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We cloned several unique forms of woodchuck hepatitis virus, a DNA virus
closely related to hepatitis B virus, from a chronically infected woodchuck liver.
Each of the three clones contained more than two genome equivalents of viral
sequences with extensive rearrangements and no detectable cellular sequences.
From the frequency by which they were isolated from a library of recombinant
clones, we estimate that they are present in approximately one copy per cell. Of a
total of 11 sites at which rearrangements were mapped in the clones, 10 occurred
between segments of opposite polarity, and 1 occurred between segments of the
same polarity. The possible significance of these findings to the persistence of
virus production in infected cells is discussed.

Woodchuck hepatitis virus (WHV) has pro-
vided an animal model for the study of hepatic
infections by the novel family of DNA viruses,
of which hepatitis B virus is the prototype (13).
WHV infections are frequently found in wood-
chucks which are captured from the wild, and a
high proportion of these woodchucks develop
hepatocellular carcinoma when kept in captivi-
ty. Every case of hepatocellular carcinoma ob-
served in captive woodchucks so far has been
associated with either portal hepatitis or chronic
active hepatitis (11).
Due to the close correlation between chronic

active hepatitis and hepatocellular carcinoma,
studies have been conducted to investigate the
role ofWHV DNA in the occurrence of hepato-
cellular carcinoma. WHV DNA has been found
to be integrated in the nuclear DNA of most
hepatocellular carcinomas (J. Summers, W. Og-
ston, G. Jonak, S. Astrin, G. Tyler, and R.
Snyder, unpublished data), and the structures of
two of these integrated genomes have been
determined (8). To investigate further the signifi-
cance of integrated WHV DNA in hepatitis
infections in general, we looked for integrated
WHV DNA in chronically infected liver tissue
which showed no signs of tumor formation.
The approach we took to investigate the prob-

lem was to generate a library of clones contain-
ing nuclear DNA from a chronically infected
woodchuck liver, using lambda phage (Charon
30) as a vector. Our results yielded two classes
of recombinants which contained WHV DNA
sequences. The first class of clones are the novel
forms ofWHV which are described in this paper
and which occur at approximately one copy per
cell. The second class of clones comprised

WHV DNA sequences covalently integrated
into liver nuclear DNA. The structure of the
integrated clones, which also occur at a frequen-
cy of approximately one copy per cell, will be
reported in a second paper which is now in
preparation.

MATERIALS AND METHODS
Tissues and strains. Woodchuck liver HW197 was

obtained from a chronically infected woodchuck (Mar-
mota monax ) from a colony housed at the Penrose
Research Laboratory, Zoological Society of Philadel-
phia, during a liver biopsy.
Lambda phage, vector Charon 30 (9), was kindly

supplied by F. R. Blattner and was grown in Esche-
richia coli LE392 by the method of Enquist and co-
workers (5, 6).
DNA extractions, partial digestion. Nuclear DNA

was extracted from liver HW197 as previously de-
scribed (8). Lambda phage Charon 30 DNA and DNA
from recombinant clones were isolated by the method
of VandeWoude et al. (14), in which phage are purified
by pelleting through a 40% glycerol step gradient.
EcoRI-digested arms of Charon 30 were isolated, free
of stuffer fragments, by agarose gel electrophoresis
through 1% Sea Plaque agarose (SeaKem) and extrac-
tion from the agarose (4). Liver nuclear DNA (HW197)
was partially digested before cloning as follows: 50 jig
of DNA in EcoRI buffer was digested with 16 U of
EcoRI enzyme (New England Biolabs; 1 U digests 1
,ug of X DNA in 15 min) for 5 min before adding sodium
dodecyl sulfate to 0.1%. Labeled lambda Hindlll
fragments were included in the digestion mixture as a
control for partial digestion. The degree of partial
digestion was determined by running a small portion of
the sample on an agarose gel, drying the gel on 3MM
paper, and autoradiographing. The faint appearance of
new lambda bands due to the partial digestion of the
labeled HindlIl fragments indicated the degree of
EcoRI partial digestion. In the sample used for clon-
ing, the digestion had proceeded to approximately 10
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to 15% completion. HW197 partial digest DNA frag-
ments between 4.4 and 17 kilobases (kb) were isolated
after preparative agarose gel electrophoresis through a
1% Sea Plaque agarose gel. This DNA was used for
cloning in the EcoRI arms of Charon 30.

