGGCCT AAACCA6ATT AAAAGCAAAA 6CAAA6TCAT ACCACTTT6C AAAATCCTTT TTTCTA6CAA ATACTCA8A8 CA6CTTA6T6
CSTTTCAGTC GTT8ACCG6A TTT66TCTAA TTTTCGTTTT CBTTTCAGTA T66T6AAAC6 TTTTA86AAA AAAGATCGTT TAT6ABTCTC GTC6AATCAC

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100

ATTTTCTCA6 6TA66CCTTT 66TCTAAAAT CTATCTGCCT TACAAATCTG 6CCTGTAAA6 TTCTA66CAC TBAATATTCA TTCAT66TTA CAAITCCA66

TAAAA6A6TC CATCC66AAA CCAGATTTTA GATA6AC66A ATBITTAGAC C66ACATTTC AABiATCC6T8 ACTTATAA6T AAGIACCAAT GTTAA66TCC

3110 3120 3130 3140 3150 3160 3170 31180 3190 3200

TG6AAACACC TGTSTTCTTT TGTTTT66T6 TTTTCTCTCI AAATTAACTT TTACACTTCC ATCTAASTAA TCTCTTAAGC AATCAA86TT 8CTTAT6CCA

ACCTTTGTGG ACACAA6AAA ACAAAACCAC AAAA6A6A6A TTTAATTBAA AAT6T6AA66 TAGATICATT A8A6AATTC6 TTAGTTCCAA C6AATAC66T
32110 3220 3230 .3240 3250 3260 3270 3280 3290 3300

TGCCCT6AAG 6TAAATCCCT T6ACTCTSCA CCA6TGCCIT TTACATCCTC AAATACAACC ATAAACT8AT CTATACCCAC TCCTAATTCA AA6TTTAATC

AC666ACTTC CATTTA6S6A ACT6GAAC6I GGTCACS6AA AAT6TA66GA TTTATGTTG6 TATTT6ACTA 6ATAT666T6 A66ATTAA6T TTCAAATTA6
3310 33,20 3.330 3340 3350 3360 3370 3380 3390 3400

TTTCTAATGG CATATTAACA TTTAATGACT TTCCCCCACA 6A6ATCAAGT AAABCTGCAG CTAAA6TA6T TITSGCCACT6 TCTATTG6CC CCTT6AATA6
AAABATTACC 6TATAAIT61 AAAIIACTSA AA66666T6T CTCTAGTTCA TiTC&AC6TC 6ATITCATCA AAAC66T6AC A8ATAACC66 6GAACTTATC

3410 34210 3430 3440 3450 3460 .3470 3480 3490 .3500

CCABIACCTT TITTTT66AA TBTTTAATAC AAT6CATTTT ABAAA6TCAT AAATAACA6T 6TCCATTT6A G6CA6CAAGC AATSAATCCA 66CCACCCCA
GSTCATGGAA AAAAAACCIT ACAAAITATS TTACGTAAAA TCTTTCA6IA TTTATTGTCA CA66TAAACT CC6TC6TTC6 TTACTTA66T CC68T6666T

3510 3520 35,30 3540 34550 3560 3570 3580 3590 3600

6CCATATATT 6CTCTAA(AAC ASCATT6CCA T6T6CCCCAA AAAITAA6TC CATTTTATCA AGCAAGAAAT TAAACCTTTC AACTAACATT TC7TCICT66
C66TATAIAA C6AGATTTT6 TC6TAAC66T ACACG666TT TTTAATTCAG 6TAAAATAST TC6TTCTTTA ATTT66AAA6 TT8ATTGTAA AGAAGA6ACC

3610 3620 3630 3640 3650 3660 3670 .3680 3690 .3700

TCAT6T66AT GCT6TCAACC CTTT6TTT66 CTGCTACAGT AICAACA6CC T6CI66CAAA TGCTTTTTT8 ATTTTT6CTA TCTBCAAAAA TTT666CATT
AGTACACCTA C6ACA61T66 SAAACAAACC 6AC6AJGTCA TAGTTSTC66 AC6ACC6TTT AC6AAAAAAC TAAAAACGAT AGACGTTTTT AAACCCGTAA

3710 3720 37130 3740 .3750 3760 3770 .3780 3790 3800

ATAAJA6T6T TITTICATSAT 66TTAAA6T6 AdTT66Cr6A ICCITTTTTT CACATTTTTT 6CATTGCT6T 666TTTTCCT SAAA6TCTAA 6TACAT6CCC
TATATACACA AAAABTACTA CCAATTTCAC TAAACCBACT A66AAAAAAA 6T61AAAAAA CGTAAC6ACA CCCAAAA66A CTTTCAGATI CAT6TACG66

31819 3820 3830 3840 3850 3860 3870 3880 3890 3900

AtAAGCAAAA AAACATCCTC ACATTT66TT TCCAA66CAT ACT6T6TAAC TAATTTCCAT 6AAACCT6CT TA6TTTCTTC T66TTCTTCT BG6TTAAA6T
TATTCGTTTT TTT6T466A6 TGTAAACCAA AG6ITCC6TA TGACACATT6 ATTAAA66TA CTTT66AC6A ATCAAA6AA6 ACCAA6AA6A CCCAATTTCA

3910 -3920 '3930 3940 '3950 3960 3970 31980 3990

CATGCTCCTT AA66CCCCCC T6AATACTTT CTICCACTAC 16CATAT66C T6TCTACACA 6G6CACTATA AAACAAGTAT TCCTTATTCA CACCTTTACA
6TAC6A66AA TTCC666666 ACTTAT6AAA 6AA66TGAT6 AC6TAT4CC6 ACAGATT6TT CCC6GTATAT TTT8TTCATA A66AATAA6T 6166AAAT6T

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100

AATTAAAAAA CTAAA66TAC ATASTITITS ACAGIATITA TTAATT6CI6 ACACICIAT6 TCTAT6T66T 6TTAAGAAAA ACAAAATATT AT6ACCCCCA

TTAATTTTTT GATTICCAIG TATCAAAAAC T6TCATCAAT AATTAAC8AC T6TA6AATAC A6A]ACACCA CAATTCTTTT TSTTTTATAA TACT6666GT
4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

AAACCATSTC TACTTATAAA AGTTACA6AA TATTTTTCCA IAA6TTTCTT ATATAAAATT T6A6CTTTTT CTTTA8TG6T ATACACA6CA AAA6AA6CAA
TTT6STACA6 AT6AATATTT TCAATGTCTT ATAAAAA6ST ATTCAAABAA TATATTTTAA ACTCGAAAAA 8AAATCACCA TAT6T6TC6T TTTCTTCETT

4210 42210 42Ll30 4240 4250 4260 4270 4280 4290 43100
CAGiTTCTATT ACTAAACACA 6CTTSACI6A 66AAT6CAT6 CAGATCTACA 66AAA6TCTT TA668TCTTC TACCtTTTTT TTCTTTTTA6 6T6866TA8A
6TCAASATAA TGATTT6STT C6AACT6ACT CCTTACSTAC 6TCTAGAT6T CCTTTCASAA ATCCCA6AA6 AT66AAAAAA AA6AAAAATC CACCCCATCT

4310 4320 4330?) 4340 4350 41360 4370 4380 4390 4400

GT6TTGG6AT CCT6T6TTTT CAICAICACT IiGCAAACAfl TCTICAT6GC AAAACA66TC ITCATCCCAC TTCTCAtTAA ATGTATTCCA CCA6GATTCC

CACAACCCTA G6ACACAAAA 6TA6TAGT6A CCSTTT61AA AGAA8TACC6 TITTITCCA6 AA61A686T6 AA6A6TAATT TACATAA66T 66TCCTAA66
4410 4420 4430 4440 4450 4460 4470 4480 4490 4500

