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Research Articles

Biochemical and Genetic Evidence for the
Hepatitis B Virus Replication Strategy

CHRISTOPH SEEGER, DON GANEM, HArROLD E. VARMUS

Hepatitis B viruses synthesize their open circular DNA
genomes by reverse transcription of an RNA intermedi-
ate. The details of this process have been examined with
the use of mammalian hepatitis B viruses to map the sites
for initiation and termination of DNA synthesis and to
explore the consequences of mutations introduced at
short, separated direct repeats (DR1 and DR2) implicat-
ed in the mechanisms of initiation. The first DNA strand
to be synthesized is initiated within DR1, apparently by a
protein primer, and the completed strand has a short
terminal redundancy. In contrast, the second DNA strand
begins with the sequence adjacent to DR2, but its 5’ end
is joined to an oligoribonucleotide that contains DR1;
thus the putative RNA primer has been transposed to the
position of DR2. It is now possible to propose a detailed
strategy for reverse transcription by hepatitis B viruses
that can be instructively compared with that used by
retroviruses.

NA-DIRECTED DNA SYNTHESIS, FIRST DESCRIBED FOR

retroviruses (1, 2), is now recognized as the probable means

for transfer of genetic information in various other settings,
such as the replication of hepatitis B (3) and cauliflower mosaic
viruses (4); the transposition of some eukaryotic mobile elements,
including the yeast Ty elements (5-7) and the copia-like elements of
Drosophila (8); and the generation of several repeated components of
eukaryotic genomes, including processed pseudogenes (9, 10), some
repeated dispersed sequences (11), and possibly the abundant Alu-
like repeats (10).

The synthesis of double-stranded DNA from a single-stranded
RNA template requires (i) an enzyme for synthesizing the first
DNA strand from an RNA template and the second DNA strand
from the first; (ii) primers for each of the two strands; and (iii) a
means for removing the RINA template after reverse transcription,
to allow synthesis of the second DNA strand. In some cases,
strategies for duplicating sequences are required. For example,
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retrotransposons must not only perpetuate all of the single copy
sequences present in the RNA template, but also generate two
copies of sequences present once in the RNA to form long terminal
repeats (LTR’s) in DNA (2, 5, 12).

For retroviruses, the cardinal features of reverse transcription have
been elucidated: (i) the first strand is primed by a host transfer RNA
(tRNA) base-paired to the vira]l RNA genome near its 5’ end; (ii)
the second strand is primed by a viral RNA oligomer that is
produced from a polypurine region by a ribonuclease (RNase)
activity associated with reverse transcriptase and specific for RNA-
DNA hybrids (RNase H); (iii) a terminal redundancy (R) in viral
RNA and complementarity between the ends of nascent strands
facilitate transfer of nascent strands twice between templates, with-
out loss of genetic material; and (iv) the finished product, a linear
DNA duplex, displays LTR’s composed mainly of sequences present
only once in viral RNA (2). Structural analyses of transposable
clements of yeast and Drosophila suggest that their replication
strategies are likely to be fundamentally similar to those used by
retroviruses (5, 6, 13).

The hepatitis B viruses (hepadnaviruses) differ fundamentally
from retroviruses in that the form of the genome present in mature
virus particles is DNA rather than RNA. These strongly hepatotro-
pic agents have now been isolated from man, woodchucks, ground
squirrels, and ducks, and they are important causes of liver disease in
man and woodchucks (14). The discovery by Summers and Mason
and colleagues that hepadnaviruses replicate by reverse transcription
of RNA intermediates was based on the analysis of virus-specific
nucleic acids and subviral particles from infected duck livers (3, 15).
In contrast to the products of semiconservative DNA replication,
hepatitis B virus DNA is asymmetric, with the strand complemen-
tary to viral RNA (the minus strand) longer and more abundant
than the plus strand (15, 16). Isolated particles synthesize minus
strand DNA in the presence of actinomycin D, and the product of
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the reaction is an RNA-DNA hybrid (3). These findings and others
imply that reverse transcription of hepadnavirus RNA generates
minus strands, with plus strands produced from templates of minus
strand DNA. In support of this proposal, the predicted amino acid
sequence of an unassigned long open reading frame in hepadnavirus
genomes displays significant homology with the sequences of
retroviral reverse transcriptases (17).

Several features of hepadnaviruses relevant to studies of the
replication cycle are illustrated in Fig. 1A, with the ground squirrel
hepatitis virus (GSHV) as an example (18). The genome is com-
posed of two open strands of fixed polarity, a full-length minus
strand and an incomplete plus strand; the two strands form an open
circle maintained by base-pairing between overlapping 5' ends. The
5' end of the minus strand is linked to an uncharacterized protein
(19) that appears likely to serve as its primer (20). As previously
shown for duck hepatitis B virus (DHBV) (21) and below for
mammalian hepadnaviruses, the 5’ ends of both strands are posi-
tioned near short (10 to 12 nucleotides) direct repeats known as
DRI and DR2. Two major classes of RNA transcripts are found in
infected cells (22, 23): a subgenomic class that serves as messenger
RNA (mRNA) for viral surface antigens and larger RNA’s that
include the putative mRNA for viral core protein and the template
for DNA synthesis (also called “pregenomic RNA™). The latter
species contains a terminal redundancy (R) that encompasses DR1
(22, 23).

