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The region of the JC virus (JCV) genome from 0.58 to 0.73 map units was
sequenced by the Maxam-Gilbert technique. This segment of DNA specifies
several regulatory elements and the amino-terminal portion of the early viral
proteins. Comparisons with the analogous regions in the polyomaviruses simian
virus 40 (SV40) and BK virus (BKV) confirm the close evolutionary relationship
of these three viruses. Similarities include palindromic and symmetrical se-
quences near their origins of DNA replication, binding sites for their large T
proteins, an AT-rich region (the Goldberg-Hogness, or TATA, box), and a large
tandem duplication or triplication to the late side of their replication origins
(however, these sequences differ). Homology between the sequences coding for
the early proteins is also evident (79 and 93 of the first 110 amino acids are shared
with SV40 and BKV, respectively). Of greater interest are features of the JCV
genome which differ from those of other polyomaviruses. Absent in JCV and
BKV are sequences which resemble the third T-antigen binding site of SV40. In
addition, a set of sequences present in JCV and BKV DNAs (33 nucleotides in
JCV and 22 nucleotides in BKV) and located near a 17-base-pair palindrome
shared by all three viruses is missing in SV40 DNA. Another sequence,
GGGXGGAG, which is repeated several times in many polyomaviruses and
adenoviruses and which is thought to play a role in DNA replication or
transcription or both, is not found near the JCV origin of replication. Finally, the
tandem repeat of JCV, unlike those of BKV and SV40, includes the Goldberg-
Hogness sequence.

JC virus (JCV) is a human polyomavirus
which infects most people early in life (23). It is
the probable causative agent of progressive mul-
tifocal leukoencephalopathy, a fatal demyelinat-
ing brain disease which occurs in a small number
of immunodeficient individuals (25). JCV is also
an oncogenic virus; it induces a variety of tu-
mors in hamsters (26, 37) and is the only human
virus known to cause brain tumors in primates
(16, 29).

Several obstacles have been encountered dur-
ing experimentation with JCV; however, two
major problems have recently been solved by
recombinant DNA technology. Because of the
restricted host range ofJCV, it had been difficult
to bbtain adequate amounts ofDNA for molecu-
lar characterization (22). Furthermore, the het-
erogeneity of the viral DNA precluded any at-
tempts to sequence the DNA or to identify
potential biological differences among the vari-
ants in the population (5). Through molecular
cloning, unlimited supplies of viral DNA, repre-
senting full-length and deleted species, are now
available. An additional advantage of this tech-
nology is the ability to isolate JCV DNA directly

from human tissue without isolating and propa-
gating the virus in tissue culture, a procedure
which appears to generate alterations in the viral
DNA (5, 17, 19; B. W. Grinnell, J. D. Martin,
B. L. Padgett, and D. L. Walker, in J. Sever and
D. L. Madden, ed., Polyomaviruses and Human
Neurological Disease, in press).
A major goal of the experiments outlined here

was to identify potential JCV regulatory signals
through sequence analysis. The physical maps
of JCV, BK virus (BKV), and simian virus 40
(SV40) DNAs have been aligned through cross-
hybridization studies, indicating that they share
a similar genetic organization (14). These results
and those from other laboratories (19; R. J.
Frisque, in J. Sever and D. L. Madden, ed.,
Polyomaviruses and Human Neurological Dis-
ease, in press) suggest that the origin of DNA
replication of JCV, as with other polyoma-
viruses, is near 0.67 map unit. This region is
especially interesting since the greatest degree
of nonhomology among the genomes of JCV,
BKV, and SV40 occurs here (14). Therefore,
detection of differences in the noncoding region
(i.e., regulatory sequences rather than coding
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sequences for proteins) might begin to explain
the diverse biological properties (tissue tropism,
pathogenicity, and tumorigenicity) exhibited by
these viruses. Findings with other polyomavi-
ruses have already emphasized the influence of
the noncoding region on the properties of host
range and tumorigenicity (7, 12, 13, 39, 40).