CATICAICTS TTCCATA661 T66CACCTAA AAAAAAACAA VIAAGTT1AT T61AMAAAAC AAAATGCCCT 6CAAAAGAAA AATA6T66TT TACCTTAAAG

GTAA6TASAC AA66TATCCA ACCGT66ATT TTTTTTT6TT AATTCAAATA ACATTTTTT6 TTTTAC666A C8TTTTCTTT TTATCACCAA AT6fMTTC
4510 4520 'At4530 4540 4550 4560 4570 4580 4590 Tp-46o0

CTTTA6ATCC CTITTA66666 T6TCTCCAA6 AACTTTCICC CAGCAAT6AA 6A6CITCTT6 66TTAA6TCA CACCCAAACC ATTGTCT64A 6CAATCAAA6
6AAATCTA66G ACATCCCCC ACA6A66TTC ITTAAAGA66 GTCGTTACTT CTC6AAGAAC CCAATTCA6T 6T666TTT66 TAACASACTT CGTTAGTTTC

4610 4620 4630 4640 4650 4660 4670 4680 4690 4700

CAATAGCAAT CTATCCACAC AA6T666CTG CTTCTTAAAA ATTTTCT6TT TCTAT8CCTT AATTTTA8CA T6CACATTAA ACA6G66CAA TGCACTSAA6

GTTATCSTTA 6ATA66TST6 TTCACCCSAC 6AA6AATTTT TAAAA6ACAA A6ATAC66AA TTAAAATC6T AC6T6TAATT TGTCCCCGTT AC6T6ACTTC

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

6ATTA6T66C ACA6TTA6SC CATTCCTTGC AATAAAS68T ATCAGAATTA 66A66AAAAT CACAACCAAC CTCT8AACTA TTCCAT6TAC CAAAATCG66
CTAATCACC8 T6TCAATCCS GTAA66AAC6 TTATTTCCCA TAGTCTTAAT CCTCCTTTTA 6TGTTS6TT6 6AGACTT8AT AA66TACAT6 6ITTTA6TCC

4810 4820 4830 4840 4850 4860 4870 to 4880 4890 4900

CT6AT6A6CA ACTTTTACAC CTTGTTCCAT ITTTTTATAT AAAAAATTCA TTCTCTTCAT CTT6TCTTC6 TCCCCACCTT TATCA666T6 6A6TTCTTT6
6ACTACTC6T T6AAAAT6TG 6AACAA66TA AAAAAATATA TTTTTTAAGT AA6A6AAGTA 6AACA6AA6C A6866GT66AA ATA6TCCCAC CTCAA6AAAC

4910 4920 4930 4940 4950 4960 4970 4980 4990 5000

CATTTTTTCA 8ATAA8CTTT TCTCAT6ACA 66AAT6TTCC CCCAT6CAGA CCTATCAA66 CCTAATAAAT CCATAA6CTC CAT66ATTCC TCCCTATTCA

GTAAAAAAGT CTATTC6AAA A6AGTACT6T CCTTACAA66 6GGTAC8TCT 66ATA6TTCC 66ATTATTTA 66TATTC6A6 6TACCTAA66 A66GATAA6T
5010 5020 5030 5040 5050 5060 5070 5080 5090 5100

6CACTTT6TC CATTTTAGCT TTTT6CA6CA AAAAATTACT 6CAAAAAA66 6AAAAACAA6 66AATTTCCC T66CCTCCTA AAAAGCCTCC AC6CCCTTAC

CTGTAAACAG 2IAAATCBA AAAAC8TC6T TTTTTAAT6A CGTTTTTTCC CTTTTTGTTC CCTTAAA666 ACC66A66AT TTTTC66A66 TOC666AAT6
5110 5120 5130

TACTTCT6AGS TAAGCT A 66C6A-Gt
AT6AA6ACTC ATTC6A CC8CT CC6~CCTCC6C

FIG. 1. Continued
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FIG. 2. Comparison of the JCV, BKV, and SV40 regulatory regions. The noncoding regions of the three polyomaviruses are shown. The
letters CAT within the open box to the left represent the initiation codon (opposite strand and polarity) for the early proteins, large T and small
t antigens. To the far right is the ATG initiation codon for the agnoprotein located within the late leader sequence. Comparisons among the
three viral DNAs include dyad symmetries (S), true palindromes (P), TATA boxes (AT), tandem repeats (TR), and non-tandem repeats (nTR)
(repeats which are not immediately adjacent to each other). Numbers above the linear arrangements refer to the sizes in np, of the indicated
structures. Numbers below refer to the distances between the structures. The triangle underneath the middle tandem repeat of BKV indicates
a deletion of 18 nucleotides. This set of nucleotides is present in the adjacent repeats.

probably includes the replication origin and the second T-
antigen-binding site of each virus (6, 59, 62, 68).
A third symmetry, which was shared by JCV and BKV,

was found to the early side of the 17-np palindrome (5057 to
5073 in JCV [Fig. 1 and 2]). This sequence lay within a
stretch of DNA (31 nucleotides in JCV; 22 nucleotides in
BKV) that is missing in the corresponding region of SV40 (1,
54, 59, 76; Fig. 2).

Located to the late side of the origin of SV40 are three
copies of a 21-np repeat (Fig. 2). These repeats are required
for efficient replication and transcription (4, 5, 10, 11) and
include six copies of the sequence 5'-PyPyCCXCCC-3' (66).
This sequence is also present in the regulatory regions of
BKV, polyomavirus, several adenoviruses, and the herpes
simplex virus type 1 thymidine kinase gene (4, 39; reviewed
in 59) but is absent in the same region of JCV DNA.
(However, one copy of the sequence 5'-TCCCTTCCC-3'
was found in each 98-np repeat [Fig. 1].)

T-antigen-binding sites. The large T protein of SV40 and
the related D2T protein of the adenovirus-SV40 hybrid
virus, Ad2D2, interact with a specific pentanucleotide se-
quence located at three sites near the SV40 origin of
replication (6, 68). The consensus sequence, 5'-(G>T)
(A>G)GGC-3', is repeated three to six times within these
binding sites. D2T protein also binds to the origin region of
JCV (15). Two clusters of the pentatnucleotide sequence are
located here in JCV DNA, and their position and sequence
correspond almost exactly with the first and second T-
antigen-binding sites of SV40 (5069 to 5090 and 5118 to 14 in
JCV [68; Fig. 1]). We were not able to identify a third site in
the JCV or BKV sequence as has been proposed for SV40
(6, 62, 68).

5' end of mRNAs. Inspection of the promoter sequences of
several eucaryotic genes transcribed by RNA polymerase II
has led to the identification of certain consensus sequences
located at similar distances upstream from the transcrip-

tional start sites. The Goldberg-Hogness sequence (5'-
TATAAATA-3', also called the TATA box or AT-rich
region) plays a role in positioning the 5' ends of mRNAs and
is usually found about 25 nucleotides from the cap site (19,
20). A second sequence, the CAT box (5'-GGPyCAATCT-
3') is located ca. 80 nucleotides from the mRNA initiation
site and is required for efficient promoter function in some
systems (3, 9, 22, 40).
An AT-rich region was located upstream from the start

sites of JCV, BKV, and SV40 early messages (Fig. 1 and 2).
The TATA box in JCV, unlike those in BKV and SV40, was
duplicated since it is part of the tandem repeat of JCV (see
below).
Although several good candidates for the CAT sequence

exist in the 21-np repeats of SV40 (3, 5), potential CAT
boxes within the tandem repeats of JCV (5'-GCTCATGCT
3' and 5'-AGCCATCCCT-3' [Fig. 1]) and BKV (5'-GGTCA
TGGT-3' [59, 76]) demonstrate only a partial homology with
the consensus sequence.

