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Human polyomavirus JC (JCV) adapted to growth in human embryonic kidney
(HEK) cells contains two or more species of shorter-length viral DNA even after
two cycles of plaque purification in HEK cells. We have molecularly cloned JCV
DNA from one plaque isolate and determined the physical map of its DNA. Using
gel electrophoresis and electron microscopy, we found that the cloned DNA
consisted of two classes of JCV DNA. One class of DNA had a deletion of 30%
(between 0.7 and 1.0 map units from the EcoRlI site) and an insertion of 1% at the
same site in the late region. The other had a deletion of 35% (0.18 to 0.53 map
units) and an insertion of 12% at the same site in the early region of the JCV
genome. Both DNAs had added sequences near the origin of DNA replication.
From their structure, the two DNAs appear to complement each other. These
results indicate that the HEK-adapted JCV may be replicating by complementa-

tion between two defective mutants.

Human polyomavirus JC (JCV), which was
isolated from human brain tissue of a patient
with progressive multifocal leukoencephalo-
pathy (17), has a highly restricted host range and
grows efficiently only in primary human fetal
glial cells rich in spongioblasts (16). In search of
more readily available host cells, JCV was
adapted to growth in human amnion cells (23)
and human embryonic kidney (HEK) cells (15).
We have observed that after adaptation JCV
grew almost as efficiently in HEK cells as it
primary human fetal glial cells. Since the proto-
type JCV(Mad-1) grows poorly in HEK cells, it
appeared that a new host range mutant of JCV,
designated as JC-HEK, had been selected dur-
ing serial passage in HEK cells.

The DNA from JC-HEK was found to be
heterogeneous and of shorter length than the
wild-type Mad-1 DNA (15). Although the DNA
from JC-HEK plaque isolates was less hetero-
geneous, it was still composed of two or more
species of viral DNA (15). From these observa-
tions we have postulated that JC-HEK is either a
viable deletion mutant or a mixture of two
complementing defective mutants.

In the present study we have molecularly
cloned DNA from a JC-HEK plaque isolate. The
cloned DNA was found to consist of two classes
of DNA, each with deletions. One class of DNA
had a deletion in the late region and the other
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had a deletion in the early region of the JCV
genome. Thus, JC-HEK appears to grow by
complementation between two defectives.

MATERIALS AND METHODS

Viral DNA. Viral DNA was extracted by the method
of Hirt (9) from HEK cells (Microbiological Asso-
ciates, Rockville, Md.) infected with plaque-purified
JC-HEK P1-04 (15). Supercoiled circular DNA, iso-
lated from the low-molecular-weight DNA fraction by
the ethidium bromide-buoyant density method (19),
was used as a source for molecular cloning. JC-HEK
P1-0O4 DNA contained more than two classes of viral
DNA as described previously (15).

Restriction endonucleases. EcoRI, BamHI, HindlII,
and Hincll were purchased from Bethesda Research
Laboratories, Inc., Rockville, Md. The conditions for
digestion of DNA were according to the supplier’s
instructions. The enzymes were used at concentra-
tions at least four times higher than was necessary to
digest the DNA completely.

Molecular cloning. The procedure for molecular
cloning was essentially as described by Israel et al.
(11). The mixture of JC-HEK P1-O4 DNA and bacteri-
al plasmid pBR322 (1) DNA was digested with either
BamHI or EcoRI. The cleaved linear DNAs were
incubated at 12°C for 14 h with T4 ligase (Bethesda
Research Laboratories) in a solution containing 66 mM
Tris-hydrochloride (pH 7.6), 6.6 mM MgCl,, 0.4 mM
ATP, and 10 mM dithiothreitol. The products of the
ligation reaction were used for transformation of Esch-
erichia coli K-12 (strain HB101) bacteria under condi-
tions described by Cohen et al. (3), and ampicillin-
resistant transformants were selected for further
screening. Bacterial colonies transformed by the
BamHI ligation mixture were screened for tetracycline
sensitivity. Those transformed by EcoRI ligation mix-
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ture were screened for JCV DNA sequences by the
colony filter hybridization technique (7) with JCV
DNA labeled in vitro by nick translation (20). Selected
bacterial colonies were grown in 10 ml of L broth, and
plasmid DNA was extracted by the rapid isolation
method (5). For characterization, DNA (undigested or
digested with restriction endonucleases) was subjected
to agarose gel electrophoresis. Two recombinant plas-
mids, pJC(1-4) and pJC(2-7), used for comparison
were generous gifts from Peter Howley, National
Cancer Institute, Bethesda, Md. pJC(1-4) is pBR322
containing a prototype JCV Mad-1 DNA insert at the
BamHI site, and pJC(2-7) is pBR322 containing two
JCV Mad-1 inserts at the EcoRlI site.

