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Cloned hepatitis B virus (HBV) DNA directs the synthesis of the viral surface antigen (HBsAg) when
introduced into mouse L cells by DNA transformation. We have used recombinants between the Rous
sarcoma virus long terminal repeat and subgenomic fragments of HBV DNA to localize regions of the HBV
genome required for HBsAg expression. Examination of HBV-specific RNA from such transformants
indicates that transcription initiates at three distinct sites (153. 163, and 183 nucleotides upstream from the
translation initiation codon for mature HBsAg). Thus in these cells, a large segment of the presurface
reading frame is not represented in HBsAg mRNA. The termination site of this RNA lies within the coding
sequences for the viral core antigen, some 1,094 + 10 base pairs downstream from the TAA stop codon for
HBsAg. Two additional open reading frames are present in the resultant unspliced HBsAg RNA.

Hepatitis B virus (HBV) is a small DNA virus of humans
which causes acute and chronic hepatitis and is strongly
associated with the development of hepatocellular carcino-

ma (9). Little is known about the replicative and transcrip-
tional program of HBV, owing to the inability to propagate
the virus in cultured cells. Nevertheless, considerable recent
progress has been made in elucidating the structure of the
HBV virion and its genome (see reference 25 for a review).
This work has shown that the virion is a 42-nm particle
whose outer coat is comprised principally of a single
protein, known as hepatitis B surface antigen (HBsAg), a

24,000-dalton polypeptide which exists in both a glycosylat-
ed and a nonglycosylated form.
Sequence analysis of cloned HBV DNA (8, 16. 26) has

revealed that the coding region for HBsAg is only part of a

much larger open translational reading frame. Immediately
5' to the ATG which encodes the first amino acid of HBsAg
is a 522-base pair (bp) translatable region known as preS (for
presurface) (see Fig. 1). This region is preceded by the
sequence TATATAAG. which has been suggested to func-
tion as part of the promoter governing HBsAg transcription
(18). Thus the DNA sequence raises the possibility that
HBsAg might be derived by cleavage of a much larger
protein generated by transcription from this putative preS
promoter and translation of the entire preS region.
Although HBV replication has not yet been achieved in

cell culture, introduction of cloned HBV DNA into cultured
cells does result in limited viral gene expression (2, 4, 11,
18). Dubois et al. (4) observed that mouse L cells transfected
with head-to-tail dimers of HBV DNA synthesized small
amounts of HBsAg; monomeric genomes interrupted at the
unique EcoRI site within preS did not direct HBsAg biosyn-
thesis. In this paper, we report detailed studies of the
transcription of the HBsAg gene in the mouse L cell system.
Our results show that, in contrast to earlier suggestions (10,
18), a large section of the preS region is not represented in
stable HBsAg mRNA and that transcription of HBsAg
sequences presumably occurs from a promoter located with-
in the preS region.
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MATERIALS AND METHODS

Cells, DNA, and RNA. The growth of LTK- cells, CaCl-
mediated cotransformation with cloned HBV DNA and
herpes simplex virus thymidine kinase (TK) DNA, and
selection of TK+ transformants were performed as previous-
ly described (4). TK' foci were tested for receipt of HBV
DNA by Southern blotting and 5 to 8 HBV-positive recipient
clones from each transfection were assayed for HBsAg
production, using the commercial AUSRIA II solid-phase
radioimmunoassay kit (Abbott Laboratories, North Chica-
go, Ill.). In this test, results are expressed as the ratio P/N.
where P = 125I-labeled anti-HBsAg