Analysis of the early SV40 mRNAs suggests at least two
major starts, located 22 and 28 nucleotides downstream from
the Goldberg-Hogness sequence (53). Beginning at the first
start site, the DNA sequence is GCCTCTGAGCTATTCCA.
The locations of the 5' termini for the early JCV and BKV

messages have not been defined precisely; however, Si
nuclease analysis and comparisons with SV40 identify two
likely start sites in these DNAs (14, 15, 53, 59). The
sequence containing the JCV starts reads GCCTCCAAGC
TTACTCA and is found 22 and 28 nucleotides from the
TATA box (Fig. 1); for BKV the sequence is GCCTCCA
CCCTTTCTC and is 19 and 25 nucleotides from the same
landmark (59).
The 5' ends of late JCV mRNAs have not been deter-

mined, in part due to the difficulty in obtaining a suitable
lytic system. Comparisons with the major start sites of late
SV40 and BKV messages suggest a possible 5' terminus for
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FIG. 3. Circular map of the JCV genome (Madl strain). The
single EcoRI site is taken as map position 0.0 on the JCV genome.

The map is divided into two nearly equal parts, depending on

whether gene expression occurs primarily before (early) or after
(late) viral DNA replication. Broad arrows depict the coding regions
for the six proposed JCV proteins. The dots at the beginning of each
arrow indicate uncertainty as to the exact 5' end of the mRNAs.
Brackets containing dots represent intervening sequences, and
single lines indicate untranslated 5' and 3' portions of the early and
late messages.

the late JCV mRNAs at nucleotide 163. Its position (within
the repeat most distal from the origin) and the sequences

surrounding it (7 of 8 nucleotides) are nearly identical to the
BKV site (59). Within the distal repeat of JCV, there was a

potential TATA box located 35 nucleotides upstream from
nucleotide 163. However, as discussed below, several viable
variants of JCV have been isolated which lack this second
TATA box, suggesting it is not required for late transcription
(J. D. Martin and R. J. Frisque, unpublished data). Further-
more, the Goldberg-Hogness sequence has not been found
upstream from the late regions ofBKV and SV40 (13, 54, 59,
76).
Tandem repeated sequences. The tandem repeated se-

quences located to the late side of the SV40 and BKV origins
of replication have been identified as enhancer or activator
elements because of their ability to increase transcription of
associated genes (1, 2, 57). In SV40, the 72-np repeat occurs

78 nucleotides to the late side of the AT-rich region. An
almost perfect 68-np triplication is found four nucleotides
upstream from the same position in BKV DNA. Although
these tandem repeats are similar in structure and location, at
first glance they do not appear to share any sequence
homology. However, a core sequence (5'-GTGGTATAG-3'),
identified in a number of viral and cellular enhancers, is
found in both DNAs (5'-GTGGAAAG-3' in SV40 and 5'-
ATGGTTTG-3' in BKV [75]). The 98-np tandem repeat of
JCV (12 to 207 [Fig. 1 and 2]) included the TATA box and lay
immediately adjacent to the 25-np symmetry thought to
contain the replication origin. Again, the only apparent
homology with other polyomavirus repeats resided in the
core sequence (5'GTGCTTTG-3' in JCV).

3' ends of mRNAs. Following the termination codon for
JCV large T protein was the polyadenylation signal, AAT

AAA (2543 to 2548 [Fig. 1]), a sequence frequently posi-
tioned 10 to 20 nucleotides before the polyadenylate tract of
most eucaryotic mRNAs (52). The dinucleotide CA is com-
monly found at the polyadenylation site itself. In JCV this
dinucleotide was located within a palindrome (5'-TTA
CAGCATT-3') that lay 10 nucleotides beyond the polyad-
enylate signal sequence.
An AATAAA sequence (2568 to 2573 [Fig. 1]) also fol-

lowed the termination codon for VP1. The dinucleotide CA
occurred 8 and 21 nucleotides from the polyadenylation
signal, and the latter CA also fell within a palindrome (5'-
TTTACTTAACAGTT-3').
As observed for the other polyomaviruses, the overlap-

ping 3' ends of the early and late messages of JCV included
the polyadenylation signals.

Splicing. The consensus sequences for the donor and
acceptor splice sites of eucaryotic mRNAs are 5'-
AG a GTAAGT-3' and 5'-6PyXCAG a -3' (I, cleavage site),
respectively (35). Based upon these sequences and compari-
sons with SV40 and BKV, the donor sites for the large T and
small t messages of JCV could be localized at nucleotides
4771 (5'-AGiGTTGGT-3') and 4494 (5'-AGGTAAAC-3'), re-
spectively (Fig. 1 and 3). The shared acceptor site for the
two mRNAs might be at nucleotide 4426 (5'-TTTTTTTT
AGX-3'). Assigning these positions to the splice sites agreed
with earlier Si nuclease results in terms of sizes and num-
bers of early messages (15). A third RNA, representing a
viral middle T message, has not been detected, and sequence
data did not predict a middle T protein (Fig. 1).
A candidate for the donor splice site shared by the VP1,

VP2, and VP3 messages occurred at nucleotide 492 (5'-
AGGTAAGT-3' [Fig. 1 and 3]). This site was located within
the leader sequences; therefore, the late coding sequences
were not interrupted by an intron. The potential acceptor
splice sites were at nucleotides 522 (5'-TGTTTTCAGX-3')
for the VP2/3 message(s) and 1427 (5'-TTACTTTTAGX-3')
for VP1 (Fig. 1 and 3).

Viral proteins. A genetic map defining the probable loca-
tions of the six JCV proteins is shown in Fig. 3. A compari-
son of these proteins with those of BKV and SV40 empha-
sized the relatedness of these three viruses (Table 1). The
homology was consistently greater between the two human
viruses.

Early proteins. The probable primary structures of the
JCV early proteins (Fig. 4 and 5) were deduced from an
analysis of open reading frames, immunoprecipitation and
Si nuclease data (15, 17; Fig. 1), and comparisons with the
same BKV and SV40 proteins. The T proteins of JCV and
BKV exhibited the greatest homology (83% [Table 1]).
The large T antigen of SV40 is a multifunctional DNA-

binding protein that is functionally and structurally related to
the JCV and BKV proteins (15, 31, 43, 69, 71). It is thought
that the protein mediates some of its functions through its
specific binding to the origin region of the genome (45, 56,
64, 68). The results from several laboratories are consistent
with the suggestion that a group of basic amino acids,
located in the amino-terminal half of SV40 T antigen, may be
involved in the binding (44; reviewed in 51). This peptide
sequence lies within one of the most highly conserved
regions of the JCV, BKV, and SV40 T proteins (19 of 20
amino acids were identical [Fig. 4, line 5]) and reads Pro-
Pro-Lys-Lys-Lys-Lys-Lys in the JCV protein.
The carboxy terminus of the T protein showed the greatest

divergence in the three viruses. Comparisons with the SV40
protein revealed that the proteins from both human viruses
had acquired a stretch of 5 amino acids and deleted several
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TABLE 1. Number of amino acids and nucleotides in the JCV, BKV, and SV40 proteins or regulatory regions and their degrees of
homology

Protein or No. amino acids" in strain: No. nucleotidesh in strain:
regulatory region icV BKV SV40 JCV BKV SV40