In this report the nucleotide sequence of the
regulatory region of two cloned species of JCV
DNA, pMadl-TC and pMadl-Br, is presented.
These clones were chosen for several reasons:
(i) Mad 1 virus is the prototype JCV first isolated
in 1971 by Padgett and co-workers (24), and this
strain is frequently used in JCV studies; (ii) both
clones appear to contain full-length JCV DNA
(-5,100 nucleotides); (iii) the pMadl-TC clone
transforms primary hamster brain cells in cul-
ture and therefore is biologically active (Frisque,
in press); and (iv) both DNAs represent isolates
from the same brain tissue but have had different
passage histories (direct isolation of DNA from
brain [pMadl-Br] versus extraction of DNA
from virus propagated in tissue culture [pMadl-
TCJ). Therefore, it was possible to determine
whether passage-induced alterations had oc-
curred by comparing the nucleotide sequences
of these cloned DNAs.

MATERIALS AND METHODS
Molecular cloning. DNA extracted from prototype

JCV or the progressive multifocal leukoencephalop-
athy tissue from which this virus was derived was used
to construct the pMadl-TC and pMadl-Br clones,
respectively. The DNA was cleaved with EcoRl and
ligated to pBR322 digested with the same enzyme
(Frisque, in press). Both recombinant molecules rep-
resent full-length JCV DNA (-5,100 nucleotides).
DNA sequence analysis. Restriction endonuclease

fragments generated by digestion with HindIII or
Ncol (cuts JCV DNA two times) were end labeled
using the large fragment of Escherichia coli DNA
polymerase I (Klenow reagent) and the appropriate a-
32P-deoxynucleoside triphosphate. These DNAs were
cleaved with a second restriction enzyme, and frag-
ments labeled at only one end were isolated from low-
melting-agarose gels, purified, and chemically cleaved
by the method ofMaxam and Gilbert (18). Electropho-
resis on polyacrylamide gels (8 to 12%) was carried out
for various lengths of time. Gels were frozen and
autoradiographed without intensifier screens for 17 to
72 h. Approximately 70%o of the nucleotide sequence
was determined for both DNA strands. All determina-
tions were repeated at least once.

RESULTS
The assignment of nucleotide numbers in this

manuscript follows that used by Seif et al. (30)
for BKV. Numbering proceeds away from the
presumed initiation codon for large T and small t
proteins, through the replication origin, and to-
ward the late gene region. The first position of
the ATG is given a value of -1 since it repre-

sents the final nucleotide in the numbering sys-
tem.

Origin of DNA replication. The replication
origins of BKV and SV40 appear to include a
true palindrome of 17 nucleotides and two sets
of twofold symmetries (15 and 27 nucleotides
long in SV40 and 23 and 27 nucleotides long in
BKV [4, 28, 30, 41]). Inspection of the JCV
DNA sequence (both clones were identical [Fig.
1]) revealed an organization similar to the other
two viral DNAs; again, a 17-nucleotide palin-
drome (nucleotides 61 to 77; 16 and 15 nucleo-
tides shared with SV40 and BKV, respectively)
and two sets of symmetries (nucleotides 83 to
101 and 105 to 129) were found. Considerable
relatedness is apparent between these symme-
tries in all three viral DNAs. The second sym-
metry, which is the most highly conserved, may
be the center of the replication origin and in-
cludes the second T-antigen binding site of SV40
(36; see below).
To the early (counterclockwise) side of the

palindrome is a third shared symmetry (nucleo-
tides 7 to 21 for JCV [4, 28, 30, 41]). Between
this sequence and the true palindrome, JCV and
BKV have an additional set of nucleotides (33
and 22 nucleotides, respectively) not found in
the SV40 sequence. Within this stretch of both
DNAs is an additional dyad symmetry (nucleo-
tides 44 to 60 for JCV [30, 411).
To the late side of the origin region of SV40

and BKV, the sequence GGGXGGAG is found
repeated several times. It has also been detected
in polyomavirus and some adenovirus DNAs
and is thought to play a role in DNA replication
or transcription or both (2; reviewed in reference
30). This sequence is absent from the JCV origin
region and is represented only one time in the
sequence presented (within the early coding
region, nucleotides -128 to -121).