Cloning and Southern blot analysis. Partial EcoRI-
digested HW197 DNA was ligated to the vector arms
of Charon 30 and packaged in vitro by slight modifica-
tions of the method of Blattner et al. (2) as previously
described (8). Recombinants containing WHV se-
quences were screened by the method of Benton and
Davis (1).

Southern blot analysis of genomic DNA and recom-
binant phage DNA was carried out as previously
described (12). The hybridization of Southern blots of
recombinant DNA was carried out for only 30 min at
37°C with approximately 1 x 107 cpm of 32P-labeled
DNA prepared from cloned WHV DNA (4) using
DNA polymerase 1 (12).

End-labeling and partial digestion. Recombinant
phage DNA (10 ,ug) was digested with SalI and puri-
fied by adding 0.1% sodium dodecyl sulfate, 10 mM
Na2 EDTA, and 50 mM NaCl, extracting one time with
phenol, and ethanol precipitating. The DNA was taken
up in water to a concentration of 1.1 mg/ml. The
method of Smith and Birnstiel (10) was used for end-
labeling, and the final conditions for the T4 polymer-
ase end-labeling of SalI-digested DNA were as follows
(in a 5-,uJ reaction): 550 ,ug of DNA per ml, 66 mM
potassium acetate, 33 mM Tris acetate (pH 7.8), 10
mM magnesium acetate, 0.5 mM dithiothreitol, 100 ILg
of bovine serum albumin per ml, 0.1 mM dCTP, 0.1
mM dGTP, 0.1 mM [32P]dTlT (Amersham Corp.; spe-
cific activity, 410 Ci/mmol), and 0.6 U of T4 polymer-
ase (Bethesda Research Laboratories). The reaction
was incubated for 15 min at 11°C, stopped by the
addition of 0.1% sodium dodecyl sulfate, 20 mM
EDTA, and 0.1 M NaCl, extracted one time with
phenol, and precipitated with ethanol. The end-labeled
DNA (4.56 x 10 cpm incorporated) was taken up in
water, and XhoI buffer was added, followed by XhoI
digestion. Approximately 0.4 Fg of end-labeled XhoI-
digested DNA containing 60,000 cpm was mixed with
2.6 ,ug of calf thymus DNA and digested with 1 U of
the approximate restriction enzyme for partial diges-
tions lasting 10 min. The partial digestion products
were separated on 0.8% agarose gels. The gels were
then dried on 3MM paper and autoradiographed with
Kodak X-Omat film for 16 to 24 h.

Restriction endonuclease analysis of complete di-
gests of cloned DNA in Charon 30 was carried out by
standard methods, using agarose gel electrophoresis,
visualization, and photography of bands under UV
light after staining with ethidium bromide.

Electron microscopy. Electron microscopy of cloned
DNA and heteroduplex analysis were carried out as
previously described (8).

RESULTS
Mapping and doning of viral DNA from wood-

chuck liver HW197. The complete nucleotide
sequence of the WHV genome was recently
published (7). Since variations in the restriction
endonuclease map of the virus can occur be-
tween isolates obtained at different locations, we
decided to map the free viral DNA present in the
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FIG. 1. Restriction endonuclease mapping of vege-
tative WHV DNA from chronically infected HW197
liver nuclear DNA by electrophoresis through a 1%
agarose gel, Southern blotting, and hybridization with
cloned WHV DNA. Nuclear DNA (5 ,ug) digested with
appropriate enzymes was run in each lane. Lane A,
EcoRI, one band hybridized which was 3.3 kb of full-
length linear WHV; lane B, EcoRI and BamHI; lane C,
EcoRI and BglII; lane D, EcoRI and Sacl; lane E,
EcoRI and HindIII; lane F, EcoRI and XbaI; lane G,
HindIII and BamHI; lane H, HindIII and XbaI; lane I,
X HindlIl digest standards became visible upon longer
exposure of autoradiogram; lane J, undigested nuclear
DNA.

