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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.
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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 pMad1-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 [a-*’P]deoxynucleoside 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 BKYV, 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,



) 30 “w 56 of /] 9 L] 166

GCCTCEECCT QITGTATATA TAARAAAAAG GGAAGGGATE GCTGCCAGCC AAGCATGASC TCATACCTAG GGAGCCAACC AGCTAACAGC CAGTARACAA
TATAT ATTTTTTTIC CCTTCCCTAC CGACGGTCES TTCGTACTCE AGTATGSATC CCTCGETT66 TCBATTGTCS GTCATTTGIT

19 126 130 149 150 168 178 188 199 20

AGCAC TETATATATA AAAMAAAGEE ARGGSATESC TECCAGCCAA GCATGAGCTC ATACCTAGS6 AGCCAACCAG CTAACASCCA GTAAACAAAG
ACATATATAT TTTTTTTCCC TTCCCTACCS ACGGTCGSTT CGTACTCGAS TATBGATCCC TCGETTGGTC BATTGTCBST CATTTEITIC
19 226 238 249 250 269 278 286 299 h ]
CACAAGH66A AGTGGAARGC AGCCAAGBEA ACATGTTTTG CGAGCCABAG CTGTTTTGEC TTGTCACCAG cresCTds TTCTTCBCCA BLTSTCACET
STSTTCCLCT TCACCTTTCE TCGETTCCCT TETACARAAC GCTCEGTCTC GACAARACCG ARCASTGETC BACCGETACC AAGAAGCEST CGACASTECA
319 320 338 340 350 368 378 380 399 [
AAGBCTTCTG TGAARGTTAG TARRACCTGE AGTGGAACTA AAARAAGAGL TCAAABGATT TTAATTTTTT TGTTAGAATT TTTBLTBSAC TTTTBCACAG
TICCGAAGAC ACTTTCAATC ATTTTGEACC TCACCTTGAT TTTTTTCTCE AGTTTCCTAR AATTAARAAR ACAATCTTAA AAACGACCTE AAAACETETC
1) o2 438 "y 59 4 Y/ 49 9 O
GTGARGACAG TGTAGACGES AAARAAAGAC ABAGACACAG TGGTTTGACT GAGCASACAT ACASTGCTTT GCCTGAACCA AAMGLTAC TAAGTAA
CACTTCTETC ACATCTGCCC TTTTTTICTS TCTCTETETC ACCARACTEA CTCETCTBTA TGTCACGAAA CBGACTTEET TTTCBATGTA TCCATTCATY
516 S0 {A 53 S48 556 S8 578 588 599 [T
TETTTITITT TGTGTTTICA 66TTCRT@E6 TGCCSCACTT GCACTTTTEE G66ACCTAGT TBCTACTBTT TCTBAGBCTG CTBCTECCAC AGBATTTTCA
ACAAARAAAA ACACAARAGT CCARGTACCC ACGGCETEAR CETGAAAACC CCCTGGATCA ACGATGACAR AGACTCCGAC GACGACEGTE TCCTARRAGT
819 626 638 [ 654 o686 678 ) 699 00
GTAGCTGARA TTGCTECTEE AGABECTELT GCTACTATAG ARGTTGAAAT TGCATCCCTT GCTACTETAS ABBEGATTAC AAGTACCTCT GABBCTATAS
CATCBACTTT AACGACBACC TCTCCGACBA CEATGATATC TTCAACTTTA ACGTAGG6AA CGATGACATC TCCCCTAATG TTCAT66A6A CTCCEATATC
78 728 73 748 758 68 770 780 79 e
CTECTATAGE CCTTACTCCT GAARCATATE CTGTARTAAC TGBAGCTCCE G666CTETAG CTEBETTTEC TECATTGETT CAAACTETAA CTEGTEETAG
GACGATATCC GGAATBAGGA CTTTGTATAC BACATTATTE ACCTCGAG6C CCCCGACATC GACCCAAACE ACGTAACCAA GTTTGACATT GACCACCATC
819 820 838 849 856 868 878 830 896 9
TGCTATTECT CAGTTGBBAT ATAGATTTIT TGCTGACTES GATCATAMAG TTTCAACAGT TGGSCTTTTT CAGCAGCCAG CYRTEBCTTT ACAATTATTT
ACGATAACGA GTCAACCCTA TATCTAAARA ACGACTGACC CTAGTATTIC ARAGTTETCA ACCCGAAAAA GTCBTCGETC GATACCGAAA TGTTAATARA
e 928 938 U 958 969 978 988 99 1008
AATCCAGAAG ACTACTATGA TATTTTATIT CCTGGAGTEA ATECCTTTET TAACAATATT CACTATTTAG ATCCTAGACA TT6666CCCE TCCTTETTCT
TTAGSTCTTC TEATSATACT ATARAATAAA GGACCTCACT TACGEAAACA ATTETTATAA GTGATARATC TAGBATCTGT AACCCCEEGC AGGARCAABA
1019 1928 1038 1049 1956 1968 1078 1089 1099 1108
CCACAATCTC CCAGGCTTTT TGGAATCTTE TTAGAGATEA TTTGCCAGCC TTAACCTCTC AGGAAATTCA GAGARGAACC CAARRACTAT TTETTGAAAG
GGTETTAGAG G6TCCGAARA ACCTTAGAAC AATCTCTACT ARACEETCEE AATTEGAGAG TCCTTTAAGT CTCTTCTTES GTTTTTGATA AACAACTTTC
1118 1126 1136 1148 1150 1169 178 1186 1199 1209
TTTAGCAAGS TTTTTE6AAG AAACTACTTE GGCARTAGTT AATTCACCAG CTAACTTATA TAATTATATT TCASACTATT ATTCTAGATT GTCTCCAGTT
ARATCETTCC AARAACCTTC TTTGATGAAC CCHTTATCAA TTAAGTGETC GATTGAATAT ATTAATATAA AGTCTRATAA TAAGATCTAA CAGASGTCAA
1210 1224 1239 1246 12% icof 1279 1269 1239 1386
AGGCCCTCTA TGGTAABECA AGTTECCCAR AGGGAGEEAR CCTATATTIC TTTTGECCAC TCATACACCC AARGTATABA TEATGLABAC ABLATTCARG
TCCGEGABAT ACCATTCCET TCAACGBSTT TCCCTCCCTT G6ATATAAAG AAAACCHETE AGTATETEE6 TTTCATATCT ACTACGTCTE TCETARGTTC
1319 1326 1336 1348 1359 1360 1379 1380 1399 1408
AAGTTACCCA ARGECTABAT TTAAAAACCC CAAATGTBCA ATCTEETEAA TTTATAGAAAR GAAGTATTBC ACCAGBAGET BCARATCARA BATCTGLTCC