T-antigen binding sites. The large T protein of
SV40 and the closely related D2T protein of the
adenovirus-SV40 hybrid Ad2D2 sequentially
bind to three sites around the SV40 origin of
DNA replication (32, 36), and the latter protein
also binds to the HindIII C fragment of JCV
DNA (Frisque, in press). Analysis of this JCV
sequence revealed a stretch of 22 nucleotides
(nucleotides 56 to 77), 21 of which are found in
the first binding site of SV40 (36). A potential
second binding site in JCV was located immedi-
ately upstream from the HindIIl C fragment
(nucleotides 105 to 131). If the nucleotide at each
end of the site is ignored, then the sequence is
identical in JCV, BKV, and SV40 DNAs, except
at a single position (nucleotide 111 in JCV).
Sequences resembling the third SV40 T-antigen
binding site proposed by Tjian (36) have not
been identified in JCV or BKV.
Promoter elements. There appear to be at least
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-330 - 320 -310
GGGGCAATGC ACTGAAGGAT TAGTGGCACA

CCCCGTTACG TGACTTCCTA ATCACCGTGT

-280 -270 -260
AAAGGGTATC AGAATTAGGA GGAAAATCAC
TTTCCCATAG TCTTAATCCT CCTTTTAGTG

-230 -220 -210
CATGTACCAA AATCAGGCTG ATGAGCAACT
GTACATGGTT TTAGTCCGAC TACTCGTTGA

1a0 -170 -160
MATATAM AAATTCATTC TCTTCATCTT
AAATATATTT TTTAAGTMG AGAAGTAGAA

- 130 -120 -1 10

CAGGGTGGAG TTCTTTGCAT TTTTTCAGAT
GTCCCACCTC AAGAAACGTA AAAAAGTCTA

60 0 -70 -60
ATCTTCCCCC ATGCAGACCT ATCAAGGCCT
TACAAGGGGG TACGTCTGGA TAGTTCCGGA

-30 -20 -1 0

GGATTCCTCC CTATTCAGCA CTTTGTCCAT
PjTAAGGAGG GATAAGTCGT GAAACACGB

30 40 so
! TTACTGCA AAAAAGGGAA Al
IJrAATGACGT TTTTTCCCTT TT' TTCCCT T

80 901s 00
AGCCTC ACG C TTACTAC TTCTGAGTAA
TCGGA TC G AATGATG AAGACTCAFTT

Hind III
1140 150

TCGGCCTC ATATATAA AAAAAAGGGA A(
AGCCGGAA (TATATATT TTTTTTCCCT V

180 190 200
CATGAGCTCA TACCTAGGGA GCCAACCAGC
GTACTCGAGT ATGGATCCCT CGGTTGGTCG

30 2140 250
ACAAGG TGT ATATATAAAA AAAAGGGAAG

TGTTC0 ACA TATATATTTT TTTTCCCTTC

200 290 300
TGAGCTCATA CCTAGGGAGC CAACCAGCTA
ACTCGAGTAT GGATCCCTCG GTTGGTCGAT

330 3140 JJ.LA
AAGZGAAGT GGAAAGCAGC CAAGGGAjSCA
TTIC CTTCA CCTTTCGTCG GTTCCC1trGT

ataa390 4100
T1-4TGGCT TCACCAGCTG GCCATGGTTC
AACGCGAACAGTGGTCAGACCA AG

Ncol

300 -290
GTTAGGCCAT TCCTTGCAAT
CAATCCGGTA AGGAACGTTA

-250 -2 40
AACCAACCTC TGAACTATTC
TTGGTTGGAG ACTTGATAAG

-200 -190
TTTACACCTT GTTCCATTTT
AAATGTGGAA CAAGGTAAAA

-150 -140
GTCTTCGTCC CCACCTTTAT
CAGAAGCAGG GGTGGAAATA

-1 00 -90
AAGCTTTTCT CATGACAGGA
TTCGAGA GTACTGTCCT
Hind III

-50 -40
ATAAATCCA TAAGCTCCAT
TTATTTAGGT ATTCGAfGTA

Ncol

TTTAG TGCAGCAAAA
AAATCG AAAAACGTCGTTTT

6A07A0
,TTTCCG CCTCCTAAAA
dAAGGCC GGAGGATTT

110 120
CT't vGAGGC GGAGGCGGCC
Q CTCCG CCTCCGCCGG

160 170
LGGGATGGCT GCCAGCCAAG
'CCCTACCGA CGGTCGGTTC

210 220
TAACAGCCAG TAAACAAAGC
ATTGTCGGTC ATTTGTTTCG

260 270
GGATG(CTGC CAGCCAAGCA
CCTACCGACG GTCGGTTCGT

310 320
