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We employed an in vitro cell-free transcription system to locate RNA polymer-
ase II promoters on the hepatitis B virus genome. The strongest promoter
precedes the surface antigen (HBsAg) gene, which is comprised of a long (500
base pairs) presurface region as well as the mature HBsAg coding sequence. The
origin of this transcript was localized by using truncated templates and S1
endonuclease.mapping. The activity of the promoter was confirmed in transfec-
tion experiments in which the complete HBsAg gene was introduced into monkey
kidney cells via a simian virus 40 expression vector. A second RNA polymerase II
promoter preceding the HBcAg gene was also active in the cell-free system. The
presence of multiple promoters in the hepatitis B virus genome suggests that the
relative levels of viral-specific proteins detected in liver and serum may reflect
differential or regulated promoter efficiency.

Hepatitis B virus (HBV) is a partially single-
stranded DNA virus whose host range is re-
stricted to humans and chimpanzees (reviewed
in reference 37). The complete nucleotide se-
quences of the cloned HBV (11, 27, 38, 40) and
the related woodchuck hepatitis virus (10) define
the major viral protein coding regions. The orga-
nization of genetic information is compact: four
reading frames (A, B, C, and S) are found in the
viral long strand and one small open reading
frame (D) is found in the short strand. The viral
surface (S) and core (C) protein coding se-
quences have been identified and incorporated
into both procaryotic (9, 27) and eucaryotic (8,
19a, 25, 32, 35) expression vectors, generating
products that react with antibodies directed
against these antigens (HBsAg and HBcAg).
The predicted sequences suggest that the sur-
face antigen is a transmembrane protein, where-
as on the basis of the protamine-like COOH
terminal region (40), the core antigen is a DNA-
binding protein. The S gene has a long 5' leader
sequence and the C gene has a shorter 5' leader
upstream from the mature coding regions, sug-
gesting that both proteins could be synthesized
as precursors. Of the remaining two long-strand
open reading frames, the larger (A, -80% of the
viral genome) presumably encodes the viral
DNA polymerase. This gene overlaps part of the
C gene, all of the S gene, and part of the B gene
but would be translated with a different register.
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No specific protein has yet been associated with
the smaller reading frame (B).

This sequence information has not resulted in
a detailed characterization of HBV promoters of
RNA transcripts, mainly due to the lack of a
reproducible tissue culture system for viral
propagation. The definition of HBV promoters
is important for (i) determining how the viral
genetic information is expressed, (ii) assessing a
possible oncogenic role of integrated HBV se-
quences, and (iii) studying replication, which
has recently been proposed to involve reverse
transcription of a full-length viral RNA tran-
script (36). The HBV DNA sequence provides
some information on potential transcription sig-
nals such as TATA boxes and AATAAA-direct-
ed polyadenylation sites. However, this is not
sufficient information to define the actual viral
transcription units. We have, therefore, investi-
gated the transcription of purified HBV DNA in
a cell-free transcription system, which has been
shown to accurately transcribe a variety of
genes including globin (20, 21), ovalbumin (41),
polyoma (17), simian virus 40 (SV40) early and
late genes (16), and cauliflower mosaic virus
(15). Cell-free transcription systems are capable
of reproducing subtle transcriptional effects
such as the multiple initiation sites found for the
SV40 promoters (16). In addition, Green and
Roeder (14) have shown that a previously un-
known adenovirus promoter detected in in vitro
experiments also functions in vivo, demonstrat-
ing the predictive power of this experimental
system.

In the present work we define two major RNA
polymerase II promoters in the HBV genome by
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using cell-free extracts and the runoff transcrip-
tion assay. Moreover, one of these promoters
inserted in an SV40-based vector is functional in
permissive monkey kidney cells (12).

MATERIALS AND METHODS
DNA templates. Details of the templates used in this

work have been presented by Standring et al. (34) and
are summarized below. Nucleotide numbering of the
HBV genome is given relative to the EcoRI site as the
zero point (0/3,221) in accordance with the generally
accepted system (11) and differs from that presented
previously (35), in which the EcoRI site occurs at
nucleotide 1,404. The plasmid containing the adenovi-
rus major late promoter (pSmaF) was obtained from R.
Roeder.