TTCARTES6T TTCCGATCTA AATTTTTB66 GTTTACACET TAGACCACTT AAATATCTTT CTTCATAACE TBSTCCTCCA CETTTAGTTT CTAGACGASE
1419 1420 Al 1449 1456 1460 1479 1480 1499 1509
TCARTBBATE TTBCCTTTAC TTTTAGGGTT GTACGE6ACT GTAACACCTS CTCTTEAASC ATATBAAGRT GECCCCAACA AMAAGAARAG GAGAAAGEAA
RGTTACCTAC AACGEAMATE AAAATCCCAR CATBCCCTEA CATTETGEAC GAGARCTTCE TATACTTCTA CCE666TTET TTTTCTTTTC CTCTTICCIT
1519 1528 1536 1549 1550 . 1568 1578 1589 1599 1600
GBACCCCETE CARGTTCCAR AACTTCTTAT AAGAGGAGEA GTAGAASTIC TAGAAGTIIARIAACTGEEETT GACTCAATTA CAGASETAGA ATBLTTTTTA
CCTG666CAC GTTCAAGETT TTGAAGAATA TTCTCCTCCT CATCTTCAAS ATCTTCAATT TTBACCCCAA CTGAGTTAAT GTCTCCATCT TACGAAARAT
1619 1620 1638 1640 1659 1668 1678 1689 1699 1706
ACTCCAGAAA TGEGTGACCC AGATGAGCAT CTTAGESGTT TTAGTARGTC AATATCTATA TCASATACAT TTGAARGTGA CTCCCCAMAT AGGGACATEC
T6AG6TCTTT ACCCACTE66 TCTACTCETA GARTCCCCAA ARTCATICAG TTATAGATAT AGTCTATGTA AACTTTCACT BAGGBSTITA TCCCTGTACE
1718 1728 1738 1748 1750 1768 1778 1788 1799 1808
TICCTTETTA CAGTGTGECC AGAATTCCAC TACCCAATCT AAATGASGAT CTAACCTETE GARATATACT CATET666A6 GCTETGACCT TAAARACTSA
ARGGAACART GTCACACCES TCTTAAGGTG ATGGGTTABA TTTACTCCTA BATTGGACAC CTTTATATGA GTACACCCTC CBACACTEBA ATTTTTGACT
1819 1829 1836 1849 1856 1864 1878 1889 1894 1904
GGTTATAGEE GTEACAAGTT TEATGAATET GCACTCTART GG6CAASCAR CTCATGACAA TEGTGCAG66 ARGCCAGTGL AGGGCACCAG CTTTCATTIT
CCAATATCCC CACTETTCAA ACTACTTACA CGTGAGATTA CCCGTTCETT GABTACTGTT ACCACSTCCC TTCGETCACE TCCCETBETC GAARGTAARA
1919 1920 1930 1948 1950 1968 1978 1984 1999 2000
TTTTCTGTTG 66GE66AGEC TTIAGAATTA CAGBBEETGE TTTTTAATTA CAGAACARAG TACCCABATS GAACAATTTT TCCAAAGAAT BCCACAGTEC
ARAAGACAAC CCCCCCTCCE ARATCTTAAT GTCCCCCACE ARAAATTAAT GTCTTETTTC ATGGGTCTAC CTTGTTAAM AGETTTCTTA CGETBTCACE
2016 2020 2038 2049 2650 2068 2479 2089 2099 2109
ARTCTCARGT CATGAATACA GABCACAASS CGTACCTAGA TAAGAACAAA BCATATCCTG TTGARTGTTE GETTCCTGAT CCCACCAGAR ATGAARACAC
TTAGASTTCA GTACTTGTET CTCGTETTCC GCATBSATCT ATTCITETTT CGTATAGBAC AACTTACAAC CCAAGBACTA 666166TCTT TACTTTTEIG
2118 2126 2136 2149 2150 2168 2178 2189 2199 2209
AAGATATTTT GGBACACTAA CAGGABEAGA ARATGTTCCT CCABTTCTIC ATATAACAAA CACTGCCACA ACAGTETTGL TTGATGAATT TE6TETTE66
TTCTATAAAA CCCTGTGATT GTCCTCCTCT TTTACAAGGA GGTCAAGAAG TATATTGTTT GTGACGETGT TGTCACAACE AACTACTTAR ACCACAACCC
2219 2 23 240 2256 226 278 2280 2299 2308
CCACTTTGCA AAGGTGACAA CTTATACTTE TCAGCTETTG ATETCTGTGE CATGTTTACA ARCAGETCTG GTTCCCAGCA GT66AGAG6A CTCTCCAGAT
G6TGAARCET TICCACTETT GAATATGAAC AGTCGACAAL TACASACACC GTACAAATET TTGTCCAGAC CAAGEBTCET CACCTCTCCT GAGAGSTCTA
2318 2329 2330 2348 2350 2368 2378 2399 2399 2008
ATTTTAAGET GLAGCTARGE AAMABEAGES TTAAMACCC CTACCCAATT TCTTTCCTTC TTACTBATTT ARTTAACAGA ABBACTCCTA GAGTTBATEE
TARRATTCCA CETCGATTCC TTTTCCTCCC AATTTTTGEE GATEG6TTAR AGARAGGAAG AATGACTAAA TTRATTETCT TCCTGAGBAT CTCAACTACC
2418 2428 2438 2449 256 268 2478 2489 2498 2500
SCAGCCTATE TATGGCATEE ATGLTCARET AGAGEAGETT ABASTTTTTE AGGGAACAGR GEABLTTCCA GBGGACCCAS ACATGATEAS ATACETTBAC
CGTCBEATAC ATACCGTACC TACGAGTTCA TCTCCTCCAA TCTCAAAAAC TCCCTTBTCT CCTCBAAGET CCCCTGGETC TETACTACTC TATGCAACTS
2519 2520 2536 2548 2550 2560 2578 2589 259 2608
AARTATEGAC AGTTECAGAC AAAAATGCTS [TARICAAAAG CCTTTATTGT AATATECAGT ACATTTTARL ABAGTATAAC CAGCTTTACT TAACASTTGL
TTTATACCTE TCARCGTCTG TTTTTACGAC ATTAGTTTTC GGARATAACA TTATACGTCA TETARMATTA TTTCATATTE GTCGAAATGA ATTGTCAACE
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FIG. 1. Nucleotide sequence of JCV (Madl). The circular genome of JCV consists of 5,130 np. Numbering begins near the center of the
presqmed origin of replication (within box) and proceeds toward the late region. The upper strand in each 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
bpxes. 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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2619 2620 2638 2649 2650 2666 2678 2680 269 2780
AGTTATTTIG G666AGBEET CTTTGETTTT TTGAAACATT GAAABCCTTT ACAGATGTEA ARAGTECAGT TTTCCTGTET GTCTECACCA BAGGCTTCTE
d AARAC