nuclear DNA from liver HW197 by the Southern
blot method. Various enzymes which were pre-
dicted to cut the viral sequences one time,
according to the published sequence, were
mapped with respect to the single EcoRI site,
using double digests, agarose gel electrophore-
sis, and hybridization of the Southern blot with
WHV DNA cloned in pBR322 (Fig. 1). Two
unexpected results were obtained from this map-
ping experiment: first, the viral DNA of HW197
contained an additional XbaI site at approxi-
mately 1,180 base pairs (bp) compared with the
published WHV sequence. Second, a single
SacI site was located at 2,480 bp, very close to
the BglII site (Fig. 1), instead of close to the
HindIII site where it occurs in the prototype.
The other restriction endonuclease sites mapped
in the places predicted by the published se-
quence. The circular map of WHV 197 is shown
in Fig 2. Integrated viral DNA was not detected
in the blot of HW197 DNA (Fig. 1), indicating
that integrated DNA was not present in the same
genomic location in a majority of the cells. This
result is different from that observed with human
liver tissue infected with hepatitis B virus, in
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WHV 197

FIG. 2. Restriction endonuclease map ofWHV 197
DNA obtained from Southern blot analysis of nuclear
DNA from liver HW197 (Fig. 1) and restriction endo-
nuclease analysis of cloned HW197 DNA.

which Southern blots of genomic DNA have
revealed specific high-molecular-weight bands
which contain hepatitis B virus integrated in
genomic DNA (3).

Viral DNA in the genomic DNA preparation
from HW197 liver was linearized with HindlIl,
isolated by agarose gel electrophoresis and phe-
nol extraction of 3.2- to 3.4-kb DNA fragments,
and cloned into the Hindlll site of lambda
phage, Charon 30. Restriction mapping of the
clone, isolated by screening using the Benton-
Davis method (1), confirmed the map initially
obtained by the Southern blot method (data not
shown).

Rationale and results of cloning partial digests
of HW197 DNA. Our initial goal was to screen a
genomic library of recombinant clones contain-
ing woodchuck DNA for the presence of inte-
grated WHV sequences. We prepared a partial
EcoRI digest of HW197 DNA and separated
fragments between 4.4 and 17 kb by agarose gel
electrophoresis. These fragments were ligated
into the EcoRI arms of Charon 30. This proce-
dure afforded a triple selection against the clon-
ing of free viral DNA present in the HW197
nuclear DNA preparation. First, the minimum
size piece of DNA which is clonable at the
EcoRI site of lambda Charon 30 arms is 4.4 kb,
and the free viral DNA is only 3.3 kb. Second,
DNA smaller than 4.4 kb was eliminated by
extracting partially digested DNA between 4.4
and 17 kb from the agarose gel. Third, the EcoRI
partial digestion was approximately 15% com-
plete, thereby eliminating 85% of the free viral
DNA due to the lack of digestion at the single
EcoRI.
Approximately 2 x 106 recombinant phage

were prepared by in vitro packaging of recombi-
nant DNA and were screened. Assuming that an
average of 10 kb of HW197 DNA was present

per recombinant, we calculated that this screen-
ing encompassed approximately four genome
equivalents of HW197 DNA (approximately 5 x
106 kb ofDNA per woodchuck genome). A total
of five clones were isolated which contained
viral sequences. Two of these clones contained
viral sequences integrated in genomic DNA, and
the structure of these clones will be reported in a
separate paper. The other three clones con-
tained what we have termed "novel" forms of
WHV, containing exclusively viral sequences.
We will present three separate lines of evidence
to support the structures which we propose for
these novel forms, including (i) restriction endo-
nuclease mapping using partial digests of end-
labeled DNA, (ii) heteroduplex analysis, and (iii)
confirmation of the maps constructed from the
first two lines of evidence by observing frag-
ments produced by single and double restriction
endonuclease digestions of the cloned DNA
using agarose gel electrophoresis.

Southern blot analysis of clones HW197-1, -3,
and -4. The initial EcoRI digestion of clones
HW197-1, -3, and -4 revealed that each clone
contained three EcoRI fragments (Fig. 3).

