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Human polyomavirus JC (JCV) can encode the three capsid proteins VP1, VP2, and VP3, downstream of the
agnoprotein in the late region. JCV virions are identified in the nucleus of infected cells. In this study, we have
elucidated unique features of JCV capsid formation by using a eukaryotic expression system. Structures of JCV
polycistronic late RNAs (M1 to M4 and possibly M5 and M6) generated by alternative splicing were deter-
mined. VP1 would be synthesized from M2 RNA, and VP2 and VP3 would be synthesized from M1 RNA. The
presence of the open reading frame of the agnoprotein or the leader sequence (nucleotides 275 to 409) can
decrease the expression level of VP1. VP1 was efficiently transported to the nucleus in the presence of VP2 and
VP3 but distributed both in the cytoplasm and in the nucleus in their absence. Mutation analysis indicated that
inefficiency in nuclear transport of VP1 is due to the unique structure in the N-terminal sequence, KRKGERK.
Within the nucleus, VP1 was localized discretely and identified as speckles in the presence of VP2 and VP3 but
distributed diffusely in their absence. These results suggest that VP1 was efficiently transported to the nucleus
and localized in the discrete subnuclear regions, possibly with VP2 and VP3. By electron microscopy, recom-
binant virus particles were identified in the nucleus, and their intranuclear distribution was consistent with
distribution of speckles. This system provides a useful model with which to understand JCV capsid formation
and the structures and functions of the JCV capsid proteins.

Human polyomavirus JC (JCV) persists asymptomatically in
healthy individuals of most of the human population. However,
in immunocompromised individuals, JCV can cause progres-
sive multifocal leukoencephalopathy (PML), a fatal demyeli-
nating disorder of the central nervous system. JCV has a ge-
nome of a double-stranded circular DNA composed of the
early region and the late region. Genome organization of JCV
is closely related to that of simian virus 40 (SV40), which
shares 70% identity in nucleotide sequence. The JCV replica-
tion cycle is divided into the early stage and the late stage.
During the late stage, the capsid proteins are synthesized in the
cytoplasm and then transported to the nucleus to be assembled
into progeny virions. By electron microscopy, JCV virions are
identified as round particles or filamentous forms in the nuclei
of infected oligodendrocytes of PML brains (41, 44, 69).

JCV Tokyo-1 strain was isolated from the brain tissue of a
Japanese PML patient (43, 44), and the viral genomic DNA
was cloned (40). The virus particles of Tokyo-1 were purified,
resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and stained with Coomassie brilliant
blue. The detected protein components indicated the presence
of the major capsid protein VP1 (43 kDa), the minor capsid

proteins VP2 (39 kDa) and VP3 (27 kDa), and histones (16, 15,
and 14 kDa) incorporated into the viral capsids (2).

Based on the crystal structures of other polyomaviruses (26,
35, 62, 63), the JCV capsid is likely composed of 360 molecules
of VP1 and approximately 1/10 molecules of VP2 and VP3.
The coding sequences of VP1, VP2, and VP3 are encoded in
an overlapping manner downstream of the coding sequence of
the agnoprotein in the late region (19). It is not known how
these capsid proteins are expressed, transported to the nucleus,
and assembled into viral capsids. The capsid proteins may be
translated from different JCV late RNAs generated by alter-
native splicing, and both expression and nuclear transport of
the capsid proteins may be regulated to allow assembly of the
capsid proteins in an appropriate ratio. Therefore, this study
was initiated to investigate JCV capsid formation, in particular,
splicing of late RNAs, translation and nuclear transport of the
major capsid protein VP1, and capsid assembly.

SV40 has two classes of late RNAs, 16S and 19S, which are
generated by alternative splicing from common pre-mRNAs
(24). Each class of late RNAs contains several species which
are heterogeneous in the leader sequence. In the leader se-
quence, 80% of the 16S RNAs (64% of the total late RNAs)
and 5% of the 19S RNAs (1% of the total late RNAs) encode
the agnoprotein (30). The coding sequence of the agnoprotein
has been reported to regulate transcription (3, 27) and splicing
(60) of the late RNAs. The presence of the upstream AUG
start codon of the agnoprotein downregulates translation of
VP1 on 16S RNAs (25, 52) and translation of VP2 and VP3 on
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19S RNAs (23, 52). After translation, SV40 VP1 is transported
to the nucleus by a bipartite nuclear localization signal (NLS)
(28). It has been suggested that SV40 VP1 is associated with
VP2 and VP3 in the cytoplasm and is transported to the nu-
cleus as a complex (29). The SV40 agnoprotein has also been
reported to affect nuclear transport of VP1 (8, 52), capsid
assembly, and virion maturation (5, 38, 46).

The slow and inefficient replication of JCV has been a major
barrier in studying the late events of the JCV replication cycle.
JCV late RNAs are not detected until 10 days after infection of
primary human fetal glial cells (15), and the VP1 protein is not
detected until 2 weeks after infection of IMR-32 cells (2). To
obtain sufficient virus titers, a long culture period of 3 to 4
weeks is required (2, 36, 37, 48, 57), and viral yield is generally
low. To overcome this difficulty, we established an expression
system for JCV capsid proteins (58) and studied JCV capsid
formation. The complete sequence of JCV Tokyo-1 strain was
determined and the genomic fragments of Tokyo-1 were in-
serted downstream of the powerful SRa promoter in eukary-
otic expression vector pcDL-SRa296 (64). Structures of JCV
late RNAs were determined by reverse transcription-PCR
(RT-PCR) and sequencing, using a biopsy specimen of a PML
brain and vector-transfected COS-7 cells (22). Potential roles
of the agnoprotein and its coding sequence were analyzed in
cells transfected with the vector encoding both the agnoprotein
and the capsid proteins (AVP231-SRa [“A” for “agnopro-
tein”]) or the vector encoding only the capsid proteins (VP231-
SRa). Nuclear transport of VP1 was studied in cells trans-
fected with the vector encoding only VP1 (VP1-SRa) or the
vectors encoding the three capsid proteins with or without the
agnoprotein (AVP231-SRa or VP231-SRa). Nuclear transport
of VP1 was further investigated by mutating its N-terminal
sequence, which corresponds to the NLS of SV40 VP1. In-
tranuclear localization of VP1 was analyzed by confocal mi-
croscopy, and assembly of JCV recombinant particles in trans-
fected cells was analyzed by electron microscopy. These results
were compared with previous reports on SV40 to better un-
derstand unique features of JCV capsid formation.

MATERIALS AND METHODS

Virus genome. JCV Tokyo-1 strain was isolated from the brain tissue of a
Japanese PML patient (44). The plasmid clones were obtained from the PML
brain tissue (the pJCT-Br clone) and from primary human fetal glial cells after
viral passage (the pJCT-TC clone) (40). The complete DNA sequence of
pJCT-TC was determined from both strands with a T7 Sequenase sequencing kit
version 2.0 (Amersham) (1).

Plasmids, cells, and transfection. The eukaryotic expression vector pcDL-
SRa296 is an SV40-based plasmid vector with the SRa promoter (64). Expres-
sion vectors VP231-SRa, AVP231-SRa (previously called LP-SRa), and VP1-
SRa were constructed by inserting fragments of pJCT-TC into pcDL-SRa296 as
previously described (58). COS-7 cells (ATCC CRL 1651) (22) were incubated at
37°C and 5% CO2 in Dulbecco’s modified Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum. COS-7 cells were transfected by
Lipofectamine (GIBCO BRL) according to the manufacturer’s procedure.