1q ARAC CCCCTCCCCA GRAACCAAAA AACTTTETAA CTTTCEGAMA TETCTACACT TTTCACGTCA AAAGGACACA CAGACGTEET CTCCRAAGAC
2718 220 2738 2974 2758 2760 2178 2788 279 2008
AGACCTGE6A AAAGCATTGT BATTGTBATT CAGTGCTTGA TCCATGTCCA GAGTCTTCTE CTTCAGARTC TTCCTCTCTA GGAARGTCAA GAATEBETCT
TCTGGACCCT TTTCGTAACA CTAACACTAA GTCACBAACT ABGTACAGET CTCAGARGAC GAABTCTTAG AAGGAGAGAT CCTTTCAGTT CTTACCCAGA
2814 2829 2838 2844 285¢ 2866 2878 2886 289 2998
CCCCATACCA ACATTAGCTT TCATAGTAGA ARATGTATAC ATGCTTATTT CTAAATCCAE CCTTTCTTTC CACTGCACAA TCCTCTCATE ARTGBCAGCT
G666TATEET TETAATCEAA AGTATCATCT TTTACATATG TACGAATARA BATTTAGETC GGARAGAARG GTGACGTGTT AGGAGAGTAC TTACCETCEA
2918 2928 29368 2948 2950 2968 2976 2988 2999 3808
GCAAAGTCAG CAACTGECCT AAACCAGATT ARARGCAAAR GCARAGTCAT ACCACTTTEC AAAATCCTTT TTTCTAGCAA ATACTCAGAG CAGCTTAGTE
CBTTTCAGTC GTTGACCE6A TTTGETCTAA TTTTCETTTT CGTTTCAGTA TEGTGARACE TTTTAGEAAR ARABATCGTT TATGABTCTC GTCEAATCAC
3819 3828 3934 3649 3859 3069 3078 3gee 3898 3108
ATTTTCTCAG GTAGGCCTTT GGTCTAAART CTATCTGCCT TACAARTCT6 GCCTGTAAAG TTCTAGECAC TGAATATTCA TTCATGGTTA CAATTCCAGE
TARRAGAGTC CATCCE6AAR CCAGATTTTA GATAGACEGA ATETTTAGAC CEGACATTTC AAGATCCGTE ACTTATAAST AAGTACCAAT GTTAAGBTCC
3118 3124 3138 3148 3156 3168 37e 188 3199 3208
TGGAAACACC TETETTCTTT TETTTTRGTE TTTTCTCTCT AARTTAACTT TTACACTTCC ATCTAAGTAA TCTCTTAAGC AATCAABBTT BCTTATGCCA
ACCTTTET66 ACACAABARA ACARRACCAC ARAAGAGABA TTTAATTGAA ARTGTGARGE TABATTCATT AGAGAATTCE TTAGTTCCAA CGARTACEBT
3214 3229 1238 3249 1254 3260 1278 3289 329¢ 3399
TG6CCCTGAAG GTAAATCCCT TBACTCTBCA CCABTBCCTT TTACATCCTC AARTACAACC ATAAACTGAT CTATACCCAC TCCTAATTCA AAGTTTAATC
ACGEBACTTC CATTTAGEEA ACTGABACET GETCACE6AR ARTGTAGBAE TTTATBTTEE TATTTGACTA GATATGGGTE AGGATTARGT TTCARATTAG
3318 3328 1338 3348 3358 3308 3370 3386 3399 3406
TTTCTAATE6 CATATTAACA TTTAATGACT TTCCCCCACA GAGATCAAGT AAABCTGCAE CTAAAGTAGT TTTBLCACTE TCTATTE6CC CCTTGAATAE
ARABATTACC GTATAATTGT AAATTACTEA ARGGEGGTGT CTCTAGTTCA TTTCGACETC GATTTCATCA ARACEGTGAC AGATAACCEE GEAACTTATC
3419 342 3438 3448 345 B 3478 3489 1494 3500
CCAGTACCTT TTTTTTG6AA TETTTAATAC ARTECATTTT AGAARGTCAT AAATAACAGT GTCCATTTGA G6CAGCAAGC ARTGAATCCA B6CCACCCCA
GETCATEEAA ARARRACCTT ACAAATTATE TTACGTAAAR TCTTTCAGTA TTTATTGTCA CAGGTAAACT CCGTCGTTCE TTACTTAGET CCEBTEE66T
3518 3526 3534 3548 3556 3568 3578 3580 3598 3686
GCCATATATT BCTCTARAAC AGCATTECCA TGTGCCCCAR AARTTARBTC CATTTTATCA AGCARGAAAT TARACCTTTC AACTAACATT TCTTCICTEE
CE6TATATAA CGABATTTTE TCGTARCEET ACACEEE6TT TTTAATTCAG GTAARATAGT TCETTCTTTA ATTTGGAAAG TTGATTETAR AGAAGABACC
3618 3620 3038 Jodé 36568 3668 lo78 3680 3699 3766
TCATGT66AT BCTGTCAACC CTTTETTIGE CTGCTACAGT ATCARCAGCC TGCTGGCAAA TECTTTTTTG ATTTTTBCTA TCTECAARAA TTTGBGCATT
RBTACACCTA CBACAGTTEE BAAACAAACC GACBATGTCA TAGTTETCE6 ACGACCGTTT ACGAAAAAAC TARAAACGAT AGACGTTTTT ARACCCETAA
ne 3728 3738 3749 375 3708 3179 37688 3798 1906
ATARTAGTET TTTTCATGAT GETTAARGTE RTTTGECTEA ICCTITTTIT CACATITTTT BCATTGCTET 666TTTTCCT BARABTCTAA BTACATGCCC
TATTATCACA AAARBTACTA CCAATTTCAC TAAARCCGACT ABEAARARAR GTGTAARAAR CGTAACBACK CCCAAARGEA CTTTCAGATT CATGTACGEE
381 3826 3838 3846 1850 3868 3879 08¢ 389 3966
ATARGCAARA RARCATCCTC ACATTTBETT TCCARGGCAT ACTGTGTAAC TAATTTCCAT BAAACCTECT TABTTTCTTC TEETTCTICT 666TTAAAST