ACAGCCAGTA AACAAAGCAC
TGTCGGTCAT TTGTTTCGTG

3sn ~~~370
TGTTTTGCGA GCCpGAGCTG
ArAAAAwrnrT rf-,lrrTrrr-A

T

A

FIG. 1. Nucleotide sequence of the region near the JCV origin of DNA replication (0.58 to 0.73 map units).
This sequence was determined for both pMadl-TC and pMadl-Br and was identical for both DNAs. The upper
strand, read left to right, has the polarity and sequence of the late mRNAs and begins at 0.58 map unit. The lower
strand, read right to left, represents the polarity and sequence of early JCV mRNAs. Relevant features include
the presumed initiation codon for large T and small t proteins (nucleotides -1 to -3), a true palindrome shared by
JCV, BKV, and SV40 DNAs (nucleotides 61 to 77), and three sets of twofold symmetries (nucleotides 7 to 21, 44
to 60, and 83 to 101). Of the 22 nucleotides from 56 to 77, 21 are identical to those found in the first T-antigen
binding site ofSV40 DNA. JCV, BKV, and SV40 DNAs all share the symmetrical sequence from nucleotides 105
to 129. This set of nucleotides is thought to be part of the second T-antigen binding site in SV40, as well as the
center of the DNA replication origin (nucleotides 105 to 131). A tandem duplication of 98 nucleotides
(nucleotides 129 to 324) is denoted by brackets with arrows, and unlike SV40 and BKV, this repeat includes the
Goldberg-Hogness sequence (underlined, nucleotides 132 to 146 and 230 to 244). Also indicated are two stretches
of DNA found in a similar position in BKV DNA (nucleotides 348 to 363 and 373 to 387).

J. VIROL.
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JCV Met Asp Lys Val Leu Asn
BKV Met Asp Lys Val Leu Asn
SV40 Met Asp Lys Val Leu Asn

JCV Leu Met Asp Leu Leu Gly
BKV Leu Met Asp Leu Leu Gly
SV40 Leu Met Asp Leu Leu Gly

JCV Gly Asn Ile P Val Met
BKV Gly Asn Leu Pro Leu Met
SV40 Gly Asn Ile P Leu Met

JCV Lys Cys Lys Glu Leu His
BKV Lys Cys Lys Glu Phe His
SV40 Lys Cys Lys Glu Phe His

Arg Glu Glu
Arg Glu Glu
Arg Glu Glu

Leu Asp Arg
Leu Glu Arg
Leu Glu Ar

Arg Lys Ala
Arg Lys Ala
Arg Lys Ala

Pro Asp Lys
Pro Asp Lys
Pro Asp Lys

Ser Met Glu
Ser Met Glu
Ser Leu Gln

Ser Ala Trp
Ala Ala Trp
Ser Ala Tr

Tyr Leu Lys
Tyr Leu Arg
Tyr Leu Lys

Gly Gly Asp
Gly Gly Asp
Gly Gly Asp

JCV Glu Asp L Met Lys Arg Met Asn Phe

BKV Glu Asp Lys Met Lys Arg Met Asn Thr
SV40 Glu Glu Lys Met Ls Lys Met Asn Thr

JCV Lys Met Glu Gln Gly Val Lys Val Ala

BKV Lys Met Glut Gln Asp IVal Lys Val IAla
SV40 Lys Met Glu Asp Gly Val Lys Tyr Ala

JCV Asp Phe Gly Thr Trp Asn Ser Ser
BKV Asp Phe Gly Thr Trp Ser Ser Ser
SV40 Asp Phe Gly Gly Phe Trp Asp Ala Thr

JCV Cys Asp Phe Pro Pro Asn Ser
BKV Cys Ala Asp Phe Pro Leu Cys Pro
SV40 Phe Ala Ser Ser Leu Asn Pro Gly Val

JCV Tyr Cys Lys Glu Trp Pro Asn Cys Ala
BKV Tyr Cys Lys Glu Trp Pro Ile Cys Ser
SV40 Tyr Cys Ly Gln Trp Pro Glu Cys Ala