In addition to virion DNA and virus-specific RNA, two other
important forms of hepadnaviral nucleic acid have been detected in
infected liver cells and incorporated into a tentative replication cycle
for these viruses (Fig. 1B): ( ) superhelical, closed circular duplex
DNA (16, 24), believed to arise directly from virion DNA (25, 26)
and proposed to serve as template for synthesis of viral RNA by host
RNA polymerase II; and (ii) incomplete forms of viral DNA,
composed of protein-linked minus strands alone or paired with
nascent plus strands. The latter forms, in conjunction with RNA-
DNA hybrids (3), may represent intermediates in DNA synthesis
from the pregenomic RNA template.

A detailed model for the replication cycle requires better defini-
tion of the 5’ and 3’ ends of the critical strands of viral nucleic acid
and deeper insight into the roles of the direct repeats, DR1 and

Fig. 1. (A) The transcriptional and translational
maps of the genome of a mammalian hepadna-
virus, GSHYV. Positions of the four continuous
open reading frames are represented by stippled
boxes, with arrowheads denoting the direction of
translation (Pre-S and Surface indicate surface
antigens, Core indicates core antigen, Pol indi-
cates the viral DNA polymerase, and B indicates a
protein of unknown function). The reading
frames are placed in relation to the open circular
DNA genome found in virus particles (DNA
strands shown as thin lines); protein covalently
linked to the 5" end of the longer (minus) strand
is represented by a solid circle, 5’ indicates the 5’
end of the incompleted plus strand (dashes imply
variability at the 3’ end). The 11-bp direct re-
peats, DRI and DR2, are not to scale and their
direction is arbitrary. The wavy lines in the outer
portion of the figure represent the two major

DR2. Accordingly, we have supplemented our carlier studies of
pregenomic GSHV RNA (23) with precise physical mappmw of the
5’ ends of plus and minus strands and the 3’ end of riinus srand
DNA from two mammalian hepadnaviruses, and we bave const
ed mutant GSHV genomes with altered DR1 and DR2 seq .
The results specify the priming sites for the two strands {the minus
strand beginning within DR1, the plus strand at the boundary of
DR2); reveal a short terminal redundancy in minus steand DNA;
prove that differences between DR1 and DR2 are tolerzted and
resolved by the replication machinery; and confirm th:
bonucleotide primer for the second strand at the I3R2 posivion
contains a translocated DR1 sequence (27). These findings allow
construction of a more informative model for synthesis of hepatitis
B virus DNA that can be provocatively contrasted wit!: thic siwategy
for synthesis of retroviral DNA.
The 5’ and 3’ ends of minus strand DNA. The iniuiat seeps in
reverse transcription are the priming and extension of s strand
DNA. The 5" end of the minus strand of DHBV DNA has been
mapped to a site within DR1 (21), a region of the
genome that is represented twice in pregenomic kN shitce X
resides within R, the terminally repeated sequence (Fig. 14,
23). This means that an entire complement of genomic sequenics, or
slightly more than one complement, could be transcribed intc miius
strand DNA without transfer of nascent DNA betweesn tempisics.
To determine the precise termini of minus strand DNA in die
genomes of the mammalian hepadnaviruses, GSHV (18} ang wood-
chuck hepatitis virus (WHV) (28, 29), we performed primer
extension and S1 nuclease protection studies on deproteinized DINA
extracted from virions. For identification of the 5’ termins we used
a synthetic oligomer, of plus polarity and 20 nucleotides in lengih,
representing a region of the GSHV genome [positicns 3228 tc
3239, see Fig. 2A and (I8)] that is identical in the closely refated
WHYV genome (29). Two major extension products, 105 to 106
nucleotides in length, were observed after priming syiithesis with
the Klenow fragment of Escherichia coli DNA polymerase { on eithier
GSHYV or WHV DNA (Fig. 2B, lanes 3 and 4). The sequence at the
5' end of the minus strand was deduced precisely by comnpering the
position of the bands in lanes 3 and 4 with the positions of bands in
a sequencing ladder; the ladder was generated by use of the same

e 5)

B e s { A )h

- &

classes of intracellular viral RNA (23). The sub-
genomic RNA is the major mRNA for surface
antigen, the RNA longer than the DNA genome
consists of the template for DNA synthesis (pre-
genome) and the presumptive mRNA for core
antigen. The RNA’s are polyadenylated, (A),,, at a
common 3’ terminus; heterogeneity at the 5’ ends
is not shown; and the terminal redundancy in the
larger class of RNA is indicated by R. Maps for
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other mammalian hepadnaviruses (human and
woodchuck) are indistinguishable (18, 28, 29, 31,
32). (B) The replication cycle of hepadnavirus
genomes. Virion DNA (at top) is converted after
infection to closed circular DNA (step A), which
serves as template for synthesis of pregenomic
RNA (step B). The RNA template is copied into
protein-primed minus strand DNA (step C),
which in turn templates synthesis of plus strand