RT-PCR analysis and sequencing of RT-PCR products. Total RNA was ex-
tracted from a biopsy specimen of a PML brain and from COS-7 cells 72 h
posttransfection (hpt) by using an RNeasy total RNA kit (Qiagen). The extracts
were treated with RQ1 RNase-free DNase (Promega). The RNA was analyzed
by RT-PCR using the Access RT-PCR system (Promega). The RT-PCR prod-
ucts were electrophoresed on agarose gels and extracted by a QIAquick gel
extraction kit (Qiagen). Splice junctions were determined by sequencing RT-
PCR products with the Thermo Sequenase radiolabeled terminator cycle se-
quencing kit (Amersham). Nucleotide sequences and positions of PCR primers
are as follows. The 59 primers are RR15 (59-GAGCTGTTTTGGCTTGTCAC-
39, nucleotides [nt] 246 to 265), V1 (59-AGAAACACAGTGGTTTGACT-39, nt
429 to 448), V2 (59-AGTACCTCTGAGGCTATAGC-39, nt 680 to 699), and
V13 (59-GTTCATGGGTGCCGCACTTG-39, nt 520 to 539). The 39 primers are
VAS3 (59-CAACATTCAACAGGATATGC-39, nt 2068 to 2049), VAS5 (59-TC
TACCTCTGTAATTGAGTC-39, nt 1588 to 1569), VAS8 (59-CCAACTGAGC
AATAGCACTA-39, nt 815 to 796), VAS9 (59-GCAGCCTCAGAAACAGTAG
C-39, nt 579 to 560), and VAS12 (59-TTCAGGCAAAGCACTGTATG-39, nt 475
to 456). The 39 primer Vect4 (59-TTCTTTCCGCCTCAGAAGGT-39) is located

in the vector sequence of pcDLSRa-296, immediately downstream of the insert-
vector junction. As an internal control for COS-7 cells, SV40 T antigen RNA was
analyzed with primers SVT1 (59-TGCAGCTAATGGACCTTCTA-39, SV40 nt
5132 to 5113) and SVTAS1 (59-GAGTAGAATGTTGAGAGTCA-39, SV40 nt
4445 to 4464). These primers were designed from the SV40 nucleotide sequence
assigned GenBank accession no. J02400.

Antibody. VP1 was detected with rabbit polyclonal antibodies, which are anti-
JCV antibody and the anti-VP1BC antibody. The anti-JCV antibody was pre-
pared by inoculating purified JCV (43). This antibody recognizes VP1 but not the
agnoprotein, VP2, or VP3 (58). The anti-VP1BC antibody was prepared against
a synthetic peptide of VP1, RGFSKSISISDTFESD.

Radioimmunoprecipitation. COS-7 cells were cultured 60 hpt for 4 h in me-
thionine- and cysteine-free medium and then labeled for 20 h with [35S] Protein
Labeling Mix (150 mCi/ml; NEN). Cells were dispersed in radioimmunoprecipi-
tation assay buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.1% SDS, 0.1% sodium deoxycholate); then the chromosomal DNA was
sheared with 26-gauge needles. Cell lysates were incubated with the anti-JCV
antibody followed by incubation with protein A-Sepharose beads (Sigma). The
immune complex was washed six times with radioimmunoprecipitation buffer.
The samples were treated at 97°C for 5 min in SDS-PAGE loading buffer (100
mM Tris-HCl [pH 6.8], 10% 2-mercaptoethanol, 4% SDS, 0.2% bromophenol
blue, 20% glycerol). After electrophoresis, the radiolabeled proteins were de-
tected by autoradiography.

Mutagenesis. The 59 region of the VP1 coding sequence was mutated by PCR.
The sequence of the first VP1 mutant, Mut-1, was generated by using the 59
primer 59-CTGCTGCAGCCAAGATGGCCCCAACAAAAAGAAAAGGAG
AATGTCCAGGGGCAGCTCCCAGGAAGGACCCCGTGCAAG-39. The se-
quence of the second mutant, Mut-2, was generated by using the 59 primer
59-CTGCTGCAGCCAAGATGGCCCCAACAAAAAGAAAAGGAGAATGT
CCAGGGGCAGCTCCCAAAAAACCAAAGGACCCCGTGCAAGTT-39. In
these primer sequences, CTGCAG is a PstI recognition site and underlined
sequences are nucleotides inserted into the VP1 coding sequence. Using each of
these 59 primers, we first synthesized single-stranded DNA. VP1-SRa, the plas-
mid DNA carrying the sequence of wild-type VP1, was used as a template. The
single-stranded DNA was purified and then amplified by PCR using each of the
two 59 primers and the 39 primer, VAS13 (59-ATATTTCCACAGGTTAGATC
CTCATTTAGA-39, nt 1765 to 1736). PCR products were digested by PstI and
EcoRI and then replaced with a PstI-EcoRI fragment in VP1-SRa. The se-
quences of the VP1 mutant vectors were confirmed by sequencing reactions.

Immunofluorescence microscopy. COS-7 cells were grown on tissue culture
glass slides (Falcon) and transfected with the expression vectors. Cells were fixed
72 hpt for 15 min in 2% paraformaldehyde, then incubated with the anti-VP1BC
antibody, and finally incubated with a fluorescein isothiocyanate-conjugated goat
anti-rabbit antibody (Biomeda). The slides were mounted and examined with an
Olympus FV500 confocal microscope. The confocal image and the differential
interference contrast image were sequentially acquired and superposed.

Electron microscopy. Cells transfected with the expression vectors were har-
vested 72 hpt, washed with phosphate-buffered saline, fixed with 2.5% glutaral-
dehyde and 4.0% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3), and
embedded in epoxy resin. Ultrathin sections were prepared, stained with uranyl
acetate and lead citrate, and examined with an H-800 electron microscope
(Hitachi).

Nucleotide sequence accession number. The GenBank accession number for
JCV Tokyo-1 strain is AF030085.

RESULTS

Genomic sequences of JCV Tokyo-1 strain in the regulatory
and late regions. The complete sequence of JCV Tokyo-1
strain (5,128 bp) was determined by using the plasmid clone of
the viral genomic DNA named pJCT-TC (40). Tokyo-1 shares
70% identity with SV40 (65), 76% identity with BK virus
(BKV) Dunlop strain (55), and 97.1% identity with JCV Mad1
strain (19). The sequences of the regulatory and late regions of
Tokyo-1 are presented in Fig. 1. Numbering begins with the
presumed origin of DNA replication (19), and the first G in
GCCTCG is nt 1.

The regulatory region of Tokyo-1 spans nt 5012 to 274 (391
bp) between the ATG codons of large T antigen and the
agnoprotein. In the regulatory region, sequences on the late
side of the presumed DNA replication origin are highly diver-
gent among JCV isolates from brain tissues of PML patients. It
has been proposed that divergent regulatory sequences have
evolved, by deletion and duplication, from the sequence of the
archetypal JCV, which was originally found in urine of nonim-
munosuppressed patients and healthy individuals (68). The
regulatory sequence of Tokyo-1 was compared with the arche-
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FIG. 1. Nucleotide sequence of JCV Tokyo-1 strain (5,128 bp) and amino acid sequences of the late proteins of Tokyo-1. The nucleotide sequences of the
regulatory region (nt 5012 to 274) and the late region (nt 275 to 2600) are presented. In the regulatory region, the sequences identical to the 25- and 18-bp blocks of
the archetype and the partial sequences corresponding to the 55- and 66-bp blocks of the archetype are marked [25], [18], [55], and [66], respectively. the 75-bp repeats
(nt 38 to 112 and 134 to 208) and the 20-bp repeats (nt 113 to 132 and 273 to 292) are underlined with solid lines and dotted lines with the notations (75) and (20),
respectively. The 75-bp repeats consist of the partial sequences of the 55-, 66-, and 18-bp blocks of the archetypal sequence. The 20-bp repeats, which are unique to
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typal sequence in the variable region (Fig. 1). The regulatory
sequence of the archetype is divided into blocks of 25, 23, 55,
66, and 18 bp (68). Tokyo-1 has the sequence identical to the
25-bp block of the archetype at nt 12 to 36. The sequence of the
23-bp block of the archetype is deleted in the pJCT-TC clone
(40). Tokyo-1 has the 75-bp repeats (nt 38 to 112 and 134 to
208), which are composed of the partial sequences of the 55-
and 66-bp blocks and the entire sequences of the 18-bp block
of the archetype. These observations indicate that the regula-
tory sequence of Tokyo-1 has evolved from the archetypal
sequence by deletion and duplication. In addition to the 75-bp
repeats, Tokyo-1 has the specific 20-bp repeats (nt 113 to 132
and 273 to 292), in which the sequence surrounding the ATG
start codon for the agnoprotein is duplicated. The regulatory
sequences of Tokyo-1 and Mad4 (39) are similar in that they
have only one 25-bp block and lack the 23-bp block of the
archetype. The regulatory sequence of Tokyo-1 is substantially
different from that of Mad1, which has two 25-bp blocks of the
archetype within the 98-bp tandem repeats (19).