23.8-
9.6-
6.6-
4.4

FIG. 3. EcoRI restriction endonuclease digestion
of clones HW197-1, -3, and -4 and analysis of WHV
DNA sequences by Southern blotting and hybridiza-
tion with WHV [32P]DNA probe. The left lane of each
pair is the EcoRI restriction fragment pattern of cloned
DNA in lambda Charon 30. Vector arms are bands at
15, 23, and 38 kb. The right lane of each pair is the
autoradiogram of the Southern blot of each EcoRI
profile after hybridization with WHV 32p probe DNA.
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Southern blot analysis of the clones hybridized
with WHV DNA unexpectedly revealed that all
of the cloned EcoRI fragments contained viral
sequences. This indicated that the clones con-
tained more than a single genome length of viral
sequences because the integration of a single
genome-length fragment would be expected to
yield only two EcoRI fragments containing viral
sequences. Very weak hybridization was ob-
served for the 2.1-kb fragment of HW197-1 and
the 3.5-kb fragment of HW1974.
To determine whether any of these clones

contained cellular sequences, we performed the
following experiment. Liver DNA from a normal
uninfected woodchuck was digested with
EcoRI, and the fragments were blotted onto
nitrocellulose paper after agarose gel electro-
phoresis. Separate lanes of the blot were hybrid-
ized with probes from each of the clones. In four
replicate experiments, none of the clones was
observed to hybridize to the normal liver DNA,
indicating that the clones contained no cellular
DNA sequences or at most a very small amount
(-0.3 kb or less). Control digests of calf thymus
DNA containing one genome equivalent of
WHV DNA standard were run alongside the test
lanes in several experiments, and they clearly
revealed a hybridizing band at 3.3 kb, as was
expected for free WHV DNA. Clones HW197-2
and HW197-5, which contain WHV integrated in
genomic DNA, each produced strong bands
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upon hybridization to normal woodchuck DNA
(manuscript in preparation).

Partial digests of novel-form clones HW197-1,
-3, and -4. The rationale for restriction mapping
using end-labeling and partial digestion is out-
lined in Fig. 4. The success of the method
depended on the fact that none of the clones
contained either an XhoI or a SalI site. There-
fore, it was possible to end label each clone at
the Sall site in the right arm of Charon 30 (Fig.
4B). This procedure produced three labeled frag-
ments, the clone plus 1 kb of right-arm se-
quences labeled on the right end, a 1.0-kb inter-
nal Sall fragment from the right arm of Charon
30 labeled on both ends, and a 10.2-kb fragment
of the right arm, labeled on the left end. XhoI
digestion of the entire preparation was carried
out after end-labeling with T4 DNA polymerase
(Fig. 4B) and resulted in the removal of the label
from the left end of the 10.2-kb fragment. The
final product contained three labeled fragments:
(i) the cloned DNA labeled at the right end, (ii) a
1.0-kb internal Sall fragment, and (iii) a 0.5-kb
SalI-XhoI fragment. The latter two fragments
served as standards and did not interfere with
the mapping of partial digests, all of which were
greater than 1.0 kb.

End-labeled DNA of clone HW197-1 was par-
tially digested with each of the enzymes which
cut HW197 one time and one enzyme that cuts
twice, and the partial digests were separated on

Protocol for mapping HW 197 Clones
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FIG. 4. Rationale for restriction endonuclease mapping using end-labeling with T4 DNA polymerase followed
by partial digestion of cloned DNA in vector Charon 30. (A) Map of Charon 30 vector (-) containing clonSd
DNA (=) with multiple EcoRI sites and no Sall (S) or XhoI (Xh) sites. (B) 32P-end-labeled fragments (S)
produced after Sall digestion, T4 polymerase end-labeling, and XhoI digestion. (C) Labeled fragments produced
upon partial digestion of end-labeled DNA with EcoRI. The partial digestion products were separated by ararose
gel electrophoresis, and the gels were autoradiographed. The autoradiographs of dried gels are shown in Fig. 5.
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FIG. 5. Autoradiograms of dried agarose gels containing the 32P-end-labeled partial digestion products of
clones HW197-1, -3, and -4 digested with the indicated enzymes and separated by agarose gel electrophoresis.
The band at 23.8 kb in all of the lanes is undigested labeled DNA. The largest EcoRI band in the right lane
represents the entire piece of cloned DNA plus 1 kb of the right arm of Charon 30 vector. The restriction sites on
the clone are determined by reading down the ladder of bands in order from the largest to the smallest band. The
smallest EcoRI is the 1.0-kb labeled fragment from the right arm of Charon 30 (see protocol, Fig. 4).