DNA (step D); synthesis of both strands is pre-
sumably catalyzed by a viral DNA polymerase
encoded in the pol frame. Further extension of the
plus strand following circularization (step E) pro-
duces the open circular form with cohesive 5’
termini found in virus particles. The model is
based on that first proposed by Summers and
Mason (3).
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oligomer to prime synthesis on an M13 clone of GSHV DNA
spanning the relevant region. The position of the upper band
indicates that the dA (deoxyadenylate) residue of DR1, at position
14 in the GSHYV sequence, is the first nucleotide in the minus strand
(Fig. 2D). The result is in remarkable agreement with that of
Molnar-Kimber et al. (21) who mapped the 5’ end of the DHBV
minus strand to the third residue in DRI, and it implies, as
“anticipated, that initiation of minus strand could occur within either
copy of R, near the 3’ or 5’ end of pregenomic RNA (22, 23).

Termination of the minus strand could occur in response to some
internal signal or, more likely, by exhaustion of the pregenomic
template. Since three closely spaced 5’ termini have been identified
in full-length species of GSHV RNA (23), multiple 3’ ends of minus
strand DNA would be expected if synthesis proceeded to the end of
the template and if all three RNA’s were packaged in subviral
particles and used as pregenomes. To locate the exact 3’ end of
minus strand DNA, a 240-nucleotide minus strand fragment of
GSHV DNA, produced by cleavage with Nsi I and Cla I (positions
3244 to 173 on the circular map), was labeled with 32p atits 3’ end,
annealed to purified virion DNA, and subjected to digestion with
single-strand-specific (S1) nuclease and polyacrylamide gel electro-
phoresis (PAGE) (Fig. 2C). From results with increasing amounts
of S1 nuclease, the major protected fragment was approximately 167
nucleotides in length (lanes 5 to 7), placing the 3’ terminus of minus
strand DNA at position 6 + 1 on the GSHV map (18), as deter-
mined by comparison with a nucleotide sequence of known origin
(lanes 1 to 4). Digestion beyond this end point with higher
concentrations of S1 nuclease (lane 7) is probably due to the
presence of five thymidine residues at positions 8 to 12; this
phenomenon was not observed when the experiment was repeated
with mung bean nuclease (30). Furthermore, no protection of the
labeled probe was evident in the absence of virion DNA (lanes 8 and
9).

Since the 5’ end of the shortest species of the three candidate
pregenomic GSHV RNA’s was mapped to position 6 = 3 (23), our
results suggest that only one of the three RNA species is likely to be
used for DNA synthesis and that synthesis of minus strand DNA
terminates at the 5’ end of the templating RNA. Finally, placement
of the 5’ end of minus strand DNA at position 14 and its 3’ end at
position 6 provides an overall length of 3320 nucleotides and a short
terminal redundancy (r) of 9 nucleotides (Fig. 2D).

Fig. 2. Mapping the ends of minus strand DNA. (A) The Fosition of the oligonucleotide
(3220 to 3239) used as a primer for mapping the 5’ end of minus strand DNA by primer
extension is shown together with the position of the Nsi I-Cla I fragment (3244 to 173)
employed for S1 mapping of the 3’ end. The positions are numbered according to the
sequenced GSHV genome (18). The figure is not to scale. (B) Primer extension analysis.
Virion DNA was purified from the serum of an infected Beechey ground squirrel (G188)
and woodchuck (WH). The template for the sequencing reaction was M13 clone MHR3
with a 1.5-kb GSHV Eco RI-Hinc II fragment cloned into M13mp8. For primer extension
sis and sequencing reactions, the chemically synthesized primer annealing
3220 to 3239 was used as in (A) and (41, 42). (Lanes 1 and 2) The C and T tracks of the
uencing reaction with MHR3 DNA; (lanes 3 and 4) prirner extended products from

virion DNA of ground squirrel G188 and woodchuck WH, res

pectively. (C) S1 mapping of
the 3’ end of minus DNA strand with the 3’ end-labeled Nsi I-Cla I fragment shown in (A)
(43, 44). A sequencing ladder derived from M13 clone M94, containing a 1.5-kb Eco RI to

The 5’ end of plus strand DNA. The plus strands of mammalian
hepadnaviruses span only 40 to 60 percent of the length of the
minus strand, and their 3’ ends are heterogeneous; thus precise
mapping of the 3’ ends is unlikely to provide insight into the
replication mechanism. The 5’ end, however, appears to be homo-
geneous and is presumed to reflect the priming site for the second
strand on a template of minus strand DNA. The 5’ end of DHBV
plus strand DNA was initially mapped to the vicinity of the 5’ side
of DR2 (21). More recently, Lien ez 4l. (27) demonstrated that
RNA is covalently linked to the 5’ end of DHBYV plus strand DNA
and that the 5’ end remaining after removal of ribonucleotides is
positioned at the 3’ boundary of DR2. Partial sequencing of the
oligoribonucleotide at the 5’ end of the plus strands indicated that it
includes the sequence common to DR1 and DR2, as well as
nucleotides expected from the 5’ side of DR1. Thus it was
concluded that an oligomer containing DR1 from the 5’ end of
DHBYV pregenomic RNA was translocated to the DR2 site to prime
synthesis of plus strand DNA.