VP1 354 362 (78) 362 (75) 1,065 1.089 (74) 1.089 (72)
VP2 344 351 (79) 352 (72) 1.035 1.056 (81) 1,059 (75)
VP3 225 232 (75) 234 (66) 678 699 (78) 705 (72)
T 688 695 (83) 708 (72) 2.067 2.088 (77)' 2,127 (71)'
t 172 172 (78) 174 (67) 519 519 (79) 525 (70)
Agnoproteind 71 66 (59) 62 (46) 216 201 (75) 189 (63)
Regulatory region 393 387 (55) 414 (44)

"Numbers in parentheses indicate the percentage of amino acids shared with the corresponding JCV protein.
Numbers in parentheses indicate the percentage of nucleotides shared with the corresponding regulatory sequences or coding sequences of JCV. The

termination signal is included in the calculations.
' Numbers do not include intervening sequences of large T.
d Encoded within the leader sequences of late viral mRNAs.

segments of amino acids (3, 4, and 18 amino acids in JCV; 3
and 18 amino acids in BKV [Fig. 4]).
The probable amino acid sequence for the small t protein

of JCV is shown in Fig. 5. The first 81 amino acids were
shared with large T protein; the remaining 91 amino acids
were unique to small t antigen due to differential splicing of
the 2 early mRNAs (Fig. 3). The large degree of homology
observed between the amino-terminal ends of both early
proteins for all three viruses (89% for JCV x BKV; 82% for
JCV x SV40) was significantly reduced beyond the large T
donor splice site (69% for JCV x BKV; 53% for JCV x
SV40).

Seif et al. (59) noted that the carboxy-terminal portion of
the SV40, BKV, and polyomavirus t proteins contains six
cysteines organized in the pattern CysXCysXXCys-(21 or 22
amino acids)-CysXCysXXCys. The identical pattern was
in the JCV t protein and may represent a site(s) for protein-
protein interaction (59).
There is no evidence that the JCV, BKV, or SV40 early

regions encode a polyomavirus-like middle T protein. How-
ever, all four viruses do induce a related (or identical). host
cell-specific middle T or Tau antigen in transformed cells
(50,000 to 56,000 daltons) (12, 17, 26, 32, 65). In each case
the viral large T protein appears to associate noncovalently
with this cellular protein.

Late viral proteins. Three capsid proteins, VP1, VP2, and
VP3, are produced late in polyomavirus lytic infections. A
fourth protein, the agnoprotein, appears to interact in a
specific way with VP1 during the late stages of SV40
development (27, 28, 37, 41). The proposed amino acid
sequences for these four proteins in JCV (Fig. 6, 7, and 8)
were based on comparisons with the other polyomaviruses;
there have been no previous reports describing the number
or sizes of the JCV structural proteins.
The VP1 polypeptide is the most highly conserved protein

between JCV and SV40 and between BKV and SV40 (59;
Table 1). VP1, presumably, is encoded within the large open
reading frame at the 3' end of the late region. As seen with
SV40 and BKV, there are two potential initiation codons for
the VP1 protein of JCV which occur in the same reading
frame: ATG AAG ATG .... There is uncertainty over
which codon is utilized; however, we followed the conven-
tion used for BKV (59) and specified the second ATG as the
initiation codon (Fig. 6).
Near the amino terminus of the VP1 protein of SV40 and

BKV is a stretch of eight identical amino acids which was
missing in the JCV protein (Fig. 6). Since this part of VP1

overlaps with the VP2 and VP3 proteins, the deletion would
also affect their sequences (Fig. 7).
We predict that the VP2 and VP3 proteins are encoded

within the second open reading frame of the late region (Fig.
3 and 7). By analogy with SV40 and BKV, the VP3 sequence
would be a subset of the VP2 sequence. At this time, we do
not know if VP2 and VP3 are translated from the same or
from different mRNAs.
There is some evidence that VP3 interacts with the SV40

genome (25). One particular stretch of basic amino acids that
occurred in the shared VP2-VP3 sequences of JCV, BKV,
and SV40 was similar to the potential binding site in the T
protein discussed above; this stretch read Pro-Asn-Lys-Lys-
Lys-Arg-Arg for JCV, Pro-Asn-Gln-Lys-Lys-Arg-Arg for
BKV, and Pro-Asn-Lys-Lys-Lys-Arg-Lys for SV40.
The possibility of the SV40 and BKV genomes encoding a

sixth protein was first suggested by sequencing data which
identified an open reading frame within the late leader
sequences (8, 59, 76). The agnoprotein of SV40 has been
identified by genetic and biochemical analyses, and it defines
a new complementation group, G (41). Approximately the
first 50 amino acids of the JCV, BKV, and SV40 agnopro-
teins showed considerable homology; however, the remain-
der of the sequence of the proteins was completely different
in each virus (Fig. 8).
As expected from its highly basic amino acid composition,

the agnoprotein binds to nucleic acids (28). The longest
stretch of basic amino acids in the JCV protein was found at
the point where the sequences diverge (underlined) in the
three viruses: Lys-Lys-Arg-Gln-Arg-His.
Sequence data have also suggested the presence of a

second putative protein (59, 76, 77). The potential coding
segment corresponds to the second open reading frame
within the 3' end of the SV40 and BKV early regions. Again,
a JCV protein might also be encoded here, although it would
only be about 75% the length of the proteins of the other two
viruses. Its existence is in question since little homology was
evident between the three viral sequences (Fig. 8 [SV40 is
not shown because too few amino acids can be aligned with
the JCV and BKV sequences]) and since a properly placed
AUG was not found in all three viruses. (Methionine residue
1 of the putative JCV, BKV, and SV40 protein is at amino
acid positions 3, 26, and 4, respectively.)

DISCUSSION

Numerous biochemical, immunological, and genetic stud-
ies (69) have predicted a close evolutionary relationship
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JCV Net Aep Lys Va1 Lon Aen Arg Gin Gin Ser Met Glu Leu Met Asp Leu leu Gly Leu Asp Arg Ser Ala Trp Gly Ken Ile Pro Va1 Met
5KV Met Glu Gin Ala Leu Leu
SV40 Leu Gin Glu Ser Ile Leu

JCV Arg Lye Al. Tyr Len Lye Lye Cys Lye Glu Leu Hi. Pro Asp Lye Gly Gly Asp Glu Asp Lye Met Lye Arg Met Ken Ph. Leu Tyr Lye
3KV Arg Ph. Asp Arg Thr
SV40 Lye Ph. Glu Lye Thr

JCV Lye Met Glu Gin Gly Va1 Lye Va1 Al. Hi. Gin Pro Asp Phe Gly Thr N Trp Ken Ser Ser Gin Va1 Pro Thr Tyr Gly Thr Asp Glu
BKV Gin Asp Va1 Thr N Ser Ser Ser Va1 Glu
SV40 Asp Giy Tyr Gly Phe Asp Al. Thr Ilie Asp

JCV Trp Gin Ser Trp Trp Ken Thr Ph. Ken Gin Lye Trp Asp Glu Aep Leu Ph. Cye Hi. Gin Giu Met Ph. Al. Ser Asp Asp Glu Ken Thr
BKV Ser Ser Ser Lye Trp Aep Asp Hue Asp Ph. Ale Glu Al.
SV40 Gin Ken Ala N N N Aen Ser Glu Pro Ser Asp Ale

Jcv Gly H Ser Gin Hie Ser Thr Pro Pro Lye Lye Lye Lye Lye Va1 Giu Asp Pro Lye Aep Ph. Pro V.1 Aep Leu Hie Ale Ph. Leu Ser
BKV Ale Asp Arg Ser Asp Hi. Gin
SV40 Al. Aep Arg Ser Gin Leu Her