Extraction of recombinant DNA. Plasmid DNA was
prepared from chloramphenicol-amplified bacterial
cultures (2). Supercoiled circular DNA was extracted
by a modification of the clear lysate procedure (8) and
was purified by the dye-buoyant density method (19).

Agarose gel electrophoresis. DNA samples were
adjusted to 8% sucrose and 0.025% bromophenol blue
and subjected to electrophoresis in either horizontal
0.6% agarose or vertical 1.2% agarose slab gels. The
running Tris-borate buffer (pH 8.2) contained 89 mM
Tris, 89 mM boric acid, and 2.5 mM EDTA. After
running, gels were stained in buffer containing 0.5 pg
of ethidium bromide per ml. DNA bands were visual-
ized and photographed on a short-wavelength UV
transilluminator.

Electron microscopy. The electron microscope he-
teroduplex method was essentially that of Davis et al.
(4), and the conditions were described previously (24,
25). For electron microscopy, recombinant DNA was
digested with either BamHI or EcoRI and purified by
the dye-buoyant density method (19).

Biological assay of DNA. For assay of antigen-form-
ing activity, linear JC-HEK DNA was released from
recombinant plasmid by digestion with EcoRI. HEK
monolayer cultures were infected with DNA by the
DEAE-dextran method (6) and were examined by the
indirect immunofluorescence method. The antisera
used were described previously (15).

RESULTS

Molecular cloning of JC-HEK DNA. The JC-
HEK P1-4 DNA sample used for cloning was
heterogeneous, but the major proportion of the
molecules was composed of two classes of
DNA, one of which was sensitive and the other
of which was resistant to digestion with BamHI.
Nine of 12 ampicillin-resistant, tetracycline-sen-
sitive bacterial colonies which were transformed
by the BamHI ligation mixture had recombinant
plasmids containing one pBR322 and one JCV
DNA ligated at the BamHI site. Digestion of
recombinant DNA with BamHI released linear
DNA molecules of the two. Digestion with
EcoRI showed that there were two types of
recombinant molecules with the opposite orien-
tation of insertion. After combined digestion
with BamH]I, HindIIl, and HinclIl, the cleavage
patterns of viral DNA from these nine clones
were identical (data not shown).

About 500 bacterial colonies transformed by
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the EcoRI ligation mixture were screened for
JCV DNA sequences by the colony hybridiza-
tion method. JC-HEK DNA labeled in vitro
hybridized to DNA from about 100 colonies.
Plasmid DNA from 24 bacterial colonies with
JCV DNA sequences were characterized by
digestion with EcoRI, BamHI, HindIIl, and
Hincll. Seventeen of 24 bacterial colonies con-
tained recombinant plasmids consisting of
pBR322 molecules inserted with one JCV DNA
molecule at the EcoRI site. Ten of 17 colonies
had JCV DNA sensitive to BamHI digestion.
The cleavage patterns of JC-HEK DNA cloned
at EcoRlI and sensitive to BamHI were identical
to those of JC-HEK DNA cloned at the BamHI
site. These molecules were designated JC-HEK-
A.
Six of seven clones of the JC-HEK DNA
which were inserted to pBR322 DNA at the
EcoRl site and resistant to BamHI digestion had
identical cleavage patterns after digestion with
EcoRI and HindIll and with the same two
enzymes and Hincll (data not shown). The
BamHI-resistant DNA was designated JC-HEK-
B. One bacterial colony had BamHI-resistant
JCV DNA slightly shorter than JC-HEK-B.
Plasmid DNA containing JC-HEK-A or JC-
HEK-B inserts was prepared from chloram-
phenicol-amplified cultures of the representative
bacterial colonies and analyzed further as de-
scribed below.