TATTCGTTTT TTTGTAGGAG TETAAACCAA AGGTTCCETA TGACACATTS ATTARAGETA CTTTGBACEA ATCAAABAAG ACCAABAAGA CCCAATTTCA
3918 3920 3938 1948 3956 198 3978 3980 3994 L]
CATGCTCCTT AAGBCCCCCC TGAATACTTT CTICCACTAC TBGCATATBBC TE6TCTACACA 666CACTATA ARACARGTAT TCLTTATTCA CACCTTTACA
GTACGABEAR TTCCEE6666 ACTTATGARA BAAGETEATE ACGTATACCE ACAGATETET CCCGTGATAT TTTBTTCATA AGGAATAAGT GTGGARATET
4019 4920 4939 4048 4659 4064 974 4989 499 Ao
AATTAAAAAA CTAAABETAC ATAGTTTTTG ACAGTAGTTA TTARTTBCTE ACACTCIATE TCTATGTEET GTTAAGAAAR ACARAATATT ATBACCCCCA
TTARTTTTTT GATTTCCATE TATCAARAAC TGTCATCART AATTAACGAC TGTGAGATAC AGATACACCA CARTTCTTTT TETTTTATAA TACT66666T
Al1e 4126 4138 449 4159 4160 A178 4180 4198 4206
ARACCATETC TACTTATARR AGTTACABAA TATTTITCCA TAAGTTTCTT ATATAAARTT TGABCTTTTT CTTTAGTE6T ATACACAGCA ARAGAAGLAA
TTTGETACAE ATGARTATTT TCARTETCTT ATARARAGET ATTCARABAA TATATTTTAA ACTCGAAAAR GARATCACCA TATBTGTCET TTTCTTCETT
4219 4229 4238 249 425 4208 4278 4289 429 o309
CAGTTCTATT ACTARACACA BCTTGACTGH GGAATECATE CHEATCTACA GGARRBTCTT TABEETCTTC TACCTTTTTT TICTTTTTAG GTGG666TAGA
GTCARBATAA TGATTTETET CEAACTEACT CCTTACETAC GTCTAGATET CCTTTCAGAR ATCCCABAAG ATGGARAAAA AAGAAAAATC CACCCCATCT
LAY 4324 LR ] 4340 4350 4360 4370 4389 4399 LLT ]
GTGTTGE6AT CCTGTETTTT CAICATCACT GGCAAACATT TCTICATBEC ARAACAGETC TTCATCCCAC TTCTCATTAA ATGTATTCCA CCABGATTCC
CACAACCCTA GBACACAARR BTAGTAGTGA CCETTTGTAR ABARGTACCE TTTTGTCCAG ARGTAGEETE AAGAGTAATT TACATAAGET G6TCCTAAGE
L1 429 “i 4449 4459 4460 “re 4488 4499 4566
CATTCATCTE TTCCATAGET TGGCACCTAA ARARAAACAA TTAABTTTAT TBTAAARRAC AAARTGCCCT BCAARAGAAA AATAGTEETT TACCTTAARG
GTAAGTAGAC AAGETATCCA ACCETBBATT TTTTTTTETT AATTCAAATA ACATTTTTTE TTTTACG66A CBTTTTCTTT TTATCACCAA AT T
4514 4520 AfJSXQ 4544 4556 4546 4578 4580 459  Tp 4688
CTTTABGATCC CTGTAGE666 TETCTCCAAE AACTTTCTICC CAGCAATBAA BAGCTTCTTE G6TTAAGTCA CACCCAAACC ATTETCTEAA GCAATCAARG
GARATCTAGE GACATCCCCC ACAGABETTC TTGAAAGAGE GTCETTACTT CTCEARGARC CCAATTCAGT GTB6BTTTEE TAACAGACTT CETTAGTTTC
4614 4620 4038 4648 4650 4668 4678 4680 4698 4708
CAATAGCAAT CTATCCACAC AAGTGEECTE CTTCTTAAAR ATTTTCTETT TCTATGCCTT AATTTTAGCA TGCACATTAR ACAGEGECAA TGCACTEARG
GTTATCETTA GATAGETGTE TTCACCCGAC GAAGAATTTT TAAAAGACAA ABATACGGAA TTAARATCET ACGTETAATT TETCCCCETT ACGTEACTTC
LY ] 4726 4738 4740 4750 4768 4770 4788 4799 4806
GATTAGTG6C ACAGTTAGEC CATTCCTTGC ARTAAAGGET ATCAGAATTA G6AGGAAAAT CACAACCAAC CTCTGAACTA TTCCATETAC CAAAATCAGE
CTAATCACCB TGTCAATCCE GTARGGAACG TTATTTCCCA TAGTCTTAAT CCTCCTTTTA GTGTTG6TT6 GAGACTIBAT ARGBTACATG GTTTTAGICC
4814 4820 4838 4849 4856 4804 4878 10 4884 4894 4999
CTGATGABCA ACTTTTACAC CTTGTTCCAT TTTTTTATAT AAARARTTCA TTCTCTTCAT CTTETCTTCE TCCCCACCTT TATCAGE6T6 BAGTTCTTTE
GACTACTCET TGARRATETE GAACAAGETA ARAAAATATA TTTTTTAAGT AAGAGAAGTA GAACAGAAGL AGG66TE6AA ATAGTCCCAC CTCAAGAAAC
4918 492¢ 4939 4949 4959 4968 4979 4984 4998 66
CATTTTTTCA GATARGCTTT TCTCATGACA GGAATETTCC CCCATGCAGA CCTATCAAGE CCTAATAAAT CCATAAGCTC CATGBATTCC TCCCTATTCA
GTARRARAET CTATTCBAAA AGAGTACTET CCTTACAAGE G66GTACSTCT GGATAGTTCC GGATTATTTA G6TATTCGAE GTACCTARGE ABGEATAAGT
5010 5920 kAL S48 5656 5860 5678 5089 694 Si88
6CACTTTGTC CATTTTABCT TTTTGCAGCA AAAAATTACT GCARARAAGG GAARAACAAG GBAATTTCCC TGECCTCCTA AAAABCCTCC ACBCCCTTAC