JCV Gin Al. Va1 Ph. Ser Ken Arg Thr V.1 Al. Ser Ph. Al. V.1 Tyr Thr Thr Lye Gin Lye Ale Gin Ile Leu Tyr Lye Lye Leu Met Giu
BKV Gin Leu Cye Va1 Gin Ilie Leu
SV40 Hie Leu Cye Ile Ale Leu Ile

JCV Lye Tyr Ser Vel Thr Phe Ile Ser Arg Hie Gly Ph. Gly Gly Hi. Ken Ile Len Phe Ph. Leu Thr Pro Hi. Arg Hi. Arg Va1 Ser Ale
BKV Met Cye Ale Gly Ile
SV40 Ken Ser Tyr Ken Leu

cv Ilie Ken Ken Tyr Cys Gin Lye Leu Cye Thr Ph. Ser Ph. Leu Ilie Cye Lye Gly Va1 Aen Lye Gin Tyr Len Ph. Tyr Ser Ala Len Cye
BKV Ph. Cye Leu Thr
SV40O Tyr Ala Met Thr

JCV Arg Gin Pro Tyr Ala Vel Va1 Gin Glu Ser Ile Gin Gly Gly Leu Lye Glu Hi. Aep Phe Ken Pro Glu Glu Pro Glu Gin Thr Lye Gin
BKV Asp Tyr Hi. Thr Ilie Ile Gin Ser Pro
SV40 Aep Ph. Ser Val Ile Leu Pro Aen Ala

JCV Va1 Ser Trp Lye Leu Vel Thr Gin Tyr Ale Leu Gin Thr Lye Cys Glu Asp V.1 Phe Leu Leu Met Gly Met Tyr Len Asp Ph. Gin Glu
BKV Ile Glu Val Glu Ph. Leu Glu Tyr
SV40 Va1 Glu Met Asp Leu Leu Glu Tyr

JCV Aen Pro Gin Gin Cys Lye Lye Cys Gin Lye Lye Asp Gin Pro Aen Hi. Phe Aen Hi. Hie Glu Lye Hi. Tyr Tyr Aen Ale Gin Ile Ph.
BKV Ken Vel Gin Glu Ly. Gin Asp Tyr Phe Lye Tyr Phe Ala Ile
SV40 Her Ph. Glu Met Leu Ile Glu Her Tyr Lye Tyr Tyr Ala Ale

JCV Ale Aep Ser Lye Aen Gin Lye Ser Ile Cye Gin Gin Ale V.1 Aep Thr V.1 Ala Ala Lye Gin Arg Va1 Aep Ser Ilie Hie Met Thr Arg
BKV Giu Ser Leu Lye Thr Leu Hie Met
SV40 Asp Thr Len Lye Ser Leu Gin Len

JCV Giu Gin Met Len Val Glu Arg Phe Aen Phe Len Leu Aep Lye Met Asp Leu Ilie Phe Gly Ala Hie Gly Aen Ale V.1 Len Gin Gin Tyr
BKV Glu Thr Gin Hie Iie Lye Len Ilie Ala Hi. Aen V.1 Leu Gin Tyr
SV40 Gin Thr Ken Asp Len Arg Iie Met Ser Thr Ser Aep Ile Gin Trp

JCV Met Ale Gly Vel Ale Trp Il. Hi. Cye Leu Leu Pro Gin Met Aep Thr Val Ilie Tyr Asp Ph. Leu Lys Cys Ile Va1 Len Aen Ile Pro
BKV Leu Lye Ser Ile Ph. His Ile Phe V.1
SV40 Leu Lye Her Val Tyr Lye Met Tyr Iie

JCV Lye Lye Arg Tyr Trp Len Ph. Lye Giy Pro Ile Asp Ser Gly Lye Thr Thr Len Ala Ala Ala Len Len Asp Len Cye Gly Gly Lye Ser
5KV Arg Gly Aep Ala
SV40 Lye Ala Gin Ale

JCV Len Aen V.1 Ken Met Pro Len Gin Arg Len Asn Ph. Gin Len Gly Va1 Gly Ilie Asp Gin Ph. Met Val V.1 Ph. Gin Asp V.1 Lye Gly
BKV Len Met Gin Thr Ala Tyr Met
SV40 Len Len Aep Asn Ala Ph. Len

JCV Thr Gly Ale Gin Ser Arg Aep Len Pro Her Gly His Gly Ile Ser Asn Len Asp Cys Len Arg Asp Tyr Len Asp Gly Ser V.1 Lye V.1
BKV Al. Lye Hi. Aen Ser
SV40 Gly Arg Gin Asn Asn

JCV Ken Len Gin Arg Lye His Gin Ken Lye Arg Thr Gin V.1 Ph. Pro Pro Gly Ilie Val Thr Met Asn Gin Tyr Ser Val Pro Arg Thr Len
BKV Lye Len Ilie Len Pro Lye
SV40 Lye Len Ilie Ilie Ser Lye

JCV Gin Ale Arg Phe V.1 Arg Gin Ile Asp Ph. Arg Pro Lye Ala Tyr Len Arg Lye Her Len Her Cys Ser Gin Tyr Len Len Gin Lye Arg
BKV Arg Ile Arg Lye Her Gin Aen Ph.
SV40 Lye Aep Lye His Cye Gin Arg Ph.

CV Ilie Len Gin Ser Gly Met Thr Len Len Len Len Len Ile Trp Phe Arg Pro Val Ala Asp Ph. Ala Ala Ala Ilie Hi. Gin Arg Ile Val
BKV Len Met Thr Len Phe Aep Thr Asp Gin Ser
SV40 Ilie Ile Ala Met Tyr Gin Gin Her Gin Her

JCV Gin Trp Lye Gin Arg Len Asp Len Gin Ile Her Met Tyr Thr Ph. Her Thr Met Lye Ale Ken Val Gly Met Gly Arg Pro Ile Len Asp
5KV Gin Her Ile Met Tyr Thr Ph. Ser Arg Tyr Ile Cys Lye Cye Ile
SV40 Gin Lye Phe Len Her V.1 Tyr Gin Ly. Ph. V.1 Ala Ilie Gly Vel

JCV Phe Pro Arg Gin Gin Asp Ser Gin Ale GlunAsp Ser H H H H H H H H H H H H H H H H N H
BKV Ile Thr GlunGln SerGlunThr N N N H H H N N H N N N H N N N N N
SV40 Trp Len Ken Her Asp Aep Aep Gin Gin Aen Ale Asp Lye Aen Gin Asp Gly Gly Gin Lye Ken Met Gin Aep Ser

JCV Gly Hie Gly Her Ser Thr Gin Her Gin Ser Gin Cye Ph. Her Gin Val Her Gin Ale Her Gly N Ala N Aep Thr Gin Gin N N
BKV Gly Her Her Thr Gin Gye Her Her Val Ser Asp Thr Ser Al. Pro Ale Gin Asp Her Arg Her Asp
SV40 Gin Thr Gly Ile Aep Gly Ser Ph. N N N N N Ale Pro Gin N Ser Her Ser Vel Hie

JCV N N Ken Cye Thr Ph. Hi. Ile Cys Lye Gly Ph. Gin Cye Ph. Lye Lye Pro Lye Thr Pro Pro Pro Lye N N N
5KV Pro Hie Her Gin Gin Len Len Lye Gin Arg Lye Lye N N N
SV40 Asp Hue Ken Gin Pro Tyr Ile Arg Thr Lye Pro Gin Pro Gin Thr