Characterization of cloned JC-HEK DNA. Fig-
ure 1 shows the cleavage maps of prototype
JCV(Mad-1) DNA (14) and plasmid vector
pBR322 DNA (22). Two recombinant plasmid
DNAs containing JCV(Mad-1) DNA were used
for comparison. JCV DNA was inserted into
pBR322 DNA at the BamHI site in recombinant
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FIG. 1. Physical maps of prototype JCV(Mad-1)
DNA and plasmid vector pBR322 DNA. The restric-
tion endonuclease cleavage sites for JCV DNA (5.13
kilobases long) are based on the data reported by
Martin et al. (14), and those for pBR322 (4.36 kilobases
long) are based on the data reported by Sutcliffe (22).
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plasmid pJC(1-4) (10). Two molecules of JCV
DNA were ligated to pBR322 DNA at the EcoRI
site (P. Howley, personal communication).
Three representative plasmid DNAs (pJCO010,
pJC522, and pJC507) were used for characteriza-
tion by restriction endonuclease cleavage fol-
lowed by agarose gel electrophoresis. The
BamHI-sensitive JC-HEK-A DNA had been in-
serted into pBR322 DNA at the BamHI site in
pJCO010 and at the EcoRI site in pJC522. The
BamHI-resistant JC-HEK-B DNA had been in-
serted into pBR322 DNA at the EcoRI site in
pJC507.

The linear JC-HEK-A and JC-HEK-B DNAs,
upon release from recombinant plasmids by
BamHI or EcoRI digestion, moved faster than
JCV(Mad-1) DNA, which is 5.1 kilobases long
(14), and more slowly than pBR322 DNA, which
is 4.3 kilobases long (22), as shown in Fig. 2
(lanes 3, 4, and 5). Figure 2 also shows that JC-
HEK-A DNA was shorter than JC-HEK-B
DNA. JC-HEK-A DNA from pJC522 was
cleaved once with BamHI, yielding two frag-
ments (Fig. 2, lane 7), whereas JC-HEK-B DNA
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FIG. 2. Cloned JC-HEK DNA. Electrophoresis
was done in a 0.6% agarose slab gel at 100 V for 3 h.
pJC(1-4) and pJC(2-7) are pBR322 plus JCV(Mad-1)
DNA. pJC010 and pJC522 are pBR322 plus JC-HEK-
A DNA. pJC507 is pBR322 plus JC-HEK-B DNA.
Lanes: 1, simian virus 40 DNA digested with EcoRI; 2,
pBR322 digested with EcoRI; 3, pJC(1-4) digested with
BamHl; 4, pJC522 digested with EcoRI; 5, pJC507
digested with EcoRI; 6, pJC(2-7) digested with EcoRI
plus BamHI; 7, pJC522 digested with EcoRI plus
BamHI,; 8, pJC507 digested with EcoRI plus BamHI;
9, pBR322 digested with EcoRI plus BamHI; 10,
simian virus 40 digested with HindIII.
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FIG. 3. Restriction endonuclease cleavage patterns
of cloned JC-HEK DNA. Electrophoresis was done in
a 1.2% agarose slab gel at 100 V for 3 h, 10 min. pJC(1-
4) and pJC(2-7) are pBR322 inserted with JCV(Mad-1)
DNA at the BamHI and EcoRI site, respectively.
pJC010 and pJC522 are pBR322 inserted with JC-
HEK-A at the BamHI and EcoRlI site, respectively.
pJC507 is pBR322 inserted with JC-HEK-B at the
EcoRlI site. Lanes: 1, pBR322 digested with BamHI
plus EcoRI plus HindIll; 2, pJC(1-4) digested with
BamHI plus EcoRI plus HindIII; 3, pJC010 digested
with BamHI plus EcoRI plus HindIIl; 4, pJC(2-7)
digested with EcoRI plus HindlIIl; 5, pJC522 digested
with EcoRI plus HindIIl; 6, pJC507 digested with
EcoRlI plus HindIIl; 7, pBR322 digested with EcoRI
plus HindIII; 8, simian virus 40 digested with HindIII.

from pJC507 was uncleaved with BamHI (Fig. 2,
lane 8).