Py

‘CL

vo

CETEAAACAE mnmcsn ARAACETCET TTTTTAATGA CETTTTTTCC CTTTTTETTC CCTTAAAGEE ACCEGAGBAT TTTTCG6A66 TGCEGEAATE <
5119 5126 5138

TACTTCTG6A6 TARGCTTpGA G6CGEAI
ATGAAGACTC ATTCEAACCT CCECCTCCEC

FIG. 1. Continued
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Eorly Late
15 17 17 19 25 IS 98 15 98
JCV(Mad 1)
393 np CATHS}—(5TP Hs HS JAT] ™ |3 ™R —s
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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
BKYV) 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, S, 10, 11) and
include six copies of the sequence 5'-PyPyCCXCCC-3’ (66).
This sequence is also present in the regulatory regions of
BKYV, 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 pentanucleotide 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 BKYV 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 11
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, S1
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
BKYV 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 of BKV 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'-GTGGYLL G-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

J. VirOL.

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'GTAAGT-3' and 5'-6PyXCAG"'-3' (!, 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'-AGGTTGGT-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 S1 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
S1 nuclease data (15, 17; Fig. 1), and comparisons with the
same BKV and SV40 proteins. The T proteins of JCV and
BKYV 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 BKYV 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. nucleotides” in strain:
regulatory region cv BKV SV40 cv 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)
Agnoprotein‘ 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.
¢ 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 BKYV, 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
BKYV 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.
3and 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
BKYV, 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 BKYV 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 BKYV 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



Jcv Met Asp Lys Val Leu Asn Arg Glu Glu Ser Met Glu Leu Met Asp Leu Leu Gly Leu Asp Arg Ser Ala Trp Gly Asn Ile Pro Val Met

sV40 Leu Gln Glu Ser Ile Leu

Jov 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

Jcv Lys Met Glu Glo Gly Val Lys Val Ala His Gln Pro Asp Phe Gly Thr N Trp Asn Ser Ser Glu Val Pro Thr Tyr Gly Thr Asp Glu
BKV Gln Asp Val Thr N Ser Ser Ser Val Glu

SV40 Asp Gly Tyr Gly Phe Asp Ala Thr Ile Asp

Jov Trp Glu Ser Trp Trp Asn Thr Phe Asn Glu Lys Trp Asp Glu Asp Leu Phe Cys His Glu Glu Met Phe Ala Ser Asp Asp Glu Asn Thr
BKV Ser Ser Ser Lys Trp Asp Asp His Asp Phe Ala Glu Ala

V40 Gln Asn  Ala N N N Asn Ser Glu Pro Ser Asp Ala

Jcv Gly N Ser Gln His Ser Thr Pro Pro Lys Lys Lys Lys Lys Val Glu Asp Pro Lys Asp Phe Pro Val Asp Leu His Ala Phe Leu Ser

BKV Ala Asp Arg Ser Asp His Gln

SV40 Ala Asp Arg Ser Glu Leu Ser

Jcv Gln Ala Val Phe Ser Asn Arg Thr Val Ala Ser Phe Ala Val Tyr Thr Thr Lys Glu Lys Ala Gln Ile Leu Tyr Lys Lys Leu Met Glu
BKV Gln Leu Cys Val Gln Ile Leu

SV40 His Leu Cys Ile Ala Leu Ile

Jcv Lys Tyr Ser Val Thr Phe Ile Ser Arg His Gly Phe Gly Gly His Asn Ile Leu Phe Phe Leu Thr Pro His Arg His Arg Val Ser Ala

BKV Met Cys Ala Gly Ile
SsV40 Asn Ser Tyr Asn Leu
Jcv Ile Asn Asn Tyr Cys Gln Lys Leu Cys Thr Phe Ser Phe Leu Ile Cys Lys Gly Val Asn Lys Glu Tyr Leu Phe Tyr Ser Ala Leu Cys
BKV Phe Cys Leu Thr
SV40 Tyr Ala Met Thr

Jev Arg Gln Pro Tyr Ala Val Val Glu Glu Ser Ile Gln Gly Gly Leu Lys Glu His Asp Phe Asn Pro Glu Glu Pro Glu Glu Thr Lys Gln
BKV Asp Tyr His Thr Ile Ile Gln Ser Pro
SV40 Asp Phe Ser Val Ile Leu Pro Asn Ala

Jcv Val Ser Trp Lys Leu Val Thr Gln Tyr Ala Leu Glu Thr Lys Cys Glu Asp Val Phe Leu Leu Met Gly Met Tyr Leu Asp Phe Gln Glu
BKV Ile Glu Val Glu Phe Leu Glu Tyr
SV40 Val Glu Met Asp Leu Leu Glu Tyr

Jcv Asn Pro Gln Gln Cys Lys Lys Cys Glu Lys Lys Asp Gln Pro Asn His Phe Asn His His Glu Lys His Tyr Tyr Asn Ala Gln Ile Phe