FIG. 4. Comparison of the large T proteins of JCV (Madl), BKV(Dun), and SV40. The proposed sequences for the large T proteins of the
three polyomaviruses are aligned for maximum homology. In those instances when the amino acid is the same for all three T proteins, only the
JCV sequence is shown.
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Jcv Met Asp Lys Va1 Leu Asn Arg Glu Glu Ser Met Glu Leu Met Asp Leu Leu Gly Leu Asp Arg Ser Ala Trp Gly Asn Ile Pro Va1 Met
BKV Met Glu Glu Ala Leu Leu
SV40 Leu Gln Glu Ser Ile Leu

JCV Arg Lys Ala Tyr Leu Lys Lys Cys Lys Glu Leu His Pro Asp Lys Gly Gly Asp Glu Asp Lys Met Lys Arg Met Asn Phe Leu Tyr Lys
BKV Arg Phe Asp Arg Thr
SV40 Lys Phe Glu Lys Thr

BKV Lys Met Glu Gln Gly Val Lys Va1 Ala His Gln Pro Asp Phe Gly Thr N Trp Asn Ser Ser Glu Val Gly Cys N Asp N Phe Pro
Jcv Gln Asp Val Thr N Ser Ser Ser N Cys Ala Asp N Phe Pro
SV40 Asp Gly Tyr Gly Phe Asp Ala Thr N Phe Ala Ser Ser Leu Asn

JCV Pro Asn Ser Asp Thr Leu Tyr Cys Lys Glu Trp Pro Asn Cys Ala Thr Aen Pro Ser Val His Cys Pro Cys Leu Met Cys Met Leu Lys
BRV Leu Cys Pro Thr Leu Glu Ile Ser Lys Lys Pro Va1 His Pro Met Leu Gln Arg
SV40 Pro Gly Va1 Ala Met Gln Glu Ala Lys Lys Met Ala Agn Ile Leu Leu Leu ArH

JCV Leu Arg His Arg Asn Arg Lys Phe Leu Arg Ser Ser Pro Leu Val Trp Ile Asp Cys Tyr Cys Phe Asp Cys Phe Arg Gln Trp Phe Gly
BKV Leu Arg Leu Phe Leu Lys Glu Ile Ile Thr Gln
SV40 Met Lys Glu Leu Tyr Lys Asp Val Phe Arg Met

iCV Cys Asp Leu Thr Gln Glu Ala Leu His Cys Trp Glu Lys Val Leu Gly Asp Thr Pro Tyr Arg Asp Leu Lys Leu
BKV Leu Thr Glu Glu Thr Gln Trp Val Gln Ile Ile Glu Pro Phe
SV40 Leu Cys Glu Gly Thr Lou Leu Cys Asp Ile Ile Gln Thr Tyr

FIG. 5. Comparison of the small t proteins of JCV (Madl), BKV(Dun). and SV40. The proposed sequences for the small t proteins of the
three polyomaviruses are aligned for maximum homology as described in the legend to Fig. 4.

between JCV, BKV, and SV40; nucleotide sequence analy-
sis confirms these predictions. However, a number of dif-
ferences do exist among these viruses, particularly in the
sequences lying to the late side of the origin, and it is these
differences which might begin to explain the unique biology

of JCV (e.g., its restricted lytic and transforming abilities in
vitro). In the laboratory, JCV exhibits an extremely narrow
host range. In its sole permissive cell type, primary human
fetal glial cells, replication is inefficient; in most cells it
rarely occurs at all. Unlike SV40, which is expressed in a

JCV Met Al. Pro Thr
BRV
SV40

iCV Gly Gly
BKV
SV40

iCV Glu His
BKV Asn
SV40 His

JCV Va1 Al.
BKV Thr
SV40 Val

JCV Ile Gly
BHV
SV40

JCV His Phe
BKV
SV40

JCV Lys Asn
BKV
SV40

JCV Pro Asp
BKV
SV40

iCV Al. Thr
BKV
SV40

JCV Phe Thr
BDV
SV40

iCV Pro Ile
BKV
SV40

iCV Glu Va1
BKV
SV40

Val Glu
Val
Ile

Leu Arg
Leu Arg
Gln Lys

Arg Ile

Val Thr
Ile
Val

Phe Ser
Ala
Ala

Al. Thr
Pto
Ala

Pro Thr
Ser
Ser

Thr Va1

Asn Arg
Ser
Thr

Ser Phe

Arg Val

Lys Arg Lys Gly Glu Arg N
Glu Cys Pro
Ser Cys Pro

Val Leu Glu Val Lys Thr Gly
Glu
Gly

Gly Phe Ser Lys Ser Ile Ser
Phe Leu Lys Leu Ser
Leu Lys Ser Leu Ala

Pro Leu Pro Asn Leu Asn Glu

Ser Leu Met Asn Val His Ser
Ser Met Leu Leu Ala
Ala Met Leu Leu Ser

Val Gly Gly Glu Ala Leu Glu
Asp Pro
Glu Pro

Val Gln Ser Gln Val Met Asn
Ala Gln Val
Val Asp Gln

Arg Asn Glu Asn Thr Ar. Tyr
Arg Ala
Lys Thr

Leu Leu Asp Glu Phe Gly Val
Gln
Gln

Ser Gly Ser Gln Gln Trp Arg
Thr Ar.
Thr Lys

Leu Leu Thr Asp Leu Ile Asn
Ser
Ser

Phe Glu Gly Thr Glu Glu Leu
Phe Asp Gly Arg
Tyr Glu Asp Glu

N N N N N N N Lys Asp
Gly Ala Ala Pro Lys Lys Pro Glu
Gly Ala Ala Pro Lys Lys Pro Glu

Val Asp Ser Ile Thr Glu Val Glu Cys
Ala Ile
Ser Phe

Ile Ser Asp Thr Phe Glu Ser Asp Ser
Ala Glu Asn Asp Ser Ser
Ala Glu Lys Gln Thr Asp

Asp Leu Thr Cys Gly Asn Ile Leu Met
Leu
Ile

Asn Gly Gln Ala Thr His Asp Asn Gly
Gly Ser Lys Val Glu His
Gly Thr Lys Thr Glu Asn

Leu Gln Gly Val Leu Phe Asn Tyr Arg
Met Met
Leu Ala

Thr Glu His Lys Ala Tyr Leu Asp Lys
Asp Tyr
Asp Val

Phe Gly Thr Leu Thr Gly Gly Glu Asn
Phe
Tyr

Gly Pro Leu Cys Lys Gly Asp Asn Leu
Ala Ser
Ala Ser

Gly Leu Ser Arg Tyr Phe Lys Val Gln
Ala Ile Arg
Pro Ile Thr

Arg Arg Thr Pro Arg Val Asp Gly Gln
Gln
Gln

Pro Gly Asp Pro Asp Met Met Arg Tyr
Ile
Ile

Pro Val Gln Val Pro Lys Leu Leu Ile Arg
Leu Lys
Val Lys

Phe Leu Thr Pro Glu Met Gly Asp Pro Asp
Asn Glu Asp
Asn Gln Asn

Pro Asn Arg Asp Met Leu Pro Cys Tyr Ser
Glu Arg Lys Met
Asp Lys Glu Gln

Trp Glu Ala Val Thr Leu Lys Thr Glu Val
Val Gln
Val Lys

Ala Gly Lys Pro Val Gln Gly Thr Ser Phe
Gly Ile Ser Asn
Ala Ile Ser Asn

Thr Lys Tyr Pro Asp Gly Thr Ile Phe Pro
Asp Gly Ile Thr
Ala Gln Val Thr

Asn Lys Ala Tyr Pro Val Glu Cys Trp Val
Asn Asn
Asp Asn

Val Pro Pro Val Leu His Ile Thr Asn Thr
Val
Ile

Tyr Leu Ser Ala Val Asp Val Cys Gly Met
Val Ala Ile Leu
Vol Va1 Ile Leu

Lou Arg Lys Arg Arg Val Lys Asn Pro Tyr
Ser
Ser

Pro Met Tyr Gly Met Asp Al. Gln Val Glu
Tyr Glu Ser
Ile Ser Ser

Val Asp Lys Tyr Gly Gln Leu Gln Thr Lys
Ile Lys Gln Leu Gln Lys
Ile Glu Phe Thr Thr Arg