Transcription of the late RNAs of Tokyo-1 can be initiated
from heterogeneous start sites around nt 5112 to 240, based on
the analysis of the RNA start sites determined in Mad1 (15, 31)
and Mad4 (15). Some of the RNA start sites in Mad1 and
Mad4 were mapped downstream of putative surrogate TATA
signals, encoded in the sequence corresponding to the 55-bp
block of the archetype within the repeat structures (15, 31). By
sequence comparison, two putative surrogate TATA signals,
TACCTA in Tokyo-1, are identified at nt 64 to 69 and nt 160
to 165 within the 75-bp repeats. One of the candidates for the
late RNA start sites in Tokyo-1 is nt 196 to 201, approximately
30 bp downstream of the putative surrogate TATA signal at nt
160 to 165. A potential poly(A) signal, AATAAA, is present at
nt 2566 to 2571. JCV has multiple species of late RNAs gen-
erated by alternative splicing, with the 59 splice sites (nt 490,
1583, and possibly 730) and the 39 splice sites (nt 1425 and
1952), which will be described later. In this report, positions of
59 or 39 splice sites will be indicated by the last or first nucle-
otides of exons, respectively.

Amino acid sequences of the four late proteins of Tokyo-1
were deduced, as in Mad1 (19), based on the sequence simi-
larities to SV40 and BKV: the agnoprotein (71 amino acids, nt
275 to 490), VP2 (344 amino acids, nt 524 to 1558), VP3 (225
amino acids, nt 881 to 1558), and VP1 (354 amino acids, nt
1467 to 2531). The putative coding sequence of the agnopro-
tein is located downstream of the divergent sequence of the
regulatory region, followed by the coding sequences of VP2,
VP3, and VP1. The coding sequences of the two minor capsid
proteins VP2 and VP3 and that of the major capsid protein
VP1 are encoded in an overlapping manner. The entire coding
sequence of VP3 overlaps the C-terminal coding sequence of
VP2 in the same reading frames. The C-terminal coding se-
quences of VP2 and VP3 partially overlap the N-terminal
coding sequence of VP1 in different reading frames.

Expression vectors carrying the late region of the JCV
genomic DNA. The slow and inefficient replication of JCV in
culture systems has been a major barrier in studying the late

events of the viral replication cycle. Reduced lytic activities of
JCV are due in part to weak promoter-enhancer signals.
Therefore, we developed highly efficient eukaryotic expression
vectors to study the JCV late region. Fragments of the late
region from the genomic DNA of Tokyo-1 were inserted be-
tween PstI and KpnI sites of the plasmid vector, pcDL-SRa296
(50, 64) (Fig. 2). Expression of the capsid proteins was under
the control of the SRa promoter. This promoter is composed
of the SV40 promoter-enhancer unit and R-U59, the R seg-
ment and a part of the U5 sequence from the long terminal
repeat of human T-cell leukemia virus type 1 (HTLV-1) (64).
The SRa promoter is 50 to 100 times more efficient than the
original SV40 promoter (34). The expression vectors VP231-
SRa, AVP231-SRa, and VP1-SRa were constructed. VP231-
SRa contains the fragment (nt 410 to 2531) which includes the
coding sequences of VP2, VP3, and VP1. In VP231-SRa, the
59 termini of the agnoprotein coding sequence (nt 275 to 409,
135 bp) was deleted to study roles of the agnoprotein and its
coding sequence. In contrast, AVP231-SRa contains the frag-
ment (nt 275 to 2531) which includes the coding sequences of
the agnoprotein, VP2, VP3, and VP1. VP1-SRa, which con-

FIG. 2. Structures of the three expression vectors VP231-SRa, AVP231-
SRa, and VP1-SRa. The eukaryotic expression vector pcDL-SRa296 has the
powerful SRa promoter, composed of the SV40 promoter-enhancer unit and a
partial long terminal repeat of HTLV-1 (R-U59). The fragments of the late
region of Tokyo-1 were cloned between PstI and KpnI sites downstream of the
SRa promoter of pcDL-SRa296. VP231-SRa contains the fragment from JCV
Tokyo-1, nt 410 to 2531, encoding VP2, VP3, and VP1. AVP231-SRa contains
the fragment from nt 275 to 2531, encoding the agnoprotein, VP2, VP3, and
VP1. VP1-SRa contains the fragment from nt 1467 to 2531, the coding sequence
of VP1. Transcription of the inserted JCV late genes is initiated from the SV40
RNA start sites within the SRa promoter and is processed by the poly(A) signal
of pcDL-SRa296. Since the vectors contain the SV40 replication origin and
replicate to high copy number in the presence of SV40 T antigen, highly efficient
expression is expected in COS-7 cells, which stably express SV40 T antigen.
Abbreviations: ori, SV40 replication origin; polyA, SV40 poly(A) signal; Amp R,
ampicillin resistance gene.

Tokyo-1, contain the duplicated ATG start codons of the agnoprotein. The sequences identical to the surrogate TATA signal, TACCTA, are indicated in boldface at
nt 64 to 69 and nt 160 to 165. The putative polyadenylation signal, AATAAA, of the late RNAs is present at nt 2566 to 2571. The 59 splice sites (nt 490, 730, and 1583)
and the 39 splice sites (nt 1425 and 1952), determined in this study, are indicated by pairs of back-to-back brackets and labeled 59 sp and 39 sp, respectively. The
nucleotides identical to the consensus sequences defined for splice sites are in boldface. Amino acid sequences of the four late proteins are deduced based on the
sequence similarity to SV40 and BKV: the agnoprotein (71 amino acids, nt 275 to 490), VP2 (344 amino acids, nt 524 to 1558), VP3 (225 amino acids, nt 881 to 1558),
and VP1 (354 amino acids, nt 1467 to 2531). Though there are two potential translation initiation sites for VP1 at nt 1461 and 1467, the downstream ATG (nt 1467
to 1469) is tentatively assigned as a translation initiation signal. If translation begins at nt 1461, VP1 has additional two amino acids (M K) at the N terminus. The
favorable nucleotides, R23 and G14 (see text) for translation initiation signals are indicated by boldface based on the scanning model (33).
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tains only the coding sequence of VP1 (nt 1467 to 2531), was
constructed to study VP1 expression in the absence of the
agnoprotein, VP2, and VP3. Transcription of the inserted JCV
late genes initiates at the SV40 RNA start sites and utilizes the
SV40 poly(A) signal of pcDL-SRa296 (64). Since pcDL-
SRa296 contains the SV40 replication origin, the vector can
replicate to high copy number in the presence of SV40 T
antigen. High efficiency of protein expression is expected in
COS-7 cells, which stably express SV40 T antigen (22).

The leader sequence of the JCV late RNAs. Structures of
JCV late RNAs have not been determined. In SV40, late
mRNAs are highly heterogeneous in the leader sequence up-
stream of the capsid proteins. The open reading frame (ORF)
of the agnoprotein is present in the leader sequences of ap-
proximately two-thirds of the SV40 late RNAs. On other SV40
late RNAs, the ORF of the agnoprotein is disrupted due to
splicing within the leader sequence (24, 59) (see Fig. 10).
Therefore, to analyze the presence of the ORF of the JCV
agnoprotein, JCV late RNAs were examined to determine
whether they are spliced in the leader sequence.

Potential splice sites of JCV Tokyo-1 were analyzed by using
the computer program HSPL of BCM Genefinder (59). In the
leader sequence of the late RNAs, 59 splice sites including nt
296, 313, 317, 398, 490, and 730 and 39 splice sites including nt
269, 375, 399, 520, and 575 were predicted (Fig. 3A). In this
report, splicing reactions and splice junctions will be indicated
by positions of 59 and 39 splice sites separated by a slash. For
example, nt 313/520 indicates the splicing reaction or the splice
junction using the 59 splice site at nt 313 and the 39 splice site
at nt 520. The pairs of JCV potential splice sites, nt 313/520
and nt 490/520, correspond to the pairs of SV40 splice sites, nt
373/558 and nt 526/558, respectively (Fig. 3A; see also Fig. 10).