In vitro transcription. HeLa cell extracts were pre-
pared according to the procedure of Manley et al. (22).
HBV DNA templates were digested with the specified
restriction enzyme and then extracted with phenol-
chloroform, precipitated twice with ethanol, and dis-
solved in sterile water. Transcription reactions were
performed as described by Manley et al. (22), using 0.5
to 1 ,ug of DNA per 25->1± reaction. The final reaction
mixture contained 15 ,ul of HeLa cell extract; 12 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid; pH 7.9); 60 mM KCI; 7.5 mM MgCl2; 0.2
mM EDTA; 1.3 mM dithiothreitol; 10% glycerol; 600
F±M each of ATP, CTP, and UTP; 25 ,uM GTP; and 10
1±Ci of [a&2P]GTP (410 Ci/mmol; Amersham Corp.).
After 60 min at 37°C, the reaction was terminated by
the addition of 200 ,ul of 0.25 M sodium acetate, pH
6.0, containing 0.5% sodium dodecyl sulfate and 100
p.g of tRNA per ml. After extraction with phenol-
chloroform, the RNA was precipitated twice with
ethanol and analyzed on a 5% polyacrylamide-8 M
urea gel (24). RNA for S1 mapping (42) was gel
purified from a lOx reaction.

Transcription from an SV40/HBsAg recombinant.
The construction and propagation of the LSV/HBsAg
recombinant is described in detail elsewhere (19a).
Cytoplasmic, polyadenylated RNA was isolated (19)
from COS cells (12) infected 72 h earlier with the
recombinant virus. HBV probes were prepared by
digesting plasmid DNAs with either BalI (nucleotide
3,010) or EcoRI (nucleotide 0/3,221) and labeling with
[y-32P]ATP and T4 polynucleotide kinase. After diges-
tion with BglII (nucleotide 2,432), the subfragments
were purified on gels and annealed to RNA under
standard conditions (42). S1 analysis was performed as
described in the legends to Fig. 3 and 4. Sequence
reactions were performed according to the protocol of
Maxam and Gilbert (24). The products of S1 and
sequencing reactions were analyzed on 5% polyacryl-
amide-8 M urea gels and visualized by autoradiogra-
phy.

RESULTS
Runoff transcription assays. As schematically

summarized in Fig. 1, two different transcription
templates were analyzed in the HeLa cell-free
extracts (22): the gel-purified HBV 3.2-kilobase
(kb) insert. which contains the entire viral
genome cloned at the unique EcoRI site (40),
and the plasmid pHBV1.85, which has a 1.85-kb

HBsAg HBCAg

-H

31 1403 3221

HINC III- 3

AVA I - 677 (670)

BST Ell 1142 (1100)

BAL I 1328 (1350)
ECO RI 1539 (-1500)

BST Ell 8

BAL I - 194 (200)

HINC II 304 (310)

ECO RI - 405 (440)

FIG. 1. Summary of the transcripts generated from
HBV DNA. The HBV genome is depicted as the 3.2-
kb EcoRI insert. The mature surface and core antigen
proteins are shown as black boxes, and the transcript
initiation sites are indicated by open triangles. The
BamHI sites are indicated by arrows and are located at
nucleotides 31 and 1,403 on the HBV genome (40). The
runoff transcripts obtained from the various digests are
summarized below with the expected lengths of the
RNAs. The estimated transcript sizes are given in
parentheses.

BamHI fragment of the HBV genome that en-
codes the entire C antigen and most of the preS
region but not the mature S protein. This plas-
mid was cut with a variety of restriction en-
zymes to yield suitable linear templates. The
estimated sizes of the runoff transcripts deter-
mined relative to 32P-labeled DNA standards
and their predicted values, based on the final
assignments of the RNA initiation sites, are also
presented in Fig. 1.