JCV Met Lou
BEV Lou
SV40

FIG. 6. Comparison of the VP1 proteins of JCV (Madl), BKV(Dun), and SV40. The amino acid sequences of the VP1 capsid proteins of
the three polyomaviruses are aligned for maximum homology as described in the legend to Fig. 4. In each viral DNA, there are two potential
initiation codons for the VP1 protein which occur in the same reading frame. We have used the second methionine residue as the first amino
acid in the protein sequence.
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Met Gly Ala Ala Leu Ala
Ala
Thr

Leu Leu Gly Asp Leu Val Ala Thr
Val Ser
Ile Thr

Val Ser Glu Ala Ala Ala Ala Thr Gly Phe Ser Val Ala Glu Ile Ala

JCV Ala Gly Glu Ala Ala Ala Thr
BKV Ala
SV40 Ala

JCV Ile Gly Leu Thr Pro Glu Thr
BKV Gln Thr
SV40 Gln Ala

JCV Gly Ser Ala Ile Ala Gln Leu
BKV Ile Ser Leu Val
SV40 Val Ala Val Val

Ile Glu Val Glu Ile Ala Ser Leu
Gln Ile Leu
Gln Leu Val

Tyr Ala Val Ile Thr Gly
Ala
Ser

Gly Tyr Arg Phe Phe Ala
Ser
Ser

Ala Thr Val Glu Gly Ile Thr Ser
Ile Ser
Leu N

Ala Pro Gly Ala Val Ala Gly Phe Ala Ala
Gly Ile
Ala Ile

Asp Trp Asp His Lys Val Ser Thr Val Gly

Thr Ser Glu Ala Ile Ala Ala

Leu Val Gln Thr Val Thr Gly
Ile Ser
Leu Thr

Leu Phe Gln Gln Pro Ala Met
Tyr Ser Gly
Tyr Pro Gly

JCV Ala Leu Gln Leu Phe Asn Pro Glu Asp
BKV Leu Glu Phe Asn Asp Glu
SV40 Val Asp Tyr Arg Asp Asp

Tyr Tyr Asp Ile Leu Phe Pro Gly Val Asn Ala
Asn Thr
Gln Thr

Phe Val Asn Asn Ile His Tyr Leu Asp Pro
Asn Asn Ile Gln
His Ser Val Gln

Arg His Trp Gly Pro Ser Leu Phe Ser Thr
Ser Ala Thr
Thr Asn Ala

Ile Ser Gln Ala Phe Trp Asn Leu Val Arg Asp Asp Leu Pro Ala Leu Thr Ser Gln Glu
Leu His Val Ile Arg Asp Ile Ser Ile
Phe Arg Val Ile Gln Asn Ile Arg Leu

Arg Arg Thr Gln Lys Leu Phe Val Glu
Glu Arg Phe Phe Arg Asp
Gln Arg Tyr Leu Arg Asp

Ser Leu Ala Arg Phe Leu Glu Glu Thr Thr Trp

Tyr Asn Tyr Ile Ser Asp Tyr Tyr Ser Arg Leu Ser Pro Val Arg Pro Ser
Tyr Ile Gln Gln Asp Ile Ser
Ser Leu Gln Asp Thr Ile Thr

Ala Ile Val Asn Ser Pro Ala Asn
Thr Ile Val Ala Ile
Thr Val Ile Ala Val

Met Val Arg Gln Val Ala Gln Arg Glu Gly Thr Tyr
Glu Thr Arg
Asn Leu Gln

JcV Ile Ser Phe Gly His Ser Tyr Thr Gln Ser Ile Asp Asp Ala Asp Ser Ile Gln Glu Val Thr Gln
BKV Val His Thr N N Ser Asp Glu Glu Gln
SV40 Ile Ser Thr Asp N Asn Glu Gln Gln Glu

Arg Leu Asp Leu Lys Thr N N
Met Asp Leu Arg Asn Gln Gln
Trp Glu Ala Gln Ser Gln Ser

JCV Pro Asn Val Gin Ser
BKV N Ser His
SV40 Pro Asn Gln

Leu Leu Gly Leu Tyr Gly

Gly Glu Phe Ile Glu Arg Ser Ile
Lys Thr Ile
Lys Phe Glu

Thr Val Thr Pro Ala Leu Glu
Thr Pro Glu
Ser Ser Lys

Ala Pro Gly Gly Ala Asn Gln Arg

Ala Tyr Glu Asp Gly Pro Asn

Ser
Thr
Thr

Lys Lys
Gln
Lys

Ala Pro Gln Trp Met Leu Pro Leu

Lys Arg Arg N N N N N
Arg Val Ser Arg Gly Ser
Lys Leu Ser Arg Gly Ser

JCV N N Lys Glu N Gly Pro Arg Ala
BKV Ser Gln Ala Lys Thr Arg
SV40 Ser Gln Thr Lys Thr Ser

Ser Ser Lys Thr Ser Tyr Lys Arg Arg Ser Arg Ser Ser Arg Ser
Ala Thr Thr Asn Ser
Ala Ala Arg His Asn

FIG. 7. Comparison of the late structural proteins VP2 and VP3 of JCV (Madl), BKV(Dun), and SV40. The proposed sequences for the
VP2 and VP3 proteins of the three polyomaviruses are aligned for maximum homology as described in the legend to Fig. 4. In each virus, VP3
is encoded by the carboxy-terminal sequences of VP2. The first methionine residue in the VP3 protein is underlined.

variety of eucaryotic cells, most cells do not even express T
antigen after JCV infection (46). This restricted activity does
not appear to involve an early step in the virus-cell inter-
action (i.e., adsorption, penetration, or uncoating [16]); one
possible explanation is that JCV has a weak or defective
regulatory signal(s) (e.g., the early promoter).
When deficiencies in viral transcription and replication are

discussed, attention is focused on certain features of the JCV
regulatory region, specifically the tandem repeat (en-
hancer?), which shares little homology with the BKV or
SV40 repeats; the duplicated TATA box; the absence of the
sequence PyPyCCXCCC; and the presence of a CAT box
which shows only partial identity with the consensus se-
quence.