JCV RNAs from a biopsy specimen of a PML brain were
analyzed by RT-PCR with three pairs of primers: RR15-VAS8,
RR15-VAS9, and RR15-VAS12. The locations of these prim-
ers are illustrated in Fig. 3A. JCV potential splice sites nt
313/520 and nt 490/520 were spanned with primer pairs RR15-
VAS8 and RR15-VAS9. The RT-PCR products of JCV RNAs
were the same length as the PCR products of JCV genomic
DNA (control DNA), which were 570, 334, and 230 bp in
length, with primer pairs RR15-VAS8, RR15-VAS9, and
RR15-VAS12, respectively (Fig. 3B). JCV RNAs spliced at
either nt 313/520 or nt 490/520 were not detected. This result
indicates that most of the JCV late RNAs are not spliced in the
leader sequence.

RNAs from COS-7 cells transfected with VP231-SRa or
AVP231-SRa were examined to further analyze the presence
of late RNAs that are spliced at nt 490/520 with primer pairs
V1-VAS8 and V1-VAS9 (Fig. 3A). The 59 primer V1 was used
since these expression vectors do not contain the annealing site
of RR15. The RT-PCR products of the vector-derived RNAs
were the same length as the PCR products of JCV genomic
DNA (control DNA), and RNAs spliced at nt 490/520 were not
detected (Fig. 3C). These results consistently indicate that
most of the JCV late RNAs are not spliced in the leader
sequence. Therefore, the ORF of the JCV agnoprotein is
present in the leader sequence upstream of those of the capsid
proteins.

Structures of the M1 to M6 late RNAs. Next, structures of
the late RNAs encoding the ORFs of VP1, VP2, and VP3 were
determined. As summarized in Fig. 4A, multiple species of
JCV late RNAs, designated M1 to M6 RNAs, are generated by
alternative splicing. M1 is an unspliced RNA. M2 to M4 RNAs
are alternatively spliced by using the common 59 splice site at
nt 490, and potential M5 and M6 RNAs are spliced by using
the common 59 splice site at nt 730. Splice sites were identified

in M2 at nt 490/1425 (934-nt intron), in M3 at nt 490/1425
(934-nt intron) and nt 1583/1952 (368-nt introns), in M4 at nt
490/1952 (1,461-nt intron), in M5 at nt 730/1425 (694-nt in-
tron), and in M6 at nt 730/1425 (694-nt intron) and nt 1583/
1952 (368-nt intron). By RT-PCR, long RNA fragments con-
taining the entire ORFs of VP1, VP2, and VP3 were hardly
detected from a biopsy specimen of a PML brain. Since PML
is a degenerative disorder accompanied with cell death, RNA
from a PML brain tissue is substantially degraded. Therefore,
we analyzed RNA from cells transfected with the expression
vectors by using primers which span long fragments containing
the ORFs of the three capsid proteins. Then the results were
confirmed in RNA from the biopsy specimen by using primers
spanning shorter fragments.

First, the late RNAs were analyzed in COS-7 cells trans-

FIG. 3. Leader sequence of JCV late RNAs. The structure of the leader
sequence of JCV late RNAs was analyzed by RT-PCR using total RNA extracted
from a biopsy specimen of a PML brain [JCV(PML)] and from COS-7 cells
transfected with VP231-SRa or AVP231-SRa. Most of JCV late RNAs are not
spliced in the leader sequence and encode the ORF of the agnoprotein. (A)
Experimental designs of RT-PCR and summary of results. Below the genome
structure, potential splice sites in the leader sequence are indicated based on the
prediction by the computer program BCM Genefinder (59). The potential JCV
splice sites marked with asterisks (nt 313, 375, 490, and 520) correspond to the
splice sites used in SV40 late RNAs. Below the potential splice sites, the frag-
ments amplified by RT-PCR with five pairs of primers are illustrated. The 59
primers (and positions) are RR15 (nt 246 to 265) and V1 (nt 429 to 448); and the
39 primers are VAS8 (nt 815 to 796), VAS9 (nt 579 to 560), and VAS12 (nt 475
to 456). The length of each product (in nucleotides) is shown on the right. (B)
RT-PCR products amplified from the JCV(PML) RNA with primer pairs RR15-
VAS8, RR15-VAS9, and RR15-VAS12. (C) RT-PCR products amplified from
the VP231-SRa- or AVP231-SRa-transfected cell RNA with primer pairs V1-
VAS8 and V1-VAS9. The control DNA is the cloned JCV genomic DNA,
pJCT-TC of Tokyo-1 (40). PCR products and 100-bp markers were electropho-
resed on 2% agarose gels in Tris-acetate-EDTA buffer.
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fected with VP231-SRa or AVP231-SRa with the primer pair
V1-Vect4. As illustrated in Fig. 4A, the 59 primer V1 was
located upstream of the 59 splice site at nt 490, and the 39
primer Vect4 was located immediately downstream of the 39
end of VP1, within the vector sequence of pcDL-SRa296. With
the primer pair V1-Vect4, fragments corresponding to M2
(1,192 bp), M3 (824 bp), and M4 (665 bp) were amplified (Fig.
4B). Splice sites used in these RNAs were identified by se-
quencing the RT-PCR products. The sequences of the 59 splice
sites, nt 490 (uAG/GUAAGU) and nt 1583 (gAG/GUAgaa)
(the nucleotides identical to the consensus sequences are in-
dicated in uppercase) conformed to the consensus sequence
for 59 splice sites, (A or C)AG/GU (A or G)AGU. The se-
quences of the 39 splice sites, nt 1425 (UgUUgCCUUUaCU
UUUAG/G) and nt 1952 (ggUggUUUUUaaUUaCAG/a)
conformed to the consensus sequence for 39 splice sites, (C or
U) nN (C or U)AG/G (56).

The presence of M2 to M4 RNAs was examined in the PML
brain tissue with the primer pair V1-VAS3, which spans a short
region including the splice sites identified in the vector-derived
RNAs (Fig. 4A). With the primer pair V1-VAS3, fragments
corresponding to M2 (706 bp), M3 (338 bp), and M4 (179 bp)
were amplified both from the PML brain tissue and from the
transfected COS-7 cells (Fig. 4C). The splice sites of M2-M4
RNAs were identical both in the PML brain tissue and in the
transfected cells by sequencing the RT-PCR products.

Next, M1 RNA was analyzed in transfected cells with the
primer pair V13-Vect4. To detect M1 but not M2 to M4, the 59
primer V13 (nt 520 to 539) was located downstream of the 59
splice site at nt 490 within the introns of M2 to M4 (Fig. 4A).
The primer pair V13-Vect4 spans the ORF of VP2, VP3, and
VP1. The RT-PCR products corresponding to M1 (2,035 bp)
were of the same size as the PCR product of JCV genomic
DNA (control DNA). The presence of M1 was also confirmed
in the PML brain tissue by using several pairs of primers,
including V13-VAS5 (VAS5, nt 1588 to 1569), which spans the
ORF of VP2 and VP3 (data not shown).

Finally, two minor species, M5 and M6 RNAs, were detected
in transfected COS-7 cells but not in the PML brain tissue (Fig.
4E). The presence or absence of rare M5 and M6 RNAs in the
PML brain could not be determined. The sequence of the 59
splice site at 730 used in M5 and M6, gcu/GUAAuU, is weakly
homologous to the consensus sequence for 59 splice sites. In
addition to M1 to M6 RNAs, several other fragments were
amplified from the PML brain tissue and transfected cells,
although their sequences remain unresolved. These are the
fragments about 2,000, 1,000, and 900 bp in length with V1-
Vect4 (Fig. 4B), that of about 540 bp with V1-VAS3 (Fig. 4C),
and that of about 1,010 bp with V2-VAS3 (Fig. 4E). Some of
them were consistently detected with different pairs of primers,

FIG. 4. Structures of M1 to M6 RNAs. JCV late RNAs, which span the
ORFs of VP1, VP2, and VP3, were analyzed by RT-PCR using total RNA
extracted from the biopsy specimen of a PML brain and those from COS-7 cells
transfected with VP231-SRa or AVP231-SRa. Six species of RNAs (M1 to M6)
were detected, and splice sites were determined by sequencing the RT-PCR
products. (A) Structures of M1 to M6 late RNAs schematically illustrated below
the organization of viral genomic DNA. Three 59 splice sites (filled triangles)
were identified at nt 490, 730, and 1583; two 39 splice sites (open triangles) were
identified at nt 1425 and 1952. Bold lines indicate the regions amplified by
RT-PCR; dotted lines indicate regions which are not determined experimentally.
Positions of the 59 termini of the primers are indicated below the structures of
the late RNAs. The 59 primers (and positions) are V1 (nt 429 to 448), V13 (nt
520 to 539), and V2 (nt 680 to 699); the 39 primer is VAS3 (nt 2068 to 2049). The
59 terminus of the 39 primer Vect4 is located 23 nt downstream of the stop codon
of VP1 (2531123). (B) RT-PCR products amplified with the primer pair V1-