Surface antigen gene. Transcription of the
HBV 3.2-kb insert gave rise to an approximately
440-base RNA species (Fig. 2A, lane 4) that was
sensitive to low levels of a-amanitin (Fig. 2A,
lane 5) and was therefore synthesized by RNA
polymerase II. Since the length of this RNA
species closely corresponded to that expected
for a transcript originating from the predicted
HBsAg promoter in the preS region (40), a series
of templates was prepared to specifically test
this possibility. A BamHI digest of pHBV1.85
gave a slightly longer transcript (about 470
bases; Fig. 2A, lane 6), consistent with the fact
that the BamHI site is about 30 bases down-
stream from the EcoRI site (see Fig. 1). Similar-
ly, HincIl and BalI digests of pHBV1.85 gave
rise to a-amanitin-sensitive transcripts of, re-
spectively, 310 (Fig. 2B, lanes 2 and 3) and 200
bases (data not shown). A BstEII-digested
pHBV1.85 template did not generate the S anti-
gen transcript, consistent with the fact that the
enzyme cuts only about eight bases downstream
from the anticipated transcription initiation site.
From the size estimate of the smallest runoff
transcript, an initiation site preceding the preS
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FIG. 2. Autoradiograms of in vitro transcripts directed by HBV DNA. Transcription reactions were

performed in the presence of [a-32P]GTP and analyzed as described in the text. The templates used were: (A)
lane 4, HBV 3.2-kb EcoRI insert; lane 6, BamHI-digested pHBV1.85; (B) pHBV1.85 cleaved with HincIl (lane
2), BalI (lane 4), and BstEII (lane 8). The effect of 1 ,ug of a-amanitin per ml on the respective reactions is
displayed in (A) lanes 5 and 7 and (B) lanes 3, 5, and 9. 32P-labeled, HaeIII-digested 4X174 DNA size markers
were included in (A) lanes 1 and 8 and (B) lane 1. Adenovirus pSmaF controls are included in (A) lane 2 and (B)
lane 7. The corresponding reactions with a-amanitin are shown in (A) lane 3 and (B) lane 6. The variability in a-
amanitin sensitivity among the upper bands was generally not observed when low concentrations (0.1 ,ug/ml)
were used (data not shown). The upper bands may represent end-to-end transcripts or addition of label to the
ends of DNA templates in some instances. Transcripts from the core or surface promoters are indicated with the
letter c or s, respectively. In panel A, lane 4, the assignment of the core antigen transcript was made on the basis
of transcription experiments involving additional truncated templates (data not shown). The origin of the third a-
amanitin-sensitive species has not been clarified.

region was located at nucleotide 2,810 ± 10 on

the HBV genome. Further analysis of this site
by S1 mapping is presented below.
The transcription data indicated that the S

antigen promoter is strong in vitro. A compari-
son between the adenovirus major late transcript
generated from the pSmaF control (Fig. 2A, lane
2) and the HBV S transcript of similar size (e.g.,
Fig. 2A, lane 6) showed only a two- to threefold
difference in the intensity of the transcripts.
Core antigen gene. The transcription data pro-

vided evidence for the existence of a second in
vitro promoter. Transcription of BalI- or BstEII-
digested pHBV1.85 yielded RNA species of
about 1,350 and 1,100 bases, respectively (Fig.
2B, lanes 4 and 8). This is consistent with
initiation occurring in the region preceding the
start of the core antigen protein. Further experi-
ments confirmed this result: the EcoRI insert of
HBV DNA gave rise to an -1,500-base tran-
script (Fig. 2A, lane 4), whereas an AvaII digest
of pHBV1.85 gave a faint transcript of roughly
670 bases (data not shown). All of these tran-
scripts were sensitive to low levels of a-amanitin
(Fig. 2A, lane 5; Fig. 2B, lanes 5 and 9) and
hence are synthesized by RNA polymerase II.

Attempts to position the initiation site more

precisely by using shorter truncated templates

were not successful because the anticipated
RNAs were not above background in the autora-
diograms, reflecting the weakness of the core

promoter. From the relative intensities of the
bands visible for the core (670 bases) and surface
(440 bases) antigen RNAs, we estimated that the
core promoter is at least 10-fold less effective in
the cell-free system. Runoff transcripts of de-
creasing size give a disproportionately large
decrease in incorporation (unpublished data;
compare the core antigen transcripts in Fig. 2B,
lanes 4 and 8). Therefore, comparative data
must be generated from transcripts of similar
size. In addition, we and others (R. Roeder,
personal communication) have found that ineffi-
cient promoters are variably transcribed in dif-
ferent preparations of cell-free extract. For ex-
ample, the human insulin gene was transcribed
in three of nine extracts (unpublished data), and
similarly, the core promoter functioned in only
two. In contrast, adenovirus major late and
HBV S RNAs were synthesized by all extracts.
Based on our experience with the surface