In order to generalize these observations to include the mammali-
an hepadnaviruses, we mapped the 5’ ends of GSHV and WHV
plus strands by primer extension before and after digestion of virion
plus strands with RNase. For this analysis, we used a synthetic
oligomer complementary to the one used for mapping the 5’ end of

A

Position 3239 3220 173 3244
| I I |
A ——=—08

(-)15' @

Cla1

w]G 188
+] WH

-— 167 nt
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at position

te v o b e roden' e

Hinc I GSHYV fragment cloned into M13mp9, provided size markers. (Lanes 1 to 4) The A, ALe/0,
s

C, G, and T tracks from M94 primed with the oligomer used for primer extension on plus
strand DNA (Fig. 3A). (Lanes 5 to 7) The fragments of 3’ end—labeled DNA protected from
S1 digestion by annealing to DNA from animal G188 after treatment with 0.1, 1, and 10 " 6 14
units of nuclease S1. (Lanes 8 and 9) Controls with animal G365, which had no detectable
virion DNA in the serum. (Lane 8) No nuclease; (lane 9) 1 unit of nuclease S1. (D) The
initiation and termination sites of minus strand DNA. The initiation site at position 14 and
shown in relation |
position of DR1 on the pregenome RNA. The terminal redundancy of the minus strand |
DNA (r) is indicated. The solid oblong symbol represents protein covalently bound to the 5’ I
terminus of minus strand DNA. The positions on the RNA are in accordance with the :

the termination site at position 6 are

GSHYV sequence in (18).
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minus strand DNA (Fig. 3A). Extension of the primer on GSHV
and WHYV plus strands not treated with RNase produced a major
fragment 147 + 1 nucleotides in length, indicating that the 5’ end
of the plus strands corresponded to a position 7 + 1 nucleotides
upstream of DR2 [Fig. 3B, lanes 5 and 8; position 3093 on the
GSHYV map (18)]. Addition of pancreatic RNase A (lanes 6 and 9)
or RNase T1 (lanes 7 and 10) reduced the length of the extended
fragments by 18 and 17 nucleotides, respectively. These findings
showed that the plus strands of mammalian hepadnaviruses are also
linked to oligoribonucleotides and that the DNA sequence of the
plus strands must begin near the 3’ boundary of DR2 (Fig. 3C).

The RNA sequence across the 3’ boundary of DR2 reads 5'-
UGUGCAGA-3', with C representing the final residue in the DR
sequence. On the basis of the altered mobilities of the primer
extension products and the known specificities of the RNases,
RNase A appears to have cut the plus strand 3’ of the C residue and
RNase T1, 3' of the preceding G residue. This suggests that plus
strand DNA begins exactly 3' of the DR2 sequence. However, since
neither of the nucleases recognizes rA (riboadenosine) residues, we
cannot exclude the possibility that the DNA sequence initiates with
dG at position 3112, rather than dA at position 3111.

Viability of DR1 and DR2 mutants. Our results to this point
indicate that the 5’ ends (and hence the priming sites) for both
minus and plus strand DNA’s of mammalian hepadnaviruses map to
fixed sites near or within the two DR sequences, as also reported for
DHBV (21, 27). Since DR1 is identical to DR2 in all sequenced

Fig. 3. Mapping of the
5' end of plus strand
DNA. (A) The posi- 3239 3220
tion of the primer used 5’

for mapping the 5’ end 511

of the plus strand is
shown (position 3239 Mo
to 3220). (B) For 1,
primer extension on
minus strand DNA,
the same protocol was
followed as described
in the legend to Fig.
2B, except that an
oligomer of comple-
mentary sequence was
used, and RNase A
(1.5 pg/pl) (lanes 6
and 9) or RNase T1
(0.8 unit/pl) (lanes 7
and 10) were added
before the extension
reaction. (Lanes 1 to
4) Nucleotide se-
uence analysis of

"Y'
""‘3 , S 130 nt
M94 DNA (as in Fig. ™ J e
2C); (lanes 5 to 7) ex- —

tended primer from re-

actionsp with  viral f.
DNA from infeced e ™ 0
ground squirrel G188;