Vect4 by using RNAs from cells transfected with VP231-SRa or AVP231-SRa.
The products of 1,192, 824, and 665 bp correspond to M2, M3, and M4 RNAs,
respectively. (C) RT-PCR products amplified with the primer pair V1-VAS3 by
using RNAs from the PML brain RNA [JCV(PML)] and those from COS-7 cells
transfected with VP231-SRa or AVP231-SRa. The products of 706, 338, and 179
bp correspond to M2, M3, and M4 RNAs, respectively. (D) RT-PCR products
amplified with the primer pair V13-Vect4 by using RNAs from COS-7 cells
transfected with VP231-SRa or AVP231-SRa. The product of 2,035 bp corre-
sponds to M1 RNA. (E) RT-PCR products amplified with the primer pair
V2-VAS3 from COS-7 cells transfected with VP231-SRa or AVP231-SRa. The
products of 1,389, 695, and 327 bp correspond to M1, M5, and M6 RNAs,
respectively. The control DNA is VP231-SRa, which contains the genomic frag-
ment of Tokyo-1. PCR products and 100-bp markers were electrophoresed on
0.8% agarose gels (B, D, and E) or 2% agarose gels (C) in Tris-acetate-EDTA
buffer.
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which may suggest that JCV has spliced RNAs other than M1
to M6.

JCV late RNAs are polycistronic RNAs. On JCV M1 to M4
RNAs, potential ORFs are deduced as presented in Fig. 5.
According to the scanning model (32, 33), translation begins
efficiently at the first AUG codon in the 59 proximity, although
translation also begins at a downstream AUG codon in some
cases. Within the most efficient sequence for translation initi-
ation, GCC ACC AUG G, counting A of the AUG codon as
11, a purine, preferably A at the 23 position (R23 5 A23 or
G23) and G at the 14 position (G14) are particularly signifi-
cant (33). Nucleotides which are significant for translation ini-
tiation are underlined.

M1 encodes the ORFs of the agnoprotein, VP2, VP3, and
VP1. However, it would be only the agnoprotein, VP2, and
VP3, but not VP1, that are translated from M1 RNA. The
AUG start codon for the agnoprotein is surrounded by the
sequence cug GCC AUG G (nt 269 to 278), which has both the
favorable nucleotides, G23 and G14 (nucleotides identical to
the consensus sequence are indicated in uppercase). The AUG
start codon for VP2 surrounded by the sequence of agg uuC
AUG G (nt 518 to 527) has G14 but lacks R23, while the AUG
start codon for VP3 surrounded by the sequence of cCa GCu
AUG G (nt 875 to 884) has both favorable nucleotides, G23

and G14. This observation suggests that the translation initia-
tion signal for VP3 may be more efficient than the initiation
signal for VP2. The ORF of VP1 is also present on M1 RNA;
however, it is unlikely that VP1 is translated from M1 RNA
due to the presence of at least 13 AUG triplets upstream of the
AUG start codon for VP1. Indeed, in the case of SV40, VP1 is
not translated from the 19S RNAs, although the ORF of VP1
is present on 19S RNAs (23).

M2 encodes the agnoprotein and VP1. Downstream of the
AUG start codon for the agnoprotein, the two AUG codons
(underlined) are located in frame at nt 1461 and 1467, CAU
AUG AAG AUG GCC (nt 1458 to 1472). These two AUG
codons are the potential AUG start codons for VP1. The
second AUG codon, surrounded by the sequence, aug Aag
AUG G, has the favorable nucleotides, A23 and G14; in con-
trast, the first AUG codon has neither R23 nor G14. Even
though it is not determined which AUG is used for translation
of VP1, the second AUG (nt 1467 to 1469) is tentatively as-
signed as the VP1 translation initiation signal as previously
suggested for JCV Mad1 strain (19).

M3 and M4 encode the agnoprotein and potentially new
ORFs. On M3 RNA, the ORF of VP1 is disrupted by splicing
at nt 1583/1952, and a new putative ORF (68 amino acids, nt
1467 to 1583 and 1952 to 2041) is generated. The N-terminal

region of this new ORF is identical to the N-terminal region of
VP1, but the frame is shifted in the C-terminal region down-
stream of the splice junction. On M4, the intron containing the
AUG start codons for VP2, VP3, and VP1 is excised by splicing
at nt 490/1952. Following the AUG start codon for the agno-
protein, the next three AUG codons are located within the
sequences aCC cag AUG G (nt 1960 to 1969), caa Aga AUG
c (nt 1981 to 1990), and caa Gua AUG a (nt 2004 to 2013).
Each of the AUG codons has either R23 or G14. If translation
is initiated from these AUG codons, the lengths of the trans-
lated peptides will be 14, 7, and 173 amino acids, respectively.
The ORF (173 amino acids, nt 2010 to 2531) which is identical
to the C-terminal region of VP1 is tentatively presented as a
potential new ORF (Fig. 5).

The presence of the ORF of the agnoprotein or the leader
sequence (nt 275 to 409) decreases the expression level of VP1.
JCV M1 to M4 RNAs are polycistronic RNAs and encode the
ORF of the agnoprotein in the leader sequence. It is not
known whether the leader sequence encoding the agnoprotein
influences expression of the downstream ORFs. To investigate
its potential effect on expression of major capsid protein VP1,
we transfected COS-7 cells with VP231-SRa or AVP231-SRa
and then compared the expression levels of M2 (VP1 mRNA)
and VP1 protein in cells transfected with each of the expres-
sion vectors. Transfection and replication efficiencies of the
two vectors were identical, based on analysis of plasmid DNAs
extracted from transfected cells.

First, to study the expression of M2 (VP1 mRNA), total
RNA was extracted from cells transfected with each of the
vectors. The harvested RNA was first diluted 1:10 and then
serially diluted twofold (1:10 to 1:2,560). The serially diluted
RNA was analyzed by RT-PCR with the primer pair V1-VAS3.
The products corresponding to the M2 fragment (706 bp) were
semiquantitatively compared. M2 expression from VP231-SRa
was slightly higher than that from AVP231-SRa (Fig. 6). This
small difference in M2 expression levels was within twofold.
RNA recovery from transfected cells was found to be nearly
identical by analyzing SV40 large T antigen RNA as an internal
control for COS-7 cells (Fig. 6).

Next, VP1 protein expression was examined in cells trans-
fected with VP231-SRa or AVP231-SRa by immunocytochem-
istry and radioimmunoprecipitation (Fig. 7). By immunocyto-
chemistry, when cells were transfected with VP231-SRa, 60 to

FIG. 5. ORFs encoded on M1 to M4 RNAs, deduced based on the scanning
model (32, 33). M1 RNA encodes the agnoprotein (71 amino acids, nt 275 to
490), VP2 (344 amino acids, nt 524 to 1558), and VP3 (225 amino acids, nt 881
to 1558). M2 RNA encodes the agnoprotein and VP1 (354 amino acids, nt 1467
to 2531). M3 RNA can encode the agnoprotein and a new potential ORF (68
amino acids, nt 1467 to 1583 and 1952 to 2041). M4 RNA can encode the
agnoprotein and another new potential ORF (173 amino acids, nt 2010 to 2531).

FIG. 6. M2 (VP1 RNA) expression levels in cells transfected with VP231-
SRa or AVP231-SRa. To test potential roles of the agnoprotein and its coding
sequence in expression of M2, COS-7 cells were transfected with VP231-SRa or
AVP231-SRa, and total RNA was extracted from the transfected cells. Total
RNA was first diluted 1:10 and then serially diluted twofold (1:10 to 1:2,560). The
RNA was analyzed by RT-PCR with the primer pair V1-VAS3; then the products
from M2 (706 bp) were semiquantitatively compared. M2 expression from
VP231-SRa-transfected cells was slightly higher than that from AVP231-SRa-
transfected cells. This small difference in M2 expression levels was roughly within
twofold. The same RNA recovery was demonstrated by analyzing SV40 large T
antigen RNA as an internal control for COS-7 cells.
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70% of cells were VP1 positive, while when cells were trans-
fected with AVP231-SRa, less than 5% of cells were VP1
positive (Fig. 7A). By radioimmunoprecipitation, VP1 was de-
tected as a strikingly dominant band in cells transfected with
VP231-SRa but was undetectable in those transfected with
AVP231-SRa. There was no evidence of degraded VP1 mol-
ecules in cells transfected with AVP231-SRa (Fig. 7B).