an agarose gel (Fig. 5). The enzyme digests were
organized on the gel in the order by which the
restriction sites appear in the virus, beginning
with the HindIll site and proceeding through the
EcoRI and XbaI sites (XbaI is a two-cut enzyme
and not all of the data for XbaI mapping are
included). This procedure allowed us to deter-
mine the orientation of viral sequences in the
clones. In Fig. 5, HW197-1, the largest EcoRI-
generated fragment (the 23.8-kb band is undi-
gested material from partial digestion), repre-
sents the extreme left-hand EcoRI site of the
cloned DNA (clones inserted in Charon 30 at the
EcoRI site), and the order of internal restriction
sites in the clone can be determined by proceed-
ing down from the largest EcoRI fragment
(which represents the entire clone plus 1.0 kb of
the right arm of Charon 30), reading the restric-
tion sites in the "ladder" of fragments to the
smallest EcoRI fragment, which is the right-
hand EcoRI site located on the 1.0-kb fragment
of the right arm of Charon 30. By this analysis
method, it became evident that the restriction
sites on HW197-1 appeared to be colinear with
viral restriction sites from the left-hand EcoRI
site through the HindlIl site (bands between 9.6

and 8 kb; Fig. 5), following which there is an
inverted copy of the same region of the viral
genome through the viral HindIII site to the
EcoRI site (bands between 8 and 6.0 kb, Fig. 5).
These sequences are followed by a direct repeat
of the same sequences, as is revealed by the set
of bands between 4.4 and 2.2 kb (Fig. 5), which
occur in the sanmd orientation as the preceding
set of bands. When one calculates the sizes of
the partial digest fragments, the map of restric-
tion sites obtained reveals that most of the sites
are spaced the same distances apart from each
other as they appear in the intact cloned viral
DNA. This indicated to us that they represented
stretches of viral DNA and that there was a large
inverted repeat in viral sequences around the
HindIII site followed by a direct repeat of viral
sequences. A new BglII site, not present in
HW197 viral DNA, was observed 400 bp from
the right-hand EcoRI site (Fig. 5; BglII HW197-
1). This site lies in viral sequences since it is
flanked by XbaI sites that are in positions rela-
tive to the EcoRI site expected from the viral
map (Fig. 2); therefore, we conclude that this
site must have arisen by mutation. This mutant
BglII site is not present in other copies of this
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FIG. 6. Heteroduplex analysis of clones HW197-1 (A), HW197-3 (B), and HW197-4 (C). Charon 30 DNA was
hybridized to each of the HW197 clones, and the hybrids were observed under the electron microscope. The
interpretation of each figure is presented below the electron micrograph: mmn, double-stranded DNA;
single-stranded DNA.

segment of the viral genome which are present in
the cloned novel form.
An analysis similar to the one carried out for

HW197-1 was also carried out for clones
HW197-3 and HW197-4. The partial digest of
HW197-3 shown in Fig. 5 again revealed a set of
directly repeated viral sequences (bands be-
tween 13 and 8 kb; Fig. 5) followed by an
inverted repeat of the same sequences (bands
between 6.6 and 4.4 kb; Fig. 5). These se-
quences were followed by a second inversion
which was accompanied by the deletion of the
EcoRI and BamHI sites because the EcoRI and
BamHI bands, which would be expected if it
was an inversion without a deletion, are missing
from the last set of viral bands (bands between
4.4 and 2.2 kb; Fig. 5). The labeled 0.5-kb SalI
fragment from the Charon 30 right arm is also
visible on this gel.

Partial digestion analysis of end-labeled
HW197-4 DNA is also shown in Fig. 5. The
interpretation of this gel was complicated by the
fact that the Sall digestion, carried out before

labeling, was incomplete. Therefore, each partial
digestion fragment of the cloned DNA is repre-
sented by two bands which are 0.5 kb apart (0.5
kb is the distance between the SalI sites in the
right arm of Charon 30). Each set offragments is
represented by a heavy band and a light band,
which is the SalI partial digestion product. Tak-
ing this into account, it is evident that this clone
does not contain the long stretches of colinear
viral DNA between the HindIII and EcoRI di-
gestion sites. Several of the sites present on the
restriction map which was constructed from
these data did not lie at the position expected
when the viral DNA was present as an uninter-
rupted viral DNA sequence. It was necessary to
postulate that this clone contained six sites at
which inversions in the viral sequences were
accompanied by deletions of adjacent viral se-
quences to explain the position of the various
restriction endonuclease sites. Electron micro-
scopic analysis of heteroduplex structures was
necessary to formulate this postulation, and
these data will be presented in the next section.
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It should be noted that the left and right ends
of each of the novel form clones contained
EcoRI sites which were accompanied by either a
BamHI site approximately 80 bp away or an
XbaI site approximately 400 bp away. This is the
result that would be expected if the left or right
EcoRI sites were in viral sequences, and the
presence of viral sequences at the ends of the
clones is taken as additional evidence supporting
the conclusion that these clones contain exclu-
sively viral sequences.
Heteroduplex analysis of clones HW197-1, -3