antigen transcript and on the observations of
others (21), the size estimates for the RNA
transcripts are accurate to within ±5% in in-
stances where the DNA markers and RNA spe-
cies are of similar size. Thus, the results of the
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runoff assay with the AvaII digest maps the core
promoter to a position 670 + 35 bases from the
AvaIl site (nucleotide 2,359). This localizes the
core promoter to nucleotide 1,689 + 35 on the
HBV genome. The only TATA-like sequence,
TACATAA, in this region is at position 1,654-
1,660, compatible with an initiation site around
nucleotide 1,680.
Si nuclease mapping of the in vitro S tran-

script. The site of initiation of the HBV S RNA
in vitro has been determined by Si nuclease
analysis (42). The 440-base S RNA was synthe-
sized in a lOx in vitro transcription reaction by
using the EcoRI 3.2-kb insert and was purified
by gel electrophoresis. pHBV3.2 DNA was
cleaved with BalI (which cuts at nucleotide
3,010), end labeled, and then subcut with BglII
(nucleotide 2,432). Chemical degradation prod-
ucts generated from the 587-nucleotide probe
provided a sequence ladder against which the
protected fragments were sized. A number of
fragments were protected by the in vitro tran-
script (Fig. 3). Some of the larger species were
also visible as a smear in the control lane.
However, a single strong band, corresponding to
an initiation site at nucleotide 2,809 or 2,810, is
visible in the experimental lane but not in the
control. A fainter ladder of bands is present
beneath this product, stretching as far as the A
residue at nucleotide 2,816. Since S1 digestion is
known to leave undigested overhangs (14), this
latter residue may be the true initiation site.

Initiation of the HBV S RNA in vivo. We also
studied the expression of the HBV S gene from
SV40 recombinants that either do or do not
contain the preS region, but replicate in COS
cells (12). Details of these constructions and the
general analysis of RNA and protein produced
from them will be presented elsewhere (19a).
Here, we report that one such recombinant,
which contains the entire HBV S and preS
regions as an AvaI (nucleotide 2,442)-BamHI
(nucleotide 1,403) fragment inserted down-
stream from the SV40 early promoter, appears
to in part use the HBV preS promoter to tran-
scribe the S gene region. Two end-labeled
probes were used: the 578-base pair (bp) BalI-
BglII probe described above and a 789-bp
EcoRI-BglIll fragment (labeled at the EcoRI site)
which contained an additional 211 nucleotides
extending toward the start of the mature surface
antigen protein coding sequence. The results of
the S1 mapping experiment are shown in Fig. 4.
A substantial fraction of both probes was fully
protected, corresponding to RNAs initiated at
the SV40 early promoter region (19a). In addi-
tion, a 430-nucleotide fragment of the EcoRI-
BglII probe (Fig. 4B) and a 196-nucleotide frag-
ment of the BalI-BglII probe (Fig. 4A) were
present in the experimental lanes but not in the
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FIG. 3. S1 mapping of the in vitro HBV S tran-
script. A 578-nucleotide BaIl/BglII probe, 32P end
labeled at the Ball sites, was annealed to gel-purified
RNA from a lOx in vitro transcription reaction. An-
nealing was performed at 47°C overnight. Hybrids
were quenched with 10 volumes (200 .1l) of S1 buffer,
and digestion with S1 nuclease (1,000 U; Miles Labo-
ratories) was for 1 h at 37°C. In the control (-) lane,
yeast RNA replaced themin vitro transcripts used in the
(+) lane. The Maxam and Gilbert reactions (24) per-
formed on the probe were G, A+G, T+C, and C
reactions.