(lanes 8 to 10) extend- - -0
ed primer from reac- -
tions with viral DNA - ®
from infected wood-

chuck WH. (C) The
positions of the 5' end
of plus strand DNA
(position 3111) and c 2t
the 5’ end of the 18-
nucleotide-long  RNA
oligomer  (position
3093) covalently at-
tached to it.
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clones of hepadnavirus DNA, despite small differences between the
DR sequences of virus isolates from different species (18, 28-32),
we designed experiments to determine whether the replication
mechanism would tolerate changes in DR1 or DR2 and, if so,
whether the differences would be corrected to restore identity
during replication. »

A genetic analysis of this type has recently become possible for
hepadnaviruses, despite the lack of a tissue culture system for virus
propagation, because cloned genomes can initiate production of
infectious virus when introduced directly into the liver of susceptible
animals (33, 34). We therefore used a synthetic oligomer to produce
a G to C transversion in either DR1 or DR2 of a GSHV DNA clone
previously shown to be infectious (34) (Fig. 4A). This nucleotide
change was chosen because it represents the difference between the
DR sequences in GSHV and human hepatitis B virus (18).

Recircularized viral DNA from each of the two mutated plasmids,
DR1* and DR2¥, was injected into the livers of three Beechey
ground squirrels, and sera were screened periodically for the appear-
ance of GSHV surface antigen (see legend to Fig. 4). Two of the
three animals that received DR2* (G315 and G316) and one of the
three that received DR1* (G307), became seropositive within 13 to
19 weeks, consistent with our experience with wild-type GSHV
DNA (30, 34); active virus replication was confirmed in all three
animals by detection of GSHV DNA in serum samples.

To define the genotypes of the viruses produced by the infected
animals, we isolated virion DNA and subjected it to molecular
cloning and partial nucleotide sequence determination (Fig. 4B).
The DNA from animal G307 showed a mutant DR1 sequence and a
wild-type DR2 sequence, whereas DNA’s from animals G315 and
G316 showed the reverse pattern (wild-type DR1 and mutant
DR2). Thus the original mutant genotypes were preserved during
all three infections, indicating that identical DR’s are not required
for successful replication and that the replication scheme does not
convert a mutant DR to the wild-type sequence or vice versa.

The plus strand primer in DR mutants. Since DR1 and DR2
are distinguishable in the DR1* and DR2* mutants, the viability of
these mutants allowed us to perform a direct test of the contention
that the oligoribonucleotide linked to plus strand DNA at the 3’
boundary of DR2 is derived from a portion of viral RNA that
contains DR1 (27). The G to C transversions in the DR mutants
produce RNA substrates distinguishable by RNase T1 (rG-specific)
and RNase CL3 (rC-specific). Plus strands were prepared from
virion DNA of DR1* and DR2* mutants and analyzed by the
primer extension procedure used for wild-type plus strands (Fig. 3)
after partial digestion with RNase T1 and RNase CL3.

Figure 5A indicates the products expected if the DR1* sequence
is present as RNA at the 5’ end of plus strands in DR1* virus or if
the DR1 sequence is present similarly in DR2* virus, both as
predicted by the findings of Lien et al. (27). Extension products
ending at positions 20, 18, and 4 should be generated after RNase
T1 digestion of virion DNA with a wild-type DR1 (from animals
G188 and G316), but the product ending at position 18 should be
missing from the analysis of DNA with the DR1* genotype (from
animal G307). Conversely, products observed after digestion with
RNase CL3 should include one that ends at position 18 only with
the DR1* genotype and not with wild-type and DR2* genotypes.

These predictions were all confirmed in the analysis shown in Fig.
5, B and C. Most important, partial digestion with RNase T1 (Fig.
5B, lanes 8 to 10) produces extension products consistent with
cleavage at position 18 only in samples from viruses with the DR1
genotype (lanes 8 and 10), not with the sample from DR1* virus
(lane 9), and digestion with RNase CL3 produces an extension
product at that position only in the sample from DR1* virus (Fig.
5C, lane 10). Thus the genotype of the DR sequence of the
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presumptive RNA primer is determined by the DR1 genotype,
confirming evidence from the analysis of the sequence upstream of
the DR sequence (27) that an oligomer containing DR1 has been
transposed to the position of DR2.

Implications for hepadnavirus replication. The analyses of
mammalian hepadnaviruses presented here, viewed in concert with
recent studies of DHBV (22, 26, 27) and earlier findings (3, 15, 16,
25), allow us to propose a relatively complete scheme for the
synthesis of hepadnavirus DNA (Fig. 6A) and to compare it with
corresponding features of retroviral reverse transcription (Fig. 6B).

1) The template. Although hepatitis B RNA is exclusively an
intracellular form of the genome, whereas retroviral RNA is found
in virus particles, both templates for reverse transcription are
terminally redundant, polyadenylated, and probably equivalent to
mRNA for the major core proteins of each virus (Fig. 6, panel 1).
The pregenomic RNA of hepatitis B viruses is longer than the DNA

to be made from it (and thus longer than the DNA template from

which it is transcribed), whereas the retroviral RNA genome is
shorter than its unintegrated DNA products and its proviral DNA
template. These inverted length relationships are due to the presence
of LTR’s in the DNA products of retroviral reverse transcription (2,
12). Two features of hepadnavirus DNA synthesis figure in the
failure to produce LTR’s: the position of the priming sites and the
lack of displacement synthesis (see below).