Therefore, the expression level of the VP1 protein was
markedly higher in cells transfected with VP231-SRa, in which
the sequence of nt 275 to 409, the 59 terminus of the agnopro-
tein, is deleted. This observation suggests that the presence or
absence of the ORF of the agnoprotein or the leader sequence
at nt 275 to 409 could regulate the expression level of VP1.
Since the difference in M2 (VP1 mRNA) expression levels

between the two vectors was much smaller, the presence of the
ORF of the agnoprotein or the leader sequence at nt 275 to
409 may decrease the expression level of VP1 mainly by sup-
pressing VP1 translation efficiency.

Inefficiency in nuclear transport of JCV VP1 is due to the
unique structure in the N-terminal sequence, KRKGERK. The
major capsid protein VP1 and minor capsid proteins VP2 and
VP3 are translated in the cytoplasm; then the three capsid
proteins are transported to the nucleus and assembled into the
virus particles. To study how VP1 is transported to the nucleus,
COS-7 cells were transfected with each of the three expression
vectors, AVP231-SRa, VP231-SRa, and VP1-SRa, and then
subcellular distribution of VP1 was examined by fluorescence
immunocytochemistry using a confocal microscope. When cells
were transfected with AVP231-SRa or VP231-SRa, VP1 was
efficiently transported to the nucleus (Fig. 8B and C). In con-
trast, when cells were transfected with VP1-SRa, VP1 was
present both in the cytoplasm and in the nucleus (Fig. 8D). In
some cells transfected with VP1-SRa, VP1 was distributed
predominantly in the cytoplasm and at lower levels in the
nucleus. These results indicate that JCV VP1 is efficiently
transported to the nucleus in the presence of VP2 and VP3 but
is distributed both in the cytoplasm and in the nucleus in their
absence.

In contrast to JCV VP1, SV40 VP1 has been shown to be
efficiently transported to the nucleus in the absence of VP2 and
VP3. The NLS of SV40 VP1 has been mapped to the N-
terminal region, K5R6K7 and K16K17, K19 (superscripts indi-
cate positions of residues in the amino acid sequence; bold-
faced residues are basic) (Fig. 8A) (28). This NLS of SV40 VP1
is encoded in the sequence, MAPTKRKGSCPGAAPKKPKE,
in which two clusters of basic amino acids, KRK and KKPK,
are separated with eight residues, GSCPGAAP. Therefore, the
NLS of SV40 VP1 is in a bipartite structure. A nearly identical
sequence is present in the N-terminal region of BKV VP1.
However, in the N-terminal region of JCV VP1, the basic
amino acids K5R6K7 and R10K11 are encoded in the sequence
MAPTKRKGERKD, in which KRK and RK are separated
with only two amino acids, GE, and the residues corresponding
to the six SV40 amino acids CPGAAP are missing. Thus,
unlike the NLS of SV40 VP1, the basic amino acids of JCV
VP1, KRK and RK, are encoded in a monopartite structure. A
recent study has reported that karyopherin a, which recognizes
NLS, harbors two NLS binding sites, suggesting that NLS in a
bipartite structure is more efficient than NLS in a monopartite
structure (13, 47). Therefore, we hypothesized that the basic
amino acids of JCV VP1, KRK and RK, in a monopartite
structure may not be as efficient in nuclear transport as the
NLS of SV40 VP1. To examine this hypothesis, we mutated the
JCV VP1 sequence by inserting the SV40 six amino acids
CPGAAP between KRK and RK. This VP1 mutant, desig-
nated Mut-1, has the sequence MAPTKRKGECPGAAPRKD,
in which KRK and RK are encoded in a bipartite structure.
When Mut-1 was expressed in COS-7 cells, Mut-1 was trans-
ported to the nucleus more efficiently and detected more
prominently in the nucleus than wild-type VP1. However,
Mut-1 was still distributed both in the cytoplasm and in the
nucleus (Fig. 8E). This observation indicates that inefficiency
in nuclear transport of JCV VP1, compared with SV40 VP1, is
not due only to a monopartite structure of KRK and RK. Next,
we thought that Mut-1 is not transported to the nucleus effi-
ciently, possibly because the basic amino acids RK in JCV VP1
are not as potent in nuclear transport as KKPK in SV40 VP1.
Therefore, we replaced the basic amino acids RK in Mut-1 with
KKPK to create Mut-2. The N-terminal sequence of Mut-2,
MAPTKRKGE9CPGAAPKKPKD20 is identical to the N-ter-

FIG. 7. Enhanced expression of VP1 by deleting the 59 termini of the
agnoprotein coding sequence (nt 275 to 409). To test potential roles of the
agnoprotein and its coding sequence in expression of VP1, COS-7 cells were
transfected with VP231-SRa or AVP231-SRa. Expression of VP1 was analyzed
by immunocytochemistry and radioimmunoprecipitation using the anti-JCV an-
tibody, which recognizes VP1. VP1 expression by VP231-SRa was strikingly
enhanced by deleting the 59-terminal region of the agnoprotein coding sequence
(nt 275 to 409, 135 bp). The increase in VP1 protein expression level was
markedly greater than the increase in M2 (VP1 RNA) RNA expression level,
suggesting enhanced translation efficiency. (A) Immunocytochemistry of cells
transfected with VP231-SRa (left) and AVP231-SRa (right). When cells were
transfected with VP231-Sra, 60 to 70% of cells were VP1 positive; when cells
were transfected with AVP231-SRa, less than 5% of cells were VP1 positive. (B)
Immunoprecipitation of 35S-labeled VP1 expressed by VP231-SRa and by
AVP231-SRa. VP1 expression by VP231-SRa was detected as a strikingly dom-
inant band, while VP1 expression by AVP231-SRa was undetectable.
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minal sequence of SV40 VP1 except for underlined residues.
When Mut-2 was expressed in COS-7 cells, Mut-2 was effi-
ciently transported to the nucleus (Fig. 8F). This result indi-
cates that inefficiency in nuclear transport of JCV VP1 is, also
in part, due to the basic amino acids of RK, which is not as
potent in nuclear transport as KKPK in SV40 VP1. Taken
together, these results suggest that inefficiency in nuclear trans-
port of JCV VP1 is due to the unique N-terminal sequence
KRKGERK, a monopartite structure of basic amino acids of
KRK, RK, and low potency of the RK residues in nuclear
transport.

Discrete intranuclear localization of VP1 in cells transfected
with AVP231-SRa and in those transfected with VP231-SRa.
Intranuclear distributions of VP1 and VP1 mutants were fur-
ther observed with a confocal microscope. When cells were
transfected with AVP231-SRa, VP1 was identified as speckles
in the nucleus, suggesting that VP1 is localized to discrete
subnuclear regions (Fig. 8B). When cells were transfected with

VP231-SRa, VP1 was expressed at higher levels and distrib-
uted discretely as speckles in the nucleus (Fig. 8C). Distribu-
tion of speckles in the nucleus was variable, depending on
levels of expression. When VP1 was expressed at a low level,
well-isolated speckles were identified mostly near the nuclear
membrane. When VP1 was expressed at a high level, speckles
were distributed in the entire area of the nucleus, with higher
density near the nuclear membrane. These features suggest
that the speckles are formed near the nuclear membrane and
then spread to the center of the nucleus when more speckles
are synthesized. When cells were transfected with VP231-SRa,
VP1 was localized both in the nucleus and in the cytoplasm
(Fig. 8D). In the nucleus, VP1 was distributed at higher density
near the nuclear membrane and at lower density near the
center. However, VP1 was distributed more diffusely in the
nucleus. The two VP1 mutants, Mut-1 and Mut-2, were trans-
ported to the nucleus more efficiently than wild-type VP1 (Fig.
8E and F). In the nucleus, both Mut-1 and Mut-2 were diffusely