and -4. The restriction maps obtained from the
partial digest data led us to conclude that there
were inverted repeat viral sequences in each of
the clones. To test our conclusions by an inde-
pendent method, we examined the secondary
structures ofDNA heteroduplexes of each clone
with Charon 30. Under the conditions which we
chose for the experiments, inverted repeat se-
quences would be expected to reanneal with
themselves and appear as hairpin-like structures
and loops within the clone.
The characteristic heteroduplex structures ob-

served for each clone are presented in Fig. 6A
through C along with an interpretation of the
structures below it. HW197-1 contained "lolli-
pop" structures located at the extreme right and
left ends of the clone. These structures resulted
from inverted duplications in which some of the
viral sequences were deleted to one side of the
inversion site. Upon reannealing, the deleted
sequences present on only one side of the inver-
sion did not hybridize and appear as a single-
stranded loop (Fig. 6A). The length of the invert-
ed sequences was determined, using the internal
Charon 30 stuffer fragment as a molecular
weight standard. When the length of the inverted
repeats was compared with the restriction map,
the inversion sites were located between the
HindIII sites on the left side of the clone and the
XbaI sites on the right side of the clone, within
the region in which they were expected from the
restriction map. The actual sequences involved
in the inverted repeat structures have been de-
noted by arrows below the final map of clone
HW197-1 shown in Fig. 7A, line 2.
The same process of analysis, comparing ob-

served secondary structures with the restriction
map from partial digests, was done for clones
HW197-3 and -4. Two inverted duplications
were also observed in clone HW197-3. In this

case, however, one of the resulting hairpin
structures did not have a single-stranded loop at
the end, indicating a nearly symmetrical ar-
rangement of the inverted sequences. The por-
tions of HW197-3 participating in the hairpins
are shown in Fig. 7B, line 2, below the restric-
tion map.
The secondary structure of HW197-4 was

very complex, as we had predicted. Two differ-
ent figures were observed under the electron
microscope. The most prevalent form observed
is the one illustrated in Fig. 6C. An important
aspect of this figure is the fact that the single-
stranded loop of the large hairpin hybridizes
specifically to a section of the clone to its left.
The restriction map predicts a possible inversion
around the XbaI sites located between 2.8 and
3.8 kb which could form a large hairpin. The
map also predicts that a homologous section of
DNA in the opposite orientation is located at the
XbaI site at 5.35 kb. We take the fact that the
loop of the large hairpin often hybridized to the
segment of DNA at 5.3 kb from the right end as
confirmation of the restriction map in which the
XbaI site at 5.35 kb is homologous to the XbaI
site at 3.8 kb, but that the two sequences are in
opposite orientation, thus allowing the hybrid-
ization of the hairpin loop. A similar result was
also observed for clone HW197-1. The single-
stranded loops on each hairpin showed sequence
homology with segments in the center of the
clone which are in opposite orientation and were
often observed to be hybridized to the center of
the clone. This is evident for one of the hairpin
loops in Fig. 6A. The other secondary structure
of HW197-4 has not been included for the sake
of brevity but supports the proposed restriction
map (see the diagram under Fig. 7C, line 2, for a
summary of the orientation of the viral se-
quences in HW197-4).

Restriction endonuclease mapping using com-
plete digests. As a final step in the characteriza-
tion of the novel forms, single and double digests
of the cloned DNA were analyzed by agarose gel
electrophoresis. These experiments enabled us
to confirm the restriction map by observing the
fragments predicted by the partial digest data
(Fig. 7A through C). It was important to confirm
the order of some sites on the restriction map to
establish the orientation of the viral sequences,
particularly for clone HW197-4. One example in
which this was done was to test the orientation