control lanes. (The 500-base product present in
the BaII-BglII experiment, including the control
lane, was due to a minor contaminant in the
probe preparation, which remained undigested
under the conditions of the experiment.) The
430- and 196-nucleotide products correspond to
RNA species that map to the initiation site found
for the in vitro transcript. Sizing the fragments
against samples of the original probes cleaved
with the enzyme BstEII (which cuts at nucleo-
tide 2,824) revealed that the protected fragments
were approximately 10 nucleotides larger than
the BstEII-digested probes (data not shown),
suggesting an initiation site at approximately
2,814 for these RNAs.
We conclude that the HBV S gene initiation
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FIG. 4. Mapping the 5' end of the in vivo HBV S
transcript. Two probes were prepared from the cloned
HBV DNA, digested either with EcoRI or BalI and
end labeled with [,y-32P]ATP. The labeled fragments
were digested with the restriction endonuclease BglII,
and the resulting EcoRI*lBglII (789 bp) and BalI*I
BgIII (578 bp) probes were purified by gel electropho-
resis. The DNA probes were annealed with polyaden-
ylated RNA encoded by the LSV-HBpreS recombi-
nant at 50°C for 3 h. Hybrids were quenched with 10
volumes (200 ,Ll) of Si buffer and then digested with
1,000 U of S1 nuclease at 42°C for 1 h. Protected
fragments were precipitated with ethanol in the pres-
ence of carrier and analyzed on a 5% polyacrylamide-
8 M urea gel. The autoradiogram shows results from
the BalI*IBglII probe (A) and the EcoRI*IBglII probe
(B). In each case, the control (-) experiments were

performed exactly as for the polyadenylated RNA
experiments (+) except that tRNA replaced polyaden-
ylated RNA.

site detected in vitro is also used in vivo. More-
over, the HBV preS promoter is evidently a
strong promoter in vivo as well as in vitro;
comparison of the intensities of the full-length
protected bands in Fig. 4 with the 430- and 196-
nucleotide products indicates that the HBV pro-
moter is used only two- to threefold less effi-
ciently than the SV40 early promoter. The
EcoRI-BglII probe also gives rise to a second
protected species of approximately 290 bases
(Fig. 4B). This may represent an RNA process-

ing site or a minor initiation site not detected in
the in vitro experiments.

DISCUSSION
In the present study, we defined the positions

of two RNA polymerase TI-dependent promot-
ers in the HBV genome by using a cell-free
transcription system. Both promoters give rise
to RNAs transcribed from the viral long strand,
which appears to contain all the information for
the proteins encoded by the virus. In a separate
study we have defined a 700-nucleotide RNA
polymerase III transcript which is transcribed
from the viral short strand (34).
The initiation site for the S gene transcript was

delimited to nucleotide 2,810 ± 10 on the HBV
genome by runoff transcription analysis. S1
mapping of the in vitro RNA transcript refined
this estimate of the initiation site to within the
region 2,809-2,816. On the basis of the consen-
sus sequence (PyAPyPyPyPy) for mRNA initia-
tion reported by Breathnach and Chambon (3),
we propose that the A residue at position 2,816
is the most likely start site for the S gene
transcript, with the A residue at position 2,813
being a second choice. Inspection of the HBV
genome reveals that a TATA-like sequence,
TATATAA, is present at position 2,785-2,791,
which is approximately 25 nucleotides upstream
from the putative initiation site at 2,816.
Gough and Murray (13) and Pourcel et al. (29)

demonstrated that the preS region of the HBV
genome is necessary for the production of
HBsAg in transfected cells. We have directly
shown that the preS promoter functions in vivo
by using an SV40 recombinant in which the
promoter plus the preS and S sequences of HBV
were inserted downstream from the SV40 early
promoter region. Cytoplasmic RNA isolated
from permissive cells infected with the recombi-
nant virus contains a heterogeneous population
of HBV-containing sequences (19a). However,
analysis of the RNA by Si mapping experiments
revealed that a major RNA species mapped to
the in vitro transcription start site. Both the in
vitro and SV40 results show that the HBV preS
promoter is relatively strong, only two- to three-
fold weaker than the powerful adenovirus major
late promoter or the SV40 early promoter.
The second promoter defined in this study is

the core antigen promoter, which gives rise to a
runoff transcript initiating at nucleotide 1,689 +
35 on the HBV genome. The weakness of this
promoter has prevented more accurate initiation
site estimates from being obtained, either by
runoff transcription assays of shorter truncated
templates or by S1 nuclease analysis of the
purified RNA. There is only one reasonable
TATA box in this region of the HBV genome;
the sequence TACATAA appears at position
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1,654-1,660. We propose that this is part of the
promoter sequence, with the A residue at 1,682
or 1,683 as the most probable initiation site.
Chakraborty et al. (6) have identified a cell-free
transcript unique to this region of the HBV
genome, but the data do not distinguish between
a promoter for the HBcAg or the putative viral
DNA polymerase genes.
An unusual feature of the HBV genome is that