As shown in Fig. 1, digestion of JCV(Mad-1)
DNA with HindIII results in the production of
three fragments: A, B, and C. EcoRlI cleaves the
HindIII-A fragment once, yielding A1 and A2
fragments. The BamHI site is opposite (0.51
map units [m.u.]) the EcoRlI site and within the
HindIII-A fragment. EcoRl, HindIIl, and
BamHI cleave pBR322 DNA once (Fig. 1).
Digestion of pJC(1-4) and pJC(2-7) plasmids
[containing pBR322 and JCV(Mad-1) DNA] with
appropriate enzymes generated the cleavage
patterns shown in Fig. 3 (lanes 2 and 4), which
are consistent with the results reported by Mar-
tin et al. (14). Cleavage of pJC010, pJC522, and
pJC507 DNAs revealed that JC-HEK-A and JC-
HEK-B DNAs lacked fragments A2 and Al,
respectively (Fig. 3, lanes 3, 5, and 6). From
these results the changes of JC-HEK-A and JC-
HEK-B DNAs were located in the A2 and Al
regions, respectively, of the JCV genome (Fig.
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1). It should be noted that the A2 fragment of
507 DNA always moved slightly faster than the
A2 fragment of JCV(Mad-1).

The negative of Fig. 3 (lanes 4, 5, and 6) was
traced with a densitometer (data not shown),
and the areas under bands were compared with
those of HindIIl fragments of JCV(Mad-1). It
was found that 522 DNA contained about 1.4
times as much fragment C DNA, and 507 DNA
contained twice as much fragment B and C DNA
as JCV(Mad-1) DNA. These results suggest that
JC-HEK-B DNA may contain tandem repeats of
fragments B and C.

The homology of base sequences of
JCV(Mad-1) DNA and JC-HEK DNAs was ex-
amined by the electron microscope heterodu-
plex method. Heteroduplex molecules formed
between BamHI-linear JCV(Mad-1) DNA [from
pJC(1-4)] and BamHI-linear JC-HEK-A (from
pJC010) and those formed between EcoRI-linear
JCV(Mad-1) DNA [from pJC(2-7)] and EcoRI-
linear JC-HEK-B (from pJC507) were photo-
graphed, and each section of the molecule was
measured on magnified images of the negatives.
Figure 4A shows a summary of measurements
on 58 heteroduplexes between BamHI-linear
Mad-1 and JC-HEK-A DNAs, some of which
are shown in Fig. 4B, C, D, and E. Figure 4F
shows a summary of the measurements on 28
heteroduplexes between EcoRI-linear Mad-1
and JC-HEK-B DNAs, some of which are
shown in Fig. 4G, H, and I. JC-HEK-A DNA
had an inserted DNA of 0.16 m.u. and a deletion
of 0.31 m.u. JC-HEK-B DNA had a deletion of
0.35 m.u. (with an insertion of 0.12 m.u. at the
same site) and an added DNA of 0.13 m.u. From
the cleavage patterns produced by restriction
endonucleases (Fig. 3) and the measurements on
the heteroduplexes (Fig. 4), the deletions and
insertions of JC-HEK-A and JC-JEK-B DNAs
were mapped with reference to Mad-1 DNA
(Fig. 5).

The location of the insertion loop of 0.13 m.u.
on 28 JC-HEK-B heteroduplexes (Fig. 4F) var-
ied between 0.61 and 0.74 m.u., as indicated by
relatively large standard deviations for the dou-
ble-stranded sections adjacent to the loop. Since
the densitometer tracing showed that JC-HEK-
B DNA contained two B and two C fragments,
we concluded that there is a tandem repeat of
the region from B to C in JC-HEK-B DNA.

Biological activity of cloned JC-HEK DNA.
HEK cover slip (10 by 30 mm) cultures were
infected with 0.4 ug of EcoRI-digested pJC522
(linear JC-HEK-A) or pJC507 (linear JC-HEK-
B) in the presense of 100 ug of DEAE-dextran
per ml. Four days after infection 0.05 to 0.1% of
the cells were T antigen positive in the cultures
infected with 522 DNA, but no V antigen-posi-
tive cells were found even 7 days after infection.
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Neither T- nor V-antigen production was detect-
ed in the HEK cultures infected with 507 DNA
on days 4 and 7 after infection. The results of
these experiments indicate that JC-HEK-A
DNA had the intact early region of JCV genome,
whereas the JC-HEK-B DNA was defective in
the early function.