2) The first strand. The first strand of hepadnaviral DNA begins

within the RNA template’s terminal redundancy (R), four nucleo-

tides from the 3’ end of DR1, presumably initiated by an uncharac-
terized protein primer (Fig. 2 and Fig. 6A, panel 2). Retroviral
minus strand, in contrast, is initiated outside R, at a position
roughly 100 nucleotides downstream, at the end of an 18-nucleotide
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Fig. 4. Generation and analysis of DR1 and DR2 mutants. (A) Oligomer-
directed, site-specific mu t?cncsns (45) was used to introduce the indicated G
to C transversion independently into DR1 and DR2 of an infectious clone of
GSHV DNA. The resulting mutants DR1* and DR2* were assayed
scparately for infectivity by injection of monomeric circles into livers of
susceptible ground squirrels (34). (B) Partial nucleotide sequence analyses of
DRI (top) and DR2 (bottom) are shown for the wild-type GSHV clone 27
(left pair of lanes), for the mutated clones DR1* and DR2*, and for the DR
sequences present in clones of viral DNA derived from animals that received
DR1* DNA (ground squirrel 307) or DR2* DNA (ground squirrels 315
and 316). Only the analysis of relevant nucleotides (G and C) is shown.
Identification of mutant residues is highlighted by asterisks. The deduced
nucleotide sequences of the DR’s on the analyzed strand are indicated at the
left margin. The DR1 ence from the plus strand is read 5’ to 3’ from the
bottom of the panel, as;g the DR2 sequence from the minus strand is read
from the top. Cloning of virion DNA from animals 307, 315, and 316 into
Agtl0 and dideoxy nucleotide sequence analyses were pcrformed as de-
scribed (42, 46).

2§ APRIL 1986

A
Position
(4) 18 20

RNaseT1

+)DNA
| DR1/DR1* | | i

uaucuuujuucaccuuac
| | | |1 | |

(4) 7 13 1616 18* 21
Position

AGACT

RNaseCL3

L 1L 11 ]

' 0.01 0.8
RNase T1 (U/ul)

G 307

I A “8 o 10II

G 318

5 R 13I

-

-

&
n =

RNase CL3 = + + = 4 4 = 4 +

Fig. 5. Partial nucleotide sequence analysis of the RNA primer on the 5’ end
of plus strand DNA in DR1* and DR2* mutants. (A) The positions of the
RNase T1 (positions 18 and 20) and the RNase CL3 recognition sites
(positions 7, 13, 15, 16, and 21) are shown with respect to the nucleotide
sequence of the anticipated RNA primer for plus strand DNA synthesis. The
DRI or DRI1* sequence is boxed and shows the G to C conversion at
position 18 of the DR1* mutant; the mutant has acquired an additional
RNase CL3 recognition site (denoted as 18*) and lost the RNase T1 site at
the same position. Position 4 is the predicted 5’ end of the RNA primer (see
text). (B) Primer extension analysis was done on plus strand templates from
virion DNA of the designated animals as described in Fig. 3B, except that
RNase T1 at 0.01 unit/pl was used for partial digestion in lanes 8, 9, and 10.
(Lanes 5, 8, and 11) Animal G188; (lanes 6, 9, and 12) animal G307; (lanes
7, 10, and 13) animal G316. Evidence for the G to C transversion at position
18 in virion RNA from animal G307 (DR1¥) is indicated. (C) Primer
extensions were performed as in (B), except that RNase CL3 was used. The
concentration of RNase CL3 was 0.2 unit/pl in lanes 6, 9, and 12 and 2 unit/
plin lanes 7, 10, and 13. (Lanes 5 to 7) Animal G188; (lanes 8 to 10) animal
G307; (lanes 11 to 13) animal G316. Evidence for the G to C transversion at
position 18 in virion RNA from animal G307 (DR1%*) is indicated.
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primer binding site (PBS) to which the 3’ end of a host tRNA is
base-paired (2} (Fig. 6B, panel 2). The sequence between R and
PBS—a unique sequence known as U5—is one of the two regions
that are duplicated during DNA synthesis to produce LTR’s.

Other than the nature of the putative protein primer, two issues
about the initiation of hepadnaviral minus strands remain unre-
solved: Which of the three potential pregenomic RNA’s of GSHV
(23) are used as template? and which of the two copies of DRI in
pregenomic RNA is used as an initiation site? Since minus strand
DNA extends just to the end of the shortest of the three possible
templates (Fig. 2), we assume that only that one is used. For
simplicity, we favor initiation within the DR1 site close to the 3’
end of the pregenome; however, initiation near the 5’ end would
produce a nascent strand capable of base-pairing to the 3’ end of
pregenomic RNA, in a manner similar to that used to transfer
nascent retroviral minus strands (2) (Fig. 6B, panel 3). In either
case, fully extended minus strands would have the short terminal
redundancy (r) that appears pivotal in a later stage of synthesis (see
below).