FIG. 7. Restriction endonuclease maps of the HW197 clones. (A) HW197-1; (B) HW197-3; (C) HW197-4.
Line 1 in each section, Final restriction endonuclease map. Line 2 in each section, Arrows defining the
orientation of segments of the clone with regard to the 5'-. 3' direction of the minus strands of viral DNA. Line 3
in each section, Diagram of the restriction endonuclease fragments observed upon single and double digestion of
the cloned DNA in Charon 30. These data were used for final confirmation of the above maps obtained from
partial digestions.
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of the BamHI sites on the right-hand side of
clone HW197-4. If the BamHI site at 2 kb was to
the right of the EcoRI site, it would have been a
simple model to propose a single inversion
around the HindIII site at 1.0 kb, and the rest of
the viral sequences through 4.0 kb would be
colinear with the viral genome. However, the
opposite orientation of the BamHI site required
at least two more inversions to explain the
occurrence of the BglII and Sacl sites at 1.3 kb
and the XbaI site at 2.8 kb. The size of the
restriction fragments observed after the diges-
tion of HW197-4 with BamHI only or BamHI
plus EcoRI unequivocally established the posi-
tion of the BamHI site to the left of the EcoRI
site at 1.9 kb because BamHI alone cuts out a
piece of a size identical to that of the 1.9-kb
EcoRI fragment, which could not be the case if
the BamHI site were to the right of the EcoRI
site. Therefore, we proposed inversions at 0.7,
1.6, and 2.5 kb. The secondary structures ob-
served for HW197-4 confirmed that these inver-
sions occur at the expected positions.
Another case in which restriction digestion

confirmed an unexpected restriction site was in
clone HW197-1. A BglII site was observed in the
partial BglII digest which did not coincide to an
expected BglII site in the viral sequences (Fig.
5). It was necessary to confirm the presence of
this BglII site and map it with respect to the viral
restriction sites present in its vicinity. BglII
digestion confirmed the position of the BglII site
at 0.45 kb from the right side (Fig. 7A, line 3),
and BgII-XbaI double digestion showed that
approximately 50 bp were cut off the BglII
fragments by XbaI, thus locating a XbaI site 0.4
kb from the EcoRI site. This is the position
predicted for the XbaI site if the sequences are
viral. The BamHI-XbaI double digest provided a
second confirmation of the position of the XbaI
site at 0.4 kb from the right arm of Charon 30.

Various single and double digests of each of
the clones were analyzed by agarose gel electro-
phoresis. The fragments observed for each di-
gest were reconciled exactly to the maps which
had already been constructed. These results are
summarized as line drawings of the restriction
maps, showing the fragments observed for di-
gests of each clone with different enzymes (Fig.
7A through C).

DISCUSSION
The original cloning experiment that we con-

ducted was designed to isolate cellular DNA
fragments containing integrated viral sequences

from a chronically infected liver. Three of the
clones that we isolated after screening 2 x 106
recombinant phage contained the novel forms of
WHV which we have described in this paper. In
four separate experiments, we looked for the
presence of cellular DNA sequences in these
clones by hybridizing them to Southern blots of
EcoRI-digested normal uninfected liver DNA.
We did not observe hybridization to any cellular
sequence in these experiments. We also estab-
lished the fact that the extreme right and left
EcoRI sites of each clone are viral EcoRI sites
because they are Ibcated next to either a BamHI
site, which is approximately 80 bp away, or next
to an XbaI site, which is approximately 400 bp
away, as is expected for viral EcoRI sites.
Therefore, none of the clones appears to consist
of anything other than viral sequences.
We established the structure of the DNA

sequences of these novel forms by three inde-
pendent lines of evidence. The initial restriction
maps were obtained by partial digestion of end-
labeled cloned DNA with enzymes that cut the
virus. Three enzymes that do not cut the virus,
XhoI, SalI, and KpnI, also did not cut the
clones, providing further circumstantial evi-
dence for the lack of nonviral sequences. Cer-
tain secondary structures were predicted from
the restriction maps obtained from partial diges-
tions, and these structures were confirmed to be
present with heteroduplex analysis. The pres-
ence of secondary structures in the denatured
DNA also explains the faint hybridization of
some of the inserts seen in the Southern blot in
Fig. 3. Finally, we used restriction endonuclease
single and double digests to confirm the pres-
ence of the restriction fragments predicted by
the map obtained with partial digests and elec-
tron microscopic analysis.
At what stage did the rearrangements in the

viral sequences occur? It is unlikely that these
alterations occurred during the propagation of
the recombinant phage since they are strictly
confined to the region of the viral insert, where-
as no rearrangements were observed in the
lambda cloning arms. Moreover, similar rear-
rangements were observed in recombinant
clones of WHV DNA derived from viral ge-
nomes integrated into the cellular DNA of two
hepatomas (8). The latter rearrangements could
be confirmed to be present in the tumor DNAs
by Southern blot analysis. Thus, it is likely that
the rearrangements observed were already pres-
ent in the DNA in the infected tissue.
The origin of these novel forms is not clear.