FIG. 8. Distribution of VP1 in cells transfected with AVP231-SRa, VP231-SRa, or VP1-SRa and distribution of the two VP1 mutants, Mut-1 and Mut-2. To study
nuclear transport of VP1, COS-7 cells were transfected with each of the three expression vectors, and distribution of VP1 or the VP1 mutants was investigated by
immunocytochemistry using a confocal microscope. (A) The N-terminal sequences of JCV VP1, JCV VP1 mutants Mut-1 and Mut-2, SV40 VP1, and BKV VP1 are
aligned. In the N-terminal sequence of JCV VP1, the basic amino acids KRK and RK (in boldface) are encoded in a monopartite structure. In contrast, in the N-terminal
sequence of SV40 VP1, the two clusters of basic amino acids KRK and KKPK are encoded in a bipartite structure and identified as the NLS, as indicated with boldface
and underlining (28). Mut-1 encodes the basic amino acids KRK and RK in a bipartite structure, and Mut-2 encodes KRK and KKPK in a bipartite structure. In each
row of amino acid sequence, basic amino acids which are likely responsible for nuclear transport are indicated in boldface. (B and C) When cells were transfected with
AVP231-SRa or VP231-SRa, VP1 was efficiently transported to the nucleus and identified as numerous speckles, indicating that VP1 is accumulated in discrete
subnuclear regions, possibly with VP2 and VP3. (D) When cells were transfected with VP1-SRa, VP1 was distributed both in the cytoplasm and in the nucleus. VP1
was distributed more diffusely in the nucleus. (E) Mut-1 was transported to the nucleus more efficiently and detected more prominently in the nucleus than wild-type
VP1. However, Mut-1 was still distributed both in the cytoplasm and in the nucleus. In the nucleus, Mut-1 was distributed diffusely except for nucleoli, and no speckle
was identified. (F) Mut-2 was efficiently transported to the nucleus and distributed diffusely except for nucleoli. No speckle was identified in the nucleus.
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FIG. 9. Assembly of JCV recombinant particles in the nucleus of COS-7 cells transfected with VP231-SRa. A large number of round particles (40 nm in diameter)
and filamentous forms (30 nm in diameter) of the recombinant capsids were detected in the nucleus. The morphological features of these particles were identical to
those of JCV Tokyo-1 strain in oligodendrocytes of the brain of a Japanese PML patient (43, 44). Magnification: top, 310,000; center, 320,000; bottom, 340,000.
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distributed in the nucleus except for nucleoli, and speckles
were not identified. Taken together, these results suggest that
in the presence of VP2 and VP3, VP1 proteins are discretely
localized within the nucleus and identified as speckles. Al-
though the nature of speckles is not known, the discrete in-
tranuclear localization of VP1 suggests the presence of distinct
nuclear regions in which VP1 proteins, possibly with VP2 and
VP3, accumulated to a high density.

Assembly of JCV recombinant particles in nuclei of COS-7
cells transfected with VP231-SRa. Finally we investigated
whether the recombinant capsid proteins synthesized from the
expression vectors could be assembled into virus particles in
transfected cells (Fig. 9). COS-7 cells were transfected with
VP1-SRa or VP231-SRa and analyzed by electron microscopy.
When cells were transfected with VP1-SRa, no virus particles
were identified either in the nucleus or in the cytoplasm. In
contrast, when cells were transfected with VP231-SRa, a large
number of round particles (40 nm in diameter) and filamen-
tous forms (30 nm in diameter) of the recombinant particles
were identified in the nucleus but not were found in the cyto-
plasm. The morphological features of these particles were
quite similar to those of JCV Tokyo-1 identified in oligoden-
drocytes in the brain of a Japanese PML patient (43, 44). The
proportion of round particles and filamentous forms was vari-
able in each COS-7 cell. Within the nucleus, both round par-
ticles and filamentous forms were observed at higher density
near the nuclear membrane and at lower density near the
center. In most of cells, round particles were present closer to
the nuclear membrane compared with the filamentous forms.
In PML brains, the crystalloid arrangements of virions were
detected in the nucleus and clusters of virions surrounded by
membranes were observed in the cytoplasm by electron mi-
croscopy (41, 43, 44). However, these structures were not iden-
tified in cells transfected with VP231-SRa.

DISCUSSION

Structures of JCV late RNAs. JCV and SV40 are similar with
respect to genome organization in the late region encoding the
agnoprotein, VP2, VP3, and VP1. However, the structures of
JCV late RNAs are substantially different from those of SV40
late RNAs due to different splicing patterns (Fig. 10A). In
JCV, splice sites are absent within the ORF of the agnoprotein
but present within the ORF of VP1. In SV40, however, splice
sites are present within the ORF of the agnoprotein but absent
within the ORF of VP1. To better understand the differences
between the two viruses, sequences of the 59 and 39 splice sites
in JCV and SV40 are compared with those of the correspond-
ing region as shown in Fig. 10B.

JCV M1 corresponds to the SV40 19S RNAs. In JCV, RNAs
spliced in the leader sequence were not detected. In contrast,
in SV40 19S RNAs, the leader sequence of most RNAs is
spliced at either nt 294/558, nt 373/558, or nt 526/558. This
difference can be explained by the absence of 59 splice sites in
the JCV leader sequence. The JCV sequence does not have a
59 splice site corresponding to the SV40 59 splice site at nt 294
due to the sequence divergence. The JCV sequence of
AAa313GUuAGU (JCV nt 311 to 319) corresponds to the
SV40 59 splice site at nt 373 in the sequence of AAG373/
GUucGU (SV40 nt 371 to 379). However, in JCV, the a at nt
313 differs from the consensus sequence for the 59 splice sites,
while in SV40 the G at nt 373 conforms to the consensus
sequence. At nt 490 and 520, the JCV sequences well corre-
spond to the SV40 59 splice sites at 526 and 39 splice site 558,
respectively. The JCV sequences at these positions also well
conform to the consensus sequences for 59 or 39 splice sites.

Although JCV splicing at nt 490/520 was not detectable in this
study, it is still possible that JCV late RNAs are spliced at nt
490/520 at a low level, since SV40 RNA spliced at 526/558
represents only 1% of the total late RNAs (24, 61).

JCV M2 corresponds to the SV40 16S RNAs. The sequences
of the 59 splice sites (JCV nt 490; SV40 nt 526) and the 39 splice
sites (JCV nt 1425; SV40 1463) used in these RNAs are highly
conserved between the two viruses and nearly identical to the
consensus sequences for splice sites. About one-fifth of the
SV40 16S RNAs (16% of the total late RNAs) is spliced in the
leader sequence at nt 294/435. However, in JCV the sequence
corresponding to the SV40 59 splice site of nt 294 is not present
due to the sequence divergence.

JCV M3 and M4, and potentially M5 and M6, may be RNAs
unique to JCV. SV40 late RNAs which correspond to JCV M3
to M6 have not been reported. JCV M3, M4, and M6 RNAs
use the 39 splice site at nt 1952, ggUggUUUUUaaUUaCAG/a

FIG. 10. Structures and splice sites of late RNAs of JCV and SV40. JCV and
SV40 share 70% nucleotide identity and have similarities in organization of the
genomic DNA. Structures and splice sites of the late RNAs of the two viruses
show similarity to some extent but are substantially different from each other.
(A) Structures of the late RNAs of JCV and SV40 illustrated under the genome
organization. The 59 and 39 splice sites are indicated by closed and open triangles,
respectively. In addition to the corresponding splice sites between the two vi-
ruses, JCV has splice sites which disrupt the ORF of VP1 and possibly VP2, while
SV40 has splice sites which disrupt the ORF of the agnoprotein. The levels of the
different species of the SV40 late RNAs are from Good et al. (24) and So-
masekhar and Mertz (61). In the JCV late RNAs, dotted lines indicate the 59
ends of the late RNAs, which have not been determined experimentally in
Tokyo-1. In the SV40 late RNAs, dotted lines indicate the heterogeneous 59 ends
of the late RNAs resulting from the multiple RNA start sites. (B) Alignment of
nucleotide sequences of the splice sites and the corresponding sequences be-
tween JCV and SV40. Nucleotides identical to the consensus sequences defined
for splice sites are indicated by boldfaces uppercase letters. Exon-intron bound-
aries are indicated by slashes. The 59 and the 39 splice sites are marked with
closed and open triangles, respectively.
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(JCV 1934 to 1952). The corresponding SV40 sequence UgUg
UUagCaaaCUaCAG G (SV40 1996 to 2014) does not have a
pyrimidine stretch as in JCV, and so this position in SV40 may
not be used as a 39 splice site. M5 and M6 are minor species of
JCV late RNAs. The low amounts of M5 and M6 can be
explained by the sequence of the 59 splice site at nt 730, gcu/
GUAAuU (nt 728 to 736), which is weakly homologous to the
consensus sequence.