3) The second strand. Primers for the second DNA strands of
hepadna- and retroviruses are similar in kind (oligomers of viral
RNA) and position (a few hundred nucleotides upstream from the
3’ end of viral RNA). The retroviral primer, however, appears to be

generated by the action of virus-coded ribonuclease H at specific
sites near a polypurine tract (PPT) adjacent to the unique sequence
(U3) destined to be duplicated during DNA synthesis; synthesis of
plus strands commences when minus strands are still relatively short;
and the primer initiates synthesis at its native position (2) (Fig. 6B,
panels 3 and 4).

To generate the second hepadnavirus primer (27) (Figs. 3 and 5),
an approximately 18-nucleotide RNA oligomer containing DRI
and several 5’ nucleotides must be released from viral RNA and
transported by undefined mechanisms to the position previously
occupied by RNA containing DR2 (Fig. 6A, panels 3 and 4). The
primer could be derived from the DR1 sequence near either end of
viral RNA, but two findings argue for derivation from the 5" end of
the RNA, as shown in Fig. 6A, panel 3; Lien ¢t al. (27) found thata
phosphodiesterase specific for linkage of cap nucleotides to RNA is
active on the DHBV primer, and we have found concordance
between the 5’ end of the plus strand prior to RNase digestion and
the 5" end of a candidate pregenomic RNA (Fig. 3) (23). We cannot
explain how or why hepadnaviruses move a distant oligonucleotide
to a partly complementary priming site, instead of being primed by
endogenous RNA in the manner of retroviruses.

Regardless of priming mechanism, synthesis of both retro- and
hepadnavirus plus strands must encounter an exhaustion of minus

A Hepadnaviruses B Retroviruses
R R
R1T ) 2 [pR11 R U5PBS PPT U3 R
Fig. 6. Models for the synthesis of viral DNA & [ 1 Al + 1 +s / A
from an RNA template. The hepadnavirus n n
scheme is shown in (A) and the retrovirus scheme
in (B). The composition of the strands are indicat-
ed by wavy (RNA) and straight (DNA) lines, and R PBS

the chemical polarity is indicated by + and -
signs. (1) The RNA templates, with terminal
redundancies (R), polyadenylic acid tract, (A,),
hepadnavirus direct repears (DR1, DR2), and
retrovirus tRNA primer binding site (PBS) and
polypurine tract (PPT) flanking U5 and U3. (2)
Priming of the first (minus) strands, by a protein

boundary of U5 and PBS. (3) Extension of the
minus strand and generation of the second (plus)
strand primer. Completion of the minus strand
produces a short terminal redundancy (r) in he-

[
L4
at a position within DR1 or by host tRNA at the 5 /
rDR1

padnavirus DNA; an open circular retroviral 59

RNA-DNA hybrid is formed after transfer of the /
nascent DNA from the 5’ to the 3’ end of an L__l

RNA subunit. (An alternative model in which the r
transfer occurs to the second subunit in the
dimeric retroviral genome is possible but not
further considered.) Open triangles indicate pre-
sumptive scissions of viral RNA by DNA poly-
merase-associated RNase H activities to produce
oligoribonucleotides for priming the second
strand. (4) Priming and extension of the plus
strand. Movement of the DR1 containing oligori-
bonucleotide to the DR2 position precedes initia-
tion of hepadnavirus plus DNA; retroviral plus
strand is a copy of U3, R, U5, and a portion of
the tRNA primer. (5) Transfers of the nascent
plus strands are accomplished using complemen-
tary sequences (r for hepadnaviruses, PBS for
retroviruses) at the ends of the strands to form
short duplexes (accented with short vertical lines).
(6) Extension of strands to form the final product.
Partial synthesis of hepadnaviral plus strands
yields the open circular form of virion DNA with
protein and RNA primers still attached. Full
extension of both plus and minus retroviral
strands by displacement synthesis yiclds a linear
duplex with long terminal repeats (LTRs).
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DR1

HBV ATGCAACTTT|ITTCACC
GSHV ATGTATCTTTITTCACC
WHY ATGTATCTTT|ITTCACC
DHBV

ACTTAAGAATITACACC

X % ¥ e @ e ¥ v 2 x| =
r

Fig. 7. The nucleotide sequences at the 5' boundary of DR1 in the genomes
of the four hepadnaviruses HBV (31), GSHV (18), WHV (28, 29), and
DHBV (32) are aligned to show sequence conservation in the region
destined to form the short terminal redundancy (r) in minus strand DNA.
Asterisks indicate the positions at which only A or T or only G or C residues
are observed.

DNA template shortly after initiation (Fig. 6, panel 4). The
resulting retroviral plus strand, known as plus strong stop, is
believed to end at the site of the first methylated base in the tRNA
primer, after copying the first 18 nucleotides of the tRNA (2).
Presumably the hepadnaviral plus strong stop terminates near or at
the end of the r sequence at the 5’ end of the minus strand.