BKV Asn Val Glu Glu Lys Gln Asp Tyr Phe Lys Tyr Phe Ala Ile
SV40 Ser Phe Glu Met Leu Ile Glu Ser Tyr Lys Tyr Tyr Ala Ala
Jcv Ala Asp Ser Lys Asn Gln Lys Ser Ile Cys Gln Gln Ala Val Asp Thr Val Ala Ala Lys Gln Arg Val Asp Ser Ile His Met Thr Arg
BKV Glu Ser Leu Lys Thr Leu His Met
SV40 Asp Thr Leu Lys Ser Leu Gln Leu

Jcv Glu Glu Met Leu Val Glu Arg Phe Asn Phe Leu Leu Asp Lys Met Asp Leu Ile Phe Gly Ala His Gly Asn Ala Val Leu Glu Gln Tyr

BKV Glu Thr Glu His 1Ile Lys Leu Ile Ala His Asn Val Leu Gln Tyr
SV40 Gln Thr Asn Asp Leu Arg Ile Met Ser Thr Ser Asp 1Ile Glu Trp
Jcv Met Ala Gly Val Ala Trp Ile His Cys Leu Leu Pro Gln Met Asp Thr Val Ile Tyr Asp Phe Leu Lys Cys Ile Val Leu Asn Ile Pro
BKV Leu Lys Ser Ile Phe His Ile Phe Val

SV40 Leu Lys Ser val Tyr Lys Met Tyr Ile

Jcv Lys Lys Arg Tyr Trp Leu Phe Lys Gly Pro Ile Asp Ser Gly Lys Thr Thr Leu Ala Ala Ala Leu Leu Asp Leu Cys Gly Gly Lys Ser
BKV Arg Gly Asp Ala
SV40 Lys Ala Glu Ala

Jev Leu Asn Val Asn Met Pro Leu Glu Arg Leu Asn Phe Glu Leu Gly Val Gly Ile Asp Gln Phe Met Val Val Phe Glu Asp Val Lys Gly
BKV Leu Met Glu Thr Ala Tyr Met
SV40 Leu Leu Asp Asn Ala Phe Leu

Jev Thr Gly Ala Glu Ser Arg Asp Leu Pro Ser Gly His Gly Ile Ser Asn Leu Asp Cys Leu Arg Asp Tyr Leu Asp Gly Ser Val

Lys Val
BKV Ala Lys His Asn Ser Y °
SsV40 Gly Arg Gln Asn Asn
Jev Asn Leu Glu Arg Lys His Gln Asn Lys Arg Thr Gln Val Phe Pro Pro Gly Ile Val Thr Met Asn Glu Tyr Ser Val Pro Arg Thr Leu
BKV Lys Leu Ile Leu Pro Lys
SV40 Lys Leu Ile Ile Ser Lys
Jov Gln Ala Arg Phe Val Arg Gln Ile Asp Phe Arg Pro Lys Ala Tyr Leu Arg Lys Ser Leu Ser Cys Ser Glu Tyr Leu Leu Glu Lys Arg
BKV Arg Ile Arg Lys Ser Gln Asn Phe
SV40 Lys Asp Lys His Cys Glu Arg Phe
Jcv Ile Leu Gln Ser Gly Met Thr Leu Leu Leu Leu Leu Ile Trp Phe Arg Pro Val Ala Asp Phe Ala Ala Ala Ile His Glu Arg Ile Val
BKV Leu Met Thr Leu Phe Asp Thr Asp Gln Ser
SV40 Ile Ile Ala Met Tyr Glu Gln Ser Gln Ser
Jev Gln Trp Lys Glu Arg Leu Asp Leu Glu Ile Ser Met Tyr Thr Phe Ser Thr Met Lys Ala Asn Val Gly Met Gly Arg Pro Ile Leu Asp
BKV Glu Ser Ile Met Tyr Thr Phe Ser Arg Tyr Ile Cys Lys Cys 1Ile
SV40 Glu Lys Phe Leu Ser Val Tyr Gln Lys Phe Val Ala Ile Gly Val
Jcv Phe Pro Arg Glu Glu Asp Ser Glu Ala Glu Asp Ser N N N N N N N N N N N N N N N N N N
BKV Ile Thr Glu Glu Ser Glu Thr N N N N N N N N N N N N N N N N N N
SV40 Trp Leu Asn Ser Asp Asp Asp Gln Gln Asn Ala Asp Lys Asn Glu Asp Gly Gly Glu Lys Asn Met Glu Asp Ser
Jcv Gly His Gly Ser Ser Thr Glu Ser Gln Ser Gln Cys Phe Ser Gln Val Ser Glu Ala Ser Gly N Ala N Asp Thr Gln Glu N N
BKV Gly Ser Ser Thr Glu Gys Ser Ser Val Ser Asp Thr Ser Ala Pro Ala Glu Asp Ser Arg Ser Asp
SV40 Glu Thr Gly Ile Asp Gly Ser Phe N N N N N Ala Pro Gln N Ser Ser Ser Val His
Jcv N N Asn Cys Thr Phe His Ile Cys Lys Gly Phe Gln Cys Phe Lys Lys Pro Lys Thr Pro Pro Pro Lys N N N
BKV Pro His Ser Gln Glu Leu Leu Lys Gln Arg Lys Lys N N N
SV40 Asp His Asn Gln Pro Tyr Ile Arg Thr Lys Pro Glu Pro Glu 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 Val Leu Asn Arg Glu Glu Ser Met Glu Leu Met Asp Leu Leu Gly Leu Asp Arg Ser Ala Trp Gly Asn Ile Pro Val 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 Val 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 Asn Pro Ser Val His Cys Pro Cys Leu Met Cys Met Leu Lys
BKV Leu Cys Pro Thr Leu Glu Ile Ser Lys Lys Pro Val His Pro Met Leu Gln Arg
SV40 Pro Gly Val Ala Met Gln Glu Ala Lys Lys Met Ala Asn Ile Leu Leu Leu Arg

Jev 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

Jev 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 Leu Leu Cys Asp Ile 1Ile Gln Thr Tyr