DISCUSSION

The present study has demonstrated that
DNA from JC-HEK P1-04 contains two types of
DNA, JC-HEK-A and JC-HEK-B, as the major
species. DNAs from JC-HEK P1-03, P1-O4, P1-
05, P1-06, and P1-08 (15) were digested with
EcoRlI and HindIII and subjected to electropho-
resis in an agarose slab gel, together with simi-
larly digested pJC522 and pJC507 DNAs (data
not shown). The results showed that all the
plaque-isolates examined appeared to generate
fragments originating from JC-HEK-A and JC-
HEK-B DNAs. It is likely, therefore, that the
virus particles containing these two DNAs are
common to these plaque isolates.

As shown in the physical maps of JC-HEK
DNA (Fig. 5), both JC-HEK-A and JC-HEK-B
DNAs have large deletions, each at a different
region. It is unlikely that DNA molecules with
such large deletions are viable. Structurally, the
two DNAs are complementary. We suggest,
therefore, that JC-HEK may grow in HEK cells
by complementation between the two defective
mutants. In our previous study (15), plaque
formation by JC-HEK did not appear to follow
two-hit kinetics as expected for complementa-
tion, and plaques developed at lower dilutions.
We postulate that perhaps plaques were formed
by the initial infection with aggregates of two
kinds of virus particles. It was recently reported
that another human polyoma virus, the RF strain
of BK virus, grows by complementation be-
tween two defective viruses (18).

Little is known about the genetic map of JC
virus. From base sequence homology, the
JCV(Mad-1) DNA has been aligned to simian
virus 40 DNA and BKV DNA with reference to
the EcoRI cleavage site (13). The study suggests
that the early region of JCV genome covers
HindIII fragments C, B, and most of fragment
A1l (Fig. 5). Since linear JC-HEK-A DNA could
induce T-antigen production in HEK cells de-
spite its large deletion of 0.3 m.u., it must have
the intact early region. Resuits of the biological
assay support the relationship between the phys-
ical and genetic maps of JCV as presented by
Law et al. (13).

JC-HEK virus can grow efficiently in HEK
cells, whereas the prototype Mad-1 cannot.
Since JC-HEK is a host range mutant, its DNA
must be different from JCV(Mad-1) DNA. The
possible site of mutation responsible for the
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0.31 + 0.017

A 0.03 + 0.008
0.16 + 0.013

0.50 + 0.012

l

0.01 + 0.006

QO'BS = 0.019

F 0.18 + 0.013

0.16 + 0.036
0.32 + 0.029

4
0.12 + 0018 / !
0.13 + 0018

on 58 molecules consisting of BamHI-linear JC-HEK-A (from pJC010) and BamHI-linear JCV(Mad-1) DNAs.
The thick line represents the double-stranded section, and the thin line represents the single-stranded section.
Measurement shows that JC-HEK-A DNA is 14% shorter than JCV(Mad-1) DNA. (B, C, D, E) Electron
micrograph of heteroduplex for (A). Bar, 0.5 um. (F) Summary of measurements on 28 molecules consisting of
EcoRlI-linear JC-HEK-B (from pJC507) and EcoRI-linear Mad-1 DNAs. JC-HEK-B DNA was 9% shorter than

JCV(Mad-1) DNA. (G, H, I) Heteroduplex for (F).

altered host range involves the region near the
origin of DNA replication, as shown recently
with the polyoma host range mutants (12, 21).
JC-HEK-A and JC-HEK-B DNAs have inserted
DNA sequences near the replication origin (Fig.
5). Apparently, the insert of 0.13 m.u. in JC-
HEK-B DNA is the tandem repeat of the
HindIII B to C region. Since JC-HEK-A DNA
appears to be transcribed first in HEK cells to

express the early genes, it should have the
altered DNA segment associated with host range
mutation. It is possible that the DNA insert of
0.16 m.u. near the origin of replication (Fig. 5) is
responsible for the altered host range and that
without a deletion in another region the DNA
would be too large to be packaged into mature
virions. Further characterization of this DNA
insert and its adjacent region is now in progress.
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FIG. 5. Physical maps of cloned JC-HEK DNA. The alignment of the physical map to the genetic map is from
Law et al. (13). The EcoRlI site is the reference point in the physical map. The origin of replication (O) is believed
to be at 0.67 m.u. The solid black section represents the segment homologous to Mad-1 DNA. The hatched
sections represent added DNA.
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