Small changes in the enhancer sequences have dramatic
effects on the host range and oncogenic properties of the
polyomaviruses (18, 29, 30, 73, 74). It has been suggested
that these sequences may have recently diverged in these
viruses and perhaps represent modified enhancer elements
of their hosts (57). If the tandem repeat ofJCV represents an
acquired or altered enhancer that only functions efficiently in
brain tissue, then this would help to explain the apparent
adaptation of JCV for growth in these cells. In the general
population, JCV probably replicates in kidney or lung cells;
strains of JCV isolated from diseased brain tissue do not
grow in these cells in culture but instead show a distinct
predilection for brain cells (both in their lytic and nonproduc-
tive cycles) (17, 36, 46, 48, 50, 55, 71). Significantly, these

isolates tend to delete and insert (host?) sequences within
their tandem repeats (J. D. Martin and R. J. Frisque,
unpublished data).
The duplication of the TATA sequence represents a

second feature of the JCV regulatory region which might
alter the transcription of early mRNAs. Assuming the tan-
dem repeat of JCV is an enhancer, then the relative positions
of the TATA box and enhancer might preclude an efficient
interaction involving the two sequences. Specifically, would
the tandem repeat efficiently enhance transcription from the
TATA sequence when the latter sequence lies within the
enhancer? Furthermore, since enhancers appear to prefer-
entially potentiate transcription from the most proximal
promoter (72), might not the wrong TATA box of JCV be
utilized? Based on position, we expect that the correct
TATA box (the one that positions the proper 5' termini of
the early messages) is located nearest the early region.
The absence of the sequence PyPyCCXCCC might pose

still another problem for the expression of the early genes of
JCV. In the SV40 genome are found three copies of a 21-np
repeat that are located to the late side of the replication
origin. The repeats are required for efficient replication and
transcription (4, 5) and include six copies of the sequence
PyPyCCXCCC. This sequence is present in the regulatory
regions of BKV, polyomavirus, several adenoviruses, and
the herpes simplex virus type 1 thymidine kinase gene (4, 39,
59). Dynan and Tjian (11) have recently isolated a promoter-
specific transcription factor Spl from whole-cell extracts

JcV
BKV
SV40
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A

JCV Met Val Leu Arg Gln Leu Ser Arg Lys Ala Ser Val Lys Val Ser Lys Thr Trp Ser Gly Thr Lys Lys Arg Ala Gln Arg Ile Leu Ile
BKV Gln Gln Gly Lys Thr Thr Gly Thr Arg Ile Phe Ile
SV40 Arg Gln Arg Arg Ser Thr Glu Ser Thr Leu Phe Val

JCV Phe Leu Leu Glu Phe Leu Leu Asp Phe Cys Thr Gly Glu Asp Ser Val Asp Gly Lys N Lys Arg Gln Arg His Ser Gly Leu Thr Glu
BRV Ile Leu Glu Arg Ser Asn Ser Thr Thr Ala Leu Pro Ala Val Lys
SV40 Val Leu Gln Glu Thr Arg Lys Pro Glu Arg Leu Thr Glu Lys Pro

JCV Gln Thr Tyr Ser Ala Leu Pro Glu Pro Lys Ala Thr
BKv Asp Ser Val Lys Asp Ser N N N N N N
SV40 Glu Ser N N N N N N N N N N

B

JCV Lys Leu Met Leu Val Trp Gly Asp Pro Phe Leu Thr Phe Leu Glu Arg Lys Ile Leu Lys Gln Lys Thr Leu Asp Met Asp Gln Ala Leu
BKV Asn Ile fle Tyr Ala Asn Val Ile Leu Gln Lys Arg Gln Leu

JCV Asn lis Asn His Asn Ala Phe Pro Arg Ser Gln Lys N N Pro Leu Val N N N N N Gln Thr His Arg Lys Thr Aia Leu
BKV Pro Leu Lys Ile Leu Gln Leu Lys Ile Pro Lys Gly Pro Ile Val Lys Ser Cys

Jcv Phe Thr Ser Val ys Ala Phe Asn Va Ser Lys Asn Gln Arg Pro Leu Pro GlnAnAsn N N N N N N N N N N
BKV Ile Cys N Ser Leu Gly Leu Lys His His Thr Ser Leu Lys Val Ala Tyr Thr Lys Ala

Jcv N N N N Cys Asn Cys N N N N N N
BKV Ala Phe Ile Lys Ile Thr Ile Lys Ala Pro Vai

FIG. 8. Comparisons of two potential proteins that might be encoded within the late leader sequences (A) or the 3' ends of the early regions
(B) ofJCV (Madl), BKV(Dun), and SV40. (A) Comparison of the agnoproteins thought to be encoded by the late leader sequences of the three
polyomaviruses. Agnoprotein has been identified in SV40. Amino acid sequences are aligned to show maximum homology as described in the
legend to Fig. 4. (B) Comparison of polypeptide sequences which may be translated from the 3' ends of the JCV and BKV early regions. The
putative SV40 protein sequence (98 amino acids) is not included since little homology is evident with the two sequences of the human viruses.

that appears to both bind to the 21-np repeat region and
stimulate transcription of the SV40 early and late promoters
(but not of other promoters tested). A second factor, Sp2,
was also identified and represents a general factor required
for transcription of all promoters tested. Additional studies
by these investigators have included BKV which lacks the
21-np repeats but does show partial homology with this
region ofSV40 (e.g., the sequence PyPyCCXCCC is shared).
Transcription of the BKV early messages also depends on
Spl, although the stimulatory effect was reduced by a factor
of 10 when compared with SV40 (10). Neither the 21-np
repeats nor the PyPyCCXCCC sequence is found in the JCV
regulatory region. Their absence is suggestive, especially in
light of our recent analysis of a number of viable JCV
variants. Preliminary sequence results for their regulatory
regions reveal a consistent pattern, the loss of the upstream
TATA box and the insertion of the sequence PyPyCCXCCC
(J. D. Martin and R. J. Frisque, unpublished data). The
biological properties of these variants are now being studied.
It should be noted that prototype JCV DNA does contain the
sequence PyPyCCXXCCC (TCCCTTCCC) located at a po-
sition that corresponds to the region containing the SV40 21-
np repeats. This sequence may contribute to the lytic
activity of Madl in primary human fetal glial cells.
The CAT box is a sequence thought to be involved in the

binding of RNA polymerase 11 (3). Potential CAT boxes are
found within the tandem repeats of JCV and BKV but are
only partially homologous to the consensus sequence. Since
BKV functions efficiently in vitro, it seems unlikely, how-
ever, that the restricted activity of JCV in tissue culture
stems from a defective CAT sequence.
We have recently replaced the regulatory sequences of

JCV (nucleotides 5015 to 275) with those of BKV to test
whether one or more of the sequences discussed above are
contributing to the inefficient lytic and transforming prop-
erties of JCV. Preliminary results show that this hybrid virus
behaves like the parental BKV in its ability to efficiently
induce T antigen and transform BHK-21 cells (B. Bollag,
L. B. Peitzman, J. M. Slauch, and R. J. Frisque, un-
published data).

Our discussion has focused on differences in certain
regulatory elements of the polyomaviruses and how these
differences might affect biological parameters. Although the
proteins of these viruses show a large degree of similarity,
there are significant stretches of nonhomology which may
contribute to the unique biology of each virus. Examples of
these nonhomologous stretches include the following. (i)
The carboxy termini of the large T protein and agnoprotein
vary considerably in JCV, BKV, and SV40. The agnopro-
tein, like large T, may have regulatory functions located
within these unrelated sequences. (ii) The unique coding
sequences of the small t protein of these three viruses are
less homologous than those sequences shared with the
amino terminus of large T. One might speculate that, since
small t is dispensable for the lytic growth of these viruses in
vitro (63, 67), alterations in its unique coding sequences
might be better tolerated than changes in sequences over-
lapping the multifunctional large T protein. Alternatively,
small t might contribute to the host range phenotype of the
polyomaviruses, and differences in its coding sequence
might reflect a functional requirement in the various cells
permissive for each virus. (iii) The most obvious difference
in the capsid proteins is an eight-amino-acid deletion that
affects all three JCV proteins. We do not know whether this
alteration might interfere with the structural function of
these proteins or whether it contributes to the immunologi-
cal differences observed between the JCV, BKV, and SV40
capsids.

Certainly a more thorough analysis of both coding and
noncoding sequences must be conducted before their influ-
ence on the biology of JCV can be fully assessed. The
nucleotide sequence presented here suggests several regions
on which to focus such studies.
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