the viral DNA found in the infectious particle
has a partially single-stranded structure (33, 37).
In addition, the nick in the viral long strand is
situated just downstream from the core antigen
promoter, thus separating the promoter from the
coding sequences (33, 37). Furthermore, much
of the S gene region may be single-stranded in
many viral molecules (33, 37). Thus, we cannot
be certain that the promoters defined here with
double-stranded templates are functional in the
virus. However, there is increasing evidence
that covalently closed supercoiled forms of
HBV DNA are found in the nuclei of infected
cells and that these molecules may be the actual
templates for viral transcription in vivo (30, 43).
Furthermore, integrated forms of HBV DNA
characteristic of hepatoma cells are double-
stranded, and at least some of these are tran-
scriptionally active (reviewed in reference 37).
Our studies have not yet detected independent

promoters for either the putative viral B or DNA
polymerase genes. The former has no obvious
TATA sequence but the latter has a TATA
sequence, TATAA, at nucleotides 1,919 to
1,924. These promoters may be under temporal
or positive regulation by viral gene products,
conditions which were not reproduced in our
experiments. However, the in vitro experiments
may detect only relatively strong promoters.
The lack of detection of appropriate transcripts
may simply reflect the low biological levels of
these gene products and the correspondingly
weak promoters for these genes. It is equally
possible that two promoters are sufficient to
express all the viral genes via polyfunctional
messages or alternative splicing pathways or
both.
A promoter preceding the preS region creates

a paradox concerning surface antigen biosynthe-
sis. Studies on the production of HBsAg in
alternate hosts have clearly shown that the preS
region is not required for S antigen synthesis,
assembly into characteristic 22-nm particles, or
subsequent secretion (8, 39). Yet the position of
the promoter suggests that preS sequences are
present in the initial S gene transcript and must
therefore either be removed at the RNA level or
there must be processing of a preS protein.
However, we have not excluded the possibility
that additional promoter sites, not detected in
these experiments, can be used.

The initiation of transcription of the core gene
(around nucleotide 1,680) occurs only 50 bases
from the initiation site for the RNA polymerase
III transcript. This suggests that the two promot-
ers overlap and that coordinate regulation of
these two genes may occur (see reference 34). In
addition, both promoters are within the region of
overlap between the viral long and short strands.
Opening up of the HBV circular genome fol-
lowed by filling in of the gaps would generate a
linear molecule with the region between the nick
in the long strand and the start of the short
strand duplicated as a direct repeat at each end,
analogous to the structure of a retrovirus long
terminal repeat (23). The core promoter in this
region is therefore of considerable interest since
it might function, as does the retroviral promot-
er, to generate a full-length RNA transcript that
would serve as the template in a reverse tran-
scriptase-mediated replication of HBV (36).
With these findings we can begin to consider

whether HBV promoter sequences could play a
role in the formation of primary hepatocellular
carcinoma. The results of earlier studies indicate
that HBV sequences are integrated into the
cellular DNA of many hepatomas (4, 5, 7, 31)
and in the livers of many carrier patients (18)
thought to have a high risk of developing pri-
mary hepatocellular carcinoma (2). Recent stud-
ies have shown that bursal tumors in chickens
may arise from a process initiated by avian
leukosis virus integration close to the host onco-
gene, c-myc, resulting in an elevated level of
expression (28). In some, though not all, in-
stances, this increased level of expression arises
because an avian leukosis virus long terminal
repeat promoter reads through into the adjacent
c-myc sequences (26). Thus, some forms of
cancer may result from a promoter insertion
event which overides the normal cellular control
of the expression of a host oncogene. We have
recently isolated integrated HBV sequences
from the Alexander human hepatoma cell line
(1), which contains at least seven integrated
copies of HBV DNA, most of which are incom-
plete and some of which are rearranged (Y.
Shaul and W. J. Rutter, personal communica-
tion). Analysis of the cloned integrated HBV
fragments derived from this cell line indicates
that in at least one clone the strong HBV preS
promoter is adjacent to human cellular se-
quences (Shaul et al., manuscript in prepara-
tion), perhaps activating a cellular oncogene
which may initiate the onset of HBV-associated
hepatocellular carcinoma.
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