FIG. 5. Comparison of the small t proteins of JCV (Mad1l), 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- of JCV (e.g., its restricted lytic and transforming abilities in
sis confirms these predictions. However, a number of dif- vitro). In the laboratory, JCV exhibits an extremely narrow
ferences do exist among these viruses, particularly in the host range. In its sole permissive cell type, primary human
sequences lying to the late side of the origin, and it is these fetal glial cells, replication is inefficient; in most cells it
differences which might begin to explain the unique biology rarely occurs at all. Unlike SV40, which is expressed in a

Jcv Met Ala Pro Thr Lys Arg Lys Gly Glu Arg N N N N N N N N Lys Asp Pro Val Gln Val Pro Lys Leu Leu Ile Arg
BKV Glu Cys Pro Gly Ala Ala Pro Lys Lys Pro Glu Leu Lys
SV40 Ser Cys Pro Gly Ala Ala Pro Lys Lys Pro Glu Val Lys

Jcv Gly Gly Val Glu Val Leu Glu Val Lys Thr Gly Val Asp Ser Ile Thr Glu Val Glu Cys Phe Leu Thr Pro Glu Met Gly Asp Pro Asp
BKV Val Glu Ala Ile Asn Glu Asp
SV40 Ile Gly Ser Phe Asn Gln Asn

Jev Glu His Leu Arg Gly Phe Ser Lys Ser Ile Ser Ile Ser Asp Thr Phe Glu Ser Asp Ser Pro Asn Arg Asp Met Leu Pro Cys Tyr Ser
BKV Asn Leu Arg Phe Leu Lys Leu Ser Ala Glu Asn Asp Ser Ser Glu Arg Lys Met
SV40 His Gln Lys Leu Lys Ser Leu Ala Ala Glu Lys Gln Thr Asp Asp Lys Glu Gln

Jev Val Ala Arg Ile Pro Leu Pro Asn Leu Asn Glu Asp Leu Thr Cys Gly Asn Ile Leu Met Trp Glu Ala Val Thr Leu Lys Thr Glu Val
BKV Thr Leu Val Gln
SV40 Val Ile Val Lys

Jcv Ilé Gly Val Thr Ser Leu Met Asn Val His Ser Asn Gly Gln Ala Thr His Asp Asn Gly Ala Gly Lys Pro Val Gln Gly Thr Ser Phe
BKV Ile Ser Met Leu Leu Ala Gly Ser Lys Val Glu His Gly Ile Ser Asn
sV40 Val Ala Met Leu Leu Ser Gly Thr Lys Thr Glu Asn Ala Ile Ser Asn

Jev His Phe Phe Ser Val Gly Gly Glu Ala Leu Glu Leu Gln Gly Val Leu Phe Asn Tyr Arg Thr Lys Tyr Pro Asp Gly Thr Ile Phe Pro
BKV Ala Asp Pro Met Met Asp Gly Ile Thr
SV40 Ala Glu Pro Leu Ala Ala Gln Val Thr

Jcv Lys Asn Ala Thr Val Gln Ser Gln Val Met Asn Thr Glu His Lys Ala Tyr Leu Asp Lys Asn Lys Ala Tyr Pro Val Glu Cys Trp Val

SV40 Ala Val Asp Gln Asp Val Asp Asn

Jcv Pro Asp Pro Thr Arg Asn Glu Asn Thr Arg Tyr Phe Gly Thr Leu Thr Gly Gly Glu Asn Val Pro Pro Val Leu His Ile Thr Asn Thr
BKV Ser Arg Ala Phe Val
sV40 Ser Lys Thr Tyr Ile

Jev Ala Thr Thr Val Leu Leu Asp Glu Phe Gly Val Gly Pro Leu Cys Lys Gly Asp Asn Leu Tyr Leu Ser Ala Val Asp Val Cys Gly Met
BKV Gln Ala Ser Val Ala Ile Leu
SV40 Gln Ala Ser Val Val Ile Leu

Jev Phe Thr Asn Arg Ser Gly Ser Gln Gln Trp Arg Gly Leu Ser Arg Tyr Phe Lys Val Gln Leu Arg Lys Arg Arg Val Lys Asn Pro Tyr
BKV Ser Thr Arg Ala Ile Arg Ser
SV40 Thr Thr Lys Pro Ile Thr Ser

Jov Pro Ile Ser Phe Leu Leu Thr Asp Leu Ile Asn Arg Arg Thr Pro Arg Val Asp Gly Gln Pro Met Tyr Gly Met Asp Ala Gln Val Glu

BKV Ser Gln Tyr Glu Ser

SV40 Ser Gln Ile Ser Ser

Jov Glu Val Arg Val Phe Glu Gly Thr Glu Glu Leu Pro Gly Asp Pro Asp Met Met Arg Tyr Val Asp Lys Tyr Gly Gln Leu Gln Thr Lys
BKV Phe Asp Gly Arg Ile Ile Lys Gln Leu Gln Lys
SV40 Tyr Glu Asp Glu Ile Ile Glu Phe Thr Thr Arg
Jev Met Leu