Further extension of either retroviral or hepadnaviral plus strands
requires transfer of the nascent strands to new templates, and in
both cases the transfer appears to be facilitated by base-pairing
between the 3’ regions of plus strong stop and minus strand DNA.
Retroviral DNA’s can form an 18-nucleotide duplex composed of
the PBS sequence (2) (Fig. 6B, panels 4 and 5); hepadnaviral
DNA’s can form a 9-nucleotide duplex composed of the r sequence,
assuming that the existing duplex at the 5" end of the minus strand
can dissociate (Fig. 6A, panels 4 and 5). Two features might
expedite the dissociation: protein linked to the 5’ end of the minus
strand (perhaps in concert with DNA polymerase) and the high
A+T content (and hence low Tt,) of the r sequence. There is full
conservation of the positions of A or T compared to G or C residues
in this region of all four hepatitis B virus genomes, despite some
minor sequence variations (Fig. 7). Such conservation would be
consistent with an absolute requirement to transfer the second
strand by a mechanism dependent upon local melting and duplex
formation.

4) Completion. The retroviral intermediate generated by transfer
of the second strand, most likely the open circular form (Fig. 6B) is
presumed to be transient; it is converted to a linear duplex, with
long terminal repeat units composed of U3, R, and U5, when the
plus and minus strands are fully extended by displacement synthesis
(2) (Fig. 6B, panel 6). In contrast, the open circle formed by transfer
of the nascent plus strand of hepadnaviral DNA is altered only by
the partial and variable extension of plus strand along the minus
DNA template before export in virions (Fig. 6A, panel 6); there is
no further elongation of minus or plus strands by displacement
synthesis, no disruption of the open circle, and hence no production
of long terminal repeats in the DNA. The form of viral DNA
isolated from virions retains its protein and oligoribonucleotide
primers still joined to the 5" ends of minus and plus strands, and the
r sequence remains at both ends of the minus strand.

5) Fate of DNA. Linear retroviral DNA, completed in the
cytoplasm of infected cells, is later circularized after transport to the
nucleus, forming covalently closed molecules with either one or two
LTR’s; the latter is the apparent substrate for integrative recombina-
tion with the host chromosome (2). Further events in the hepatitis B
life cycle may be postponed until virus particles containing open
circular DNA enter a susceptible cell, or they may occur as part of an
intracellular replication scheme. In cither case, the open circular
DNA is converted to closed circular DNA, which in turn serves as
template for synthesis of viral RNA, without a requirement for
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integration. Several steps are necessary for the transition to a closed
circular form: removal of the RNA and protein primers, trimming
of the r sequence from minus DNA, completion of the plus strand,
ligation, and introduction of superhelical turns. It is not known
which of these steps, if any, are catalyzed by virus-coded proteins.

Prospects. The life cycles of hepadnaviruses and retroviruses
exhibit alternative solutions to some of the problems inherent in
DNA synthesis from an RNA template: the composition and
placement of primers, the lengths of the DNA strands, and the
transfer of nascent strands between templates. The steps described
provide guides to the study of other genetic elements that are subject
to RNA-directed synthesis of DNA, and, when the mechanisms are
better understood, they may offer targets for the design of antiviral
therapy. At least two features of the hepatitis B viruses invite wider
comparisons. The protein linked to the first strand of HBV DNA,
the presumptive primer, is reminiscent of the protein primer for
adenovirus DNA (35) and the protein joined to the 5’ end of
poliovirus RNA (36). The priming of the second strand occurs by a
mechanism that produces a polynucleotide whose adjacent se-
quences, composed of RNA and DNA, are discontinuous in minus
strand DNA or in pregenomic RNA; in this sense, the product is
analogous to several other polynucleotides, including the mRNA’s
of coronaviruses (37), influenza viruses (38), and trypanosomes
(39), as well as conventional eukaryotic mRNA’s produced by
splicing (40). Development of a soluble system for the synthesis of
hepatitis B virus DNA is likely to be necessary for further insight
into these intriguing aspects of the virus life cycle.
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To Be Awarded to a Public Servant or Scientist

The AAAS-Philip Hauge Abelson Prize of $2500, which was
established by the AAAS Board of Directors in 1985, is awarded
annually either to:

(a) a public servant, in recognition of sustained exceptional
contributions to advancing science, or

(b) a scientist whose career has been distinguished both for
scientific achievement and for other notable services to the
scientific community.

AAAS members are invited to submit nominations now for the
1986 prize, to be awarded at the 1987 Annual Meeting in

Chicago. Each nomination must be seconded by at least two
other AAAS members.

ing information: nominee’s name, institutional affiliation and
title, address, and biographical resume; statement of justification
for nomination; and names, identification, and signatures of the
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AAAS Executive Office, 1333 H Street, NW, Washington, DC
20005, for receipt on or before 25 August 1986.
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