Translation. Our data suggested that the presence of the
ORF of the agnoprotein or the leader sequence at nt 275 to
409 can decrease the expression level of JCV VP1 (Fig. 7). In
SV40, the presence of the AUG start codon for the agnopro-
tein decreases VP1 translation efficiency on the major 16S
RNA (64% of the total late RNAs) (Fig. 10A) (25, 52). How-
ever, the SV40 16S RNAs are heterogeneous in the leader
sequence, in one of which the AUG start codon for the agno-
protein is removed by splicing at nt 294/435 (16% of the total
late RNAs). VP1 is translated more efficiently from this RNA.
It has been also suggested that this 16S RNA is more fre-
quently used for VP1 translation despite the lower level of
RNA expression than the major 16S RNA (4). In the same
manner, SV40 VP2 and VP3 are efficiently translated from the
19S RNAs that are spliced in the leader sequence and the
AUG start codon of the agnoprotein is deleted (23, 52).

In JCV, however, splicing is not evident in the leader se-
quence of the late RNAs. The AUG start codon for the agno-
protein is present upstream of the AUG start codon for VP1
on M2 RNA and also upstream of those for VP2 and VP3 on
M1 RNA. Therefore, in JCV, translation of the capsid proteins
may not be as efficient as in SV40. As shown in Fig. 7, the
presence of the ORF of the agnoprotein or the leader se-
quence at nt 275 to 409 can decrease the expression level of
VP1. Although a low, steady expression level of VP1 may be
due to reduced VP1 synthesis or rapid VP1 degradation, it is
likely that in JCV, as in SV40, the presence of the AUG start
codon for the agnoprotein would decrease the translation ef-
ficiency of VP1 and possibly VP2 and VP3.

Nuclear transport. JCV VP1 is unique in that it is distrib-
uted both in the cytoplasm and in the nucleus in the absence of
VP2 and VP3 (Fig. 8). In contrast, SV40 VP1 (28) and mouse
polyomavirus VP1 (11, 42) are autonomously transported to
the nucleus. Our mutation analysis indicated that inefficient
nuclear transport of JCV VP1 is due to the unique structure in
the N-terminal sequence, KRKGERK (Fig. 8). Although in
insect cells JCV VP1 has been reported to be autonomously
transported to the nucleus (9), this discrepancy can be ex-
plained, in part, by distinct mechanisms of nuclear transport in
mammalian cell lines and in insect cells. A discrepancy has
been also reported for mouse polyomavirus VP2, which was
localized in the nucleus in COS-7 cells (10) but found primarily
in the cytoplasm and nuclear periphery in insect cells (17).

JCV VP1 is efficiently transported to the nucleus in the
presence of VP2 and VP3 (Fig. 8). Cooperation of JCV capsid
proteins in nuclear transport was further examined by cotrans-
fection experiments. The vector VP23-SRa was constructed by
inserting the fragment of JCV Tokyo-1 (nt 410 to 1725) en-
coding the coding sequences of VP2 and VP3. When cells were
cotransfected with both VP1-SRa and VP23-SRa, VP1 was
efficiently transported to the nucleus (data not shown). Simi-
larly, in SV40 and mouse polyomavirus, cotransfection exper-
iments have demonstrated cooperative nuclear transport of the
capsid proteins (7, 29). When the NLS of VP1 in SV40 or
mouse polyomavirus was deleted or mutated, VP1 was local-
ized in the cytoplasm, but it was transported to the nucleus in
the presence of VP2 or VP3. It has been interpreted that the
NLS-defective VP1 is associated with VP2 or VP3 in the cyto-

plasm and then cotransported to the nucleus via the NLS of
VP2 and VP3. Direct interaction of VP1 with VP2 and VP3
has also been demonstrated by coimmunoprecipitation (6, 7,
16, 18, 20). The NLSs of SV40 VP2 and VP3 (GPNKKKRKL)
and of mouse polyomavirus VP2 and VP3 (EEDGPQKKKR
RL) have been mapped to their C-terminal regions (10, 21, 67).
In the C-terminal region of JCV VP2 and VP3, we find the
amino acid sequence GPNKKKRRK, which is nearly identical
to the NLS of SV40 VP2 and VP3 and related to the NLS of
mouse polyomavirus VP2 and VP3 (Fig. 11). Therefore, in
JCV, it is also likely that VP1 is associated with VP2 or VP3 in
the cytoplasm and then cotransported to the nucleus via the
NLS of VP2 or VP3.

In JCV, interaction of VP1 with VP2 or VP3 in the cyto-
plasm may be a critical step for efficient nuclear transport,
since VP1 is distributed both in the cytoplasm and in the
nucleus in the absence of VP2 and VP3. In contrast, in SV40
and mouse polyomavirus, each capsid protein has its own NLS,
and so the capsid proteins have the potential to be transported
to the nucleus individually (10–12, 18, 21, 28, 42, 67). Our
findings for JCV support previous interpretations regarding in
SV40 and mouse polyomavirus (6, 7, 16–18, 20, 29) that the
capsid proteins interact in the cytoplasm and then coopera-
tively are transported to the nucleus. We are now preparing
antibodies for VP2 and VP3 to further study interactions of
VP1, VP2, and VP3 for nuclear transport.

Capsid assembly in the nucleus. We have shown that JCV
recombinant particles are assembled in the nucleus of cells
transfected with VP231-SRa encoding VP1, VP2, and VP3
(Fig. 9). The agnoprotein was not essential for capsid assembly
in our system. Both round particles and filamentous forms
were identified, similarly to oligodendrocytes of the brains of
PML patients.

When cells were transfected with AVP231-SRa or VP231-
SRa, VP1 was identified as speckles in the nucleus with a con-
focal microscope. This observation indicates that VP1 is local-
ized to discrete subnuclear regions and not distributed uniformly
in the nucleus. In contrast, when cells were transfected with VP1-
SRa, VP1 was distributed more diffusely. By electron microscopy,
recombinant virus particles were identified as clusters of round
and filamentous forms in the nucleus of cells transfected with
VP231-SRa. Distribution of clusters of virus particles detected
by electron microscopy was consistent with distribution of speck-
les detected by confocal microscopy. The nature of speckles
remains unresolved; however, observation of these speckles
indicates that VP1 molecules are accumulated in discrete re-
gions within the nucleus, possibly with VP2 and VP3. It is in
these subnuclear regions that the three capsid proteins can be
assembled into virus particles, or the virus particles assembled
elsewhere can gather each other and organize clusters. Detec-
tion of nuclear speckles with a confocal microscope is partic-
ularly important, since it suggests the future application of this
system in studying dynamic interaction of the three capsid pro-
teins during capsid assembly in analyses using living cells.

FIG. 11. Comparison of the C-terminal sequence of VP2/VP3 between JCV
Tokyo-1, Mad1, BKV, SV40, and mouse polyomavirus (PyV). The NLS of SV40
VP2/VP3 mapped by Clever et al. (12) and that of PyV VP2/VP3 was mapped by
Chang et al. (10) are indicated with boldface underlined letters. By sequence
comparison, the putative NLS of JCV VP2/VP3 (GPNKKKRRK) as well as that
of BKV VP2/VP3 are indicated in boldface.
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The structures of SV40 and mouse polyomavirus have been
determined by crystallography (26, 35, 62, 63). The outer sur-
face of these virus particles is composed of 72 pentamers of
VP1. At the inner surface, VP2 and/or VP3 has been reported
to be extended from the axial cavity of the 72 VP1 pentamers
to the core of the virus particles (26). A similar viral structure
is expected for JCV. Slow and inefficient replication has been
a major barrier in studying the late life cycle of JCV. By using
a eukaryotic expression system, we have overcome this diffi-
culty and elucidated unique features of the JCV late life cycle,
especially in splicing, translation, nuclear transport, and capsid
assembly. Our system provides a useful model with which to
understand the late events of the JCV replication cycle and the
structures and functions of the three capsid proteins, VP1,
VP2, and VP3.
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