FIG. 8. Structure of the novel forms in relationship to the intact circular viral map. The solid lines represent
sections of the clone which are colinear with the viral map, and the arrows indicate progression from the left- to
right-hand ends of the clone. Sections of the maps which appear as dashed lines connect sections of the genome
which are adjacent in the clones. Symbols: h-*, Left end of clone; +-i, right end of clone; , viral DNA
segments in the clone; ----, connections between segments of viral DNA present in the clone.
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The rearranged cloned DNA segments were
generated by a partial digestion with EcoRI and
may have been derived by excision from still
larger segments of DNA. Such DNA molecules
may have been of chromosomal origin, i.e., viral
segments integrated into the host cell genome,
or they may have been extrachromosomal, con-
sisting of only viral sequences. Alternatively,
each of the cloned segments may have been
generated by a single cleavage in a circular viral
form containing multiple rearrangements. In the
latter case, viral sequences at the two RI ends of
the cloned segment would have been adjacent in
the uncleaved circular molecule and, therefore,
in the same orientation. Since this is the case in
the three clones isolated, the latter possibility
cannot be excluded.

Figure 8 is presented for the purpose of illus-
trating the complex structure of the novel forms
in relationship to the viral genome. It can be
seen that two major features of the cloned novel
forms are the presence of multiple copies of viral
sequences within the same molecule and the
preponderance of reversals of polarity of the
viral sequences at the sites at which rearrange-
ments are found. Of 11 such sites, 10 occurred
between segments of opposite polarity. More-
over, the same viral segment is present as many
as four times in the same molecule (e.g., the
HindIll site in clone HW197-3). These features
suggest a process involving either rearrange-
ments and duplications occurring in the same
molecule, for example, during DNA replication,
or multiple recombinational events among dif-
ferent molecules of viral DNA.
Not all classes of virus-specific DNA in infect-

ed cells are likely to participate in such a process
of rearrangement. The major pathway for DNA
synthesis by hepatitis B virus-like viruses ap-
pears to proceed through the production of
multiple RNA copies of the viral genome, pre-
sumably by the transcription of duplex DNA.
These genomic RNAs are assembled into viral
cores and subsequently reverse-transcribed into
viral DNA, as a step in virus maturation (12).
Thus, at least two classes of viral DNA must
exist in infected cells. One class consists of
progeny virion DNA in the process of being
synthesized de novo inside assembled viral
cores. These molecules are not likely to be
transcriptionally active or necessary for the per-
sistence of the infection at the cellular level, nor
are these packaged DNAs likely to be the pre-
cursors of the novel forms since they are pre-
sumably unable to undergo DNA replication or
to recombine with other DNA molecules. The
majority of virus-specific DNA in infected cells
consists of these packaged forms. A second
class consisting of duplex viral DNA must serve
as the template for the transcription of genomic

and mRNAs. This class of molecules must be
continually present for the production of viral
particles by the infected cell. The structure of
the transcriptionally active viral DNA is not
known; however, closed circular viral DNA has
been detected as the major species of duplex
DNA in the nucleus of infected cells, at a
frequency of about 50 copies per cell or about
2% of the total viral DNA in the infected cell
(unpublished data). Transcriptionally active vi-
ral DNAs in the nucleus would seem to be likely
targets for the process that generates the novel
forms since they would be accessible to the
replicative and recombinational machinery of
the cell. Rearrangements introduced into these
molecules would be expected to destroy their
ability to participate in replicative functions, and
this process may account, in part, for the gradu-
al decline in virus production that occurs in
chronic infections. Although novel forms were
estimated to be rare (average of about one copy
per cell), their frequency may become signifi-
cant in any one cell relative to the number of
transcriptionally active forms. Thus, novel
forms may be the end products of a process that
gradually attenuates viral replication by destroy-
ing forms of viral DNA that are essential for
continued virus production. Such a process, in
the extreme, could lead to the resolution of the
infection at the cellular level.
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