BRV Leu

sV40 Gln

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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Jov Met Gly Ala Ala Leu Ala Leu Leu Gly Asp Leu Val Ala Thr
BKV Ala Val Ser
SV40 Thr Ile Thr
Jcv Ala Gly Glu Ala Ala Ala Thr Ile Glu Val Glu Ile Ala Ser
BKV Ala Gln Ile
SV40 Ala Gln Leu
Jov Ile Gly Leu Thr Pro Glu Thr Tyr Ala Val Ile Thr Gly Ala
BKV Gln Thr Ala
SV40 Gln Ala Ser
Jcv Gly Ser Ala Ile Ala Gln Leu Gly Tyr Arg Phe Phe Ala Asp
BKV Ile Ser Leu Val Ser
SV40  Val Ala Val Val Ser
Jcv Ala Leu Gln Leu Phe Asn Pro Glu Asp Tyr Tyr Asp Ile Leu
BKV Leu Glu Phe Asn Asp Glu
sV40 Val Asp Tyr Arg Asp Asp
Jcv Arg His Trp Gly Pro Ser Leu Phe Ser Thr Ile Ser Gln Ala
BKV Ser Ala Thr
SsV40 Thr Asn Ala
Jov Ile Gln Arg Arg Thr Gln Lys Leu Phe Val Glu Ser Leu Ala
BKV Leu Gln Glu Arg Phe Phe Arg Asp
SV40 Leu Glu Gln Arg Tyr Leu Arg Asp
Jev Leu Tyr Asn Tyr Ile Ser Asp Tyr Tyr Ser Arg Leu Ser Pro
BRV Phe Tyr Ile Gln Gln Asp
SV40  Trp Ser Leu Gln Asp Thr
Jev Ile Ser Phe Gly His Ser Tyr Thr Gln Ser Ile Asp Asp Ala
BKV Val His Thr N N Ser Asp
SV40 Ile Ser Thr Asp N Asn Glu
Jev Pro Asn Val Gln Ser Gly Glu Phe Ile Glu Arg Ser Ile Ala
BKV N Ser His Lys Thr Ile
SV40 Pro Asn Gln Lys Phe Glu
Jcv Leu Leu Gly Leu Tyr Gly Thr Val Thr Pro Ala Leu Glu Ala
BKV Thr Pro Glu
sV40 Ser Ser Lys
Jev N N Lys Glu N Gly Pro Arg Ala Ser Ser Lys Thr Ser
BKV Ser Gln Ala Lys Thr Arg Ala Thr Thr
SV40 Ser Gln Thr Lys Thr Ser Ala Ala Arg

Val

Leu

Val

Pro

Phe

Phe
Leu
Phe

Arg

Val

Ile
Ile

Asp

Pro

Tyr

Tyr
Asn
His

J. VIroL.
Ser Glu Ala Ala Ala Ala Thr Gly Phe Ser Val Ala Glu Ile Ala
Ala Thr Val Glu Gly Ile Thr Ser Thr Ser Glu Ala Ile Ala Ala
Ile Ser
Leu N
Gly Ala Val Ala Gly Phe Ala Ala Leu Val Gln Thr Val Thr Gly
Gly Ile Ile Ser
Ala Ile Leu Thr
Asp His Lys Val Ser Thr Val Gly Leu Phe Gln Gln Pro Ala Met
Tyr Ser Gly
Tyr Pro Gly
Pro Gly Val Asn Ala Phe Val Asn Asn Ile His Tyr Leu Asp Pro
Asn Thr Asn Asn Ile Gln
Gln Thr His Ser Val Gln
Trp Asn Leu Val Arg Asp Asp Leu Pro Ala Leu Thr Ser Gln Glu
His Val Ile Arg Asp Ile Ser 1Ile
Arg Val Ile Gln Asn Ile Arg Leu
Phe Leu Glu Glu Thr Thr Trp Ala Ile Val Asn Ser Pro Ala Asn
Thr Ile Val Ala Ile
Thr Val Ile Ala Val
Arg Pro Ser Met Val Arg Gln Val Ala Gln Arg Glu Gly Thr Tyr
Ser Glu Thr Arg
Thr Asn Leu Gln
Ser Ile Gln Glu Val Thr Gln Arg Leu Asp Leu Lys Thr N N
Glu Glu Gln Met Asp Leu Arg Asn Gln CGln
Gln Gln Glu Trp Glu Ala Gln Ser Gln Ser
Gly Gly Ala Asn Gln Arg Ser Ala Pro Gln Trp Met Leu Pro Leu
Thr
Thr
Glu Asp Gly Pro Asn Lys Lys Lys Arg Arg N N N N N
Gln Arg Val Ser Arg Gly Ser
Lys Lys Leu Ser Arg Gly Ser
Lys Arg Arg Ser Arg Ser Ser Arg Ser

Ser
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 of JCV 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, SS, 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
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A
JCV Met Val Leu Arg Gln Leu Ser Arg Lys Ala Ser Val Lys Val
BRV Gln Gln
SV40 Arg Gln
JCV  Phe Leu Leu Glu Phe Leu Leu Asp Phe Cys Thr Gly Glu Asp
BKV Ile Leu Glu Arg
SV40 Val Leu Gln Glu
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
BKV Asn Ile Ile Tyr Ala Asn Val Ile Leu Gln
JCV  Asn His Asn His Asn Ala Phe Pro Arg Ser Gln Lys N N
BKV Pro Leu Lys Ile Leu Gln
Jcv Phe Thr Ser Val Lys Ala Phe Asn Val Ser Lys Asn Gln Arg
BKV Ile Cys N Ser Leu Gly Leu Lys
Jev N N N N Cys Asn Cys N N N N N N
BKV Ala Phe Ile Lys Ile Thr Ile Lys Ala Pro Val
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Ser Lys Thr Trp Ser Gly Thr Lys Lys Arg Ala Gln Arg Ile Leu Ile
Gly Lys Thr Thr CGly Thr Arg Ile Phe 1Ile
Arg Arg Ser Thr Glu Ser Thr Leu Phe Val
Ser Val Asp Gly Lys N Lys Arg Gln Arg His Ser Gly Leu Thr Glu
Ser Asn Ser Thr Thr Ala Leu Pro Ala Val Lys
Thr Arg Lys Pro Glu Arg Leu Thr Glu Lys Pro
Glu Arg Lys Ile Leu Lys Gln Lys Thr Leu Asp Met Asp Gln Ala Leu
Lys Arg Gln Leu

Pro Leu Val N N N N N Gln Thr His Arg Lys Thr Ala Leu

Leu Lys Ile Pro Lys Gly Pro Ile Val Lys Ser Cys
Pro Leu Pro Gln Asn Asn N N N N N N N N N N
His His Thr Ser Leu Lys Val Ala Tyr Thr Lys Ala

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) of JCV (Mad1l), 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 BKYV 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 of SV40 (e.g., the sequence PyPyCCXCCC is shared).
Transcription of the BKV early messages also depends on
Sp1, 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 Mad1 in primary human fetal glial cells.

The CAT box is a sequence thought to be involved in the
binding of RNA polymerase II (3). Potential CAT boxes are
found within the tandem repeats of JCV and BKV but are
only partially homologous to the consensus sequence. Since
BKYV 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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