Leu Tyr Lys
Leu Tyr Lys
Leu Tyr Lys

His Gln Pro
His Gln Pro
His Gln Pro

Glu Val Gly
Glu Val
Glu Val

Asp Thr Leu
Asp Thr Leu

Asp Ala Met

Thr Asn Pro
Lys Lys Pro
Lys Lys Met

JCV Ser Val His Cys Pro
BKV Ser Val His Cys Pro
SV40 Ser Ala Asn Cys Ile

FIG. 2. Amino acid sequence of the amino-terminal portion of the large T and small t proteins of JCV, BKV,
and SV40 extending 330 nucleotides downstream (counterclockwise) from the presumed initiation codons at
approximately 0.65 map unit. Sequences unique to small t begin at the arrow, which marks the donor splice site
for large T message.

two components of the early SV40 promoter: the
Goldberg-Hogness sequence (also called the
AT-rich region, or TATA box) and the 72-
nucleotide tandem repeat (or enhancer). Similar
sequences are found in JCV and BKV.
The Goldberg-Hogness sequence is located

approximately 25 nucleotides upstream from the
5' ends of the early viral mRNAs and is thought
to play a role in their positioning (8, 9). In all
three viral DNAs this signal is longer than the
consensus sequence TATAAT (15, 17, and 20
nucleotides for JCV, SV40, and BKV, respec-
tively), and it is located within a GC-rich stretch
of DNA.
The second component of the SV40 early

promoter appears to be required for the initia-
tion of transcription in vivo (1, 10) and is located
78 nucleotides upstream from the AT-rich region
(4, 28). An almost perfect 68-nucleotide tandem
triplication is located 4 nucleotides upstream
from the corresponding position in BKV DNA
(30, 41). Although similar in location and struc-
ture, these tandem repeats do not demonstrate
any obvious sequence homology. In JCV a tan-
dem repeat of 98 nucleotides (nucleotides 129 to
324) is observed immediately adjacent to the
second T-antigen binding site, and again, homol-
ogy with the other viral repeats is not evident.
Furthermore, this repeat, unlike those of SV40
and BKV, includes the Goldberg-Hogness box.
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5' ends of early mRNAs. Analysis of the 5'
ends of the early SV40 mRNAs suggested at
least two major start sites located 22
and 28 nucleotides downstream from the
Goldberg-Hogness sequence (27). The se-
quence, beginning at the first site, reads
GCCTCTGAGCTATTCCA.

Seif et al. (30) indicated two potential 5' ends
for the early BKV messages located 19 and 25
nucleotides from the TATA box. Beginning at
the first site, the DNA sequence is
GCCTCCACCCTTTCTC.

Inspection of the same region of the JCV
sequence also suggests two possible termini, one
at a 22- and the other at a 28-nucleotide distance
from the same landmark. The sequence reads
GCCTCCAAGCTTACTCA.
The locations of the 5' termini in JCV and

BKV DNAs remain to be verified by sequencing
techniques and cap structure determination.

Early viral proteins. The probable amino acid
sequence of the amino termini of the JCV large T
and small t proteins is shown in Fig. 2. Of the
first 110 predicted amino acids, 79 and 93 are
shared with SV40 and BKV, respectively. As-
signment of this primary structure to the JCV
proteins was based mainly on a comparison with
the SV40 and BKV sequences; however, it was
also consistent with data derived from immuno-
precipitation of viral proteins (6) and S1 analysis
of viral mRNAs (Frisque, in press).
A donor splice site for the SV40 and BKV

large T messages occurs between nucleotides
specifying a glutamine and valine residue (Fig. 2,
arrow). These same residues occur at an identi-
cal position in the JCV sequence, and localizing
the upstream splice here would be consistent
with S1 mapping data.
The large degree of homology evident be-

tween the amino-terminal ends of both early
proteins for all three viruses is significantly
reduced beyond the large T donor splice site
(Table 1). These latter sequences are unique to
small t antigen, a protein which is not required
for growth of SV40 or BKV in vitro (33, 35).

DISCUSSION

Hybridization and serological studies (14, 21,
31, 37) have predicted a close evolutionary rela-
tionship among JCV, BKV, and SV40; nucleo-
tide sequence analysis confirms these predic-
tions. Sequences specifying the amino-terminal
portions of the early proteins, the replication
origins, and the TATA boxes are strongly con-
served; however, sequences upstream from the
AT-rich region (including the long tandem re-
peats) have diverged in these three viruses.
Before these studies, pMadl-TC was shown

to transform primary hamster brain cells in

J. VIROL.

TABLE 1. Comparisons among JCV, BKV, and
SV40 of the amino acid sequences of the early viral

proteins'
T proteinb t protein'

No. of No. of
Comparison ad % aa %
between: shared/ Homol- shared/ Homol-

total total
no. of 0g5Y no. of ogy
aa aa

JCV x BKV 72/81 89 21/29 72
JCV x SV40 67/81 83 12/29 41
BKV x SV40 67/81 83 13/29 45
JCV x BKV x SV40 63/81 78 10/29 34

"The first 110 amino acids of the early coding
regions of these viruses are compared.

Includes amino acids shared by large T and small t
proteins.

c Includes amino acids unique to small t protein
(beyond the donor splice site for large T message).

d aa, Amino acids.

culture (Frisque, in press). In agreement with
previous results obtained with JCV and its DNA
(6, 11), transformation was inefficient; frequen-
cy was low, and the latent period was prolonged.
Unlike the earlier experiments, however, a small
t message and protein were detected in the
pMadl-TC transformants, indicating that the
poor transforming ability of JCV was not due to
the absence of a small t protein (as shown for
d154/59 mutants of SV40 [34]). From the se-
quence data presented here, 78% of those amino
acids held in common by the large T and small t
antigens were found to be shared by JCV, BKV,
and SV40. Beyond the large T splice (unique
small t coding sequences), this value dropped to
34%, and differences were especially apparent
when the monkey virus (SV40) was compared
with the human viruses (JCV and BKV). One
might speculate that since small t is dispensable
for the lytic growth of these viruses in vitro,
alterations in its coding sequence might be better
tolerated than changes in sequences encoding
the multifunctional large T protein. Alternative-
ly, small t might contribute to the host range
phenotype of the polyomaviruses, and differ-
ences in its coding sequence might reflect a
functional requirement in the various cells per-
missive for each virus.
JCV grows well only in primary human fetal

glial (PHFG) cells, a heterogeneous population
of cells which are difficult to obtain and grow.
Because of the difficulties posed by this cell
system, the availability of JCV and its DNA has
been limited. Even in these cells the replication
cycle of JCV appears to be prolonged and ineffi-
cient, as judged by immunofluorescence and
pulse-labeling studies (22; J. Martin, personal
communication). In light of this inefficiency, the
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absence of the sequence GGGXGGAG from the
origin region of JCV is noteworthy. This se-
quence is repeated several times near the repli-
cation origins of many papovaviruses and aden-
oviruses and is thought to play a role in
replication or transcription or both (2; reviewed
in reference 30). Also relevant to a discussion of
replication is the apparent lack of interaction
between D2T protein and the potential second
T-antigen binding site of JCV DNA (Frisque, in
press). Rather than reflecting an inability of the
protein to bind to its recognition sequence,
however, this finding probably results from a
lack of cooperativity of binding (20) since the
first and second sites were on different restric-
tion fragments in these experiments.
Although the replication of JCV in PHFG cells

is inefficient, in other cells it rarely occurs at all.
Unlike SV40, which is expressed in a variety of
eucaryotic cells, most cells do not even express
T antigen after JCV infection (22). This restric-
tion does not appear to involve the early stages
of adsorption, penetration, and uncoating (5);
one possible explanation is that JCV has a weak
or defective early promoter. The strength of
different promoters has been shown to vary (3,
38), and substitution of one promoter for another
can increase or decrease the expression of the
associated gene (15; M. Botchan, personalcom-
munication; unpublished data). Furthermore, re-
cent studies suggest that polyomavirus enhancer
sequences may affect the host range of these
viruses (W. Schaffner, personal communica-
tion). Inspection of potential JCV promoter se-
quences revealed one striking difference with
similar sequences in BKV and SV40. In addition
to being nonhomologous, the tandem duplica-
tion of JCV includes the TATA box. Assessment
of any effect that this might have on RNA
polymerase function will await a more detailed
analysis of this region.
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ADDENDUM IN PROOF

Miyamura et al. (J. Virol. 45:73-79, 1983) have
recently published the sequence of a portion of the
JCV genome which overlaps with part of the sequence
reported here. The 511 nucleotides held in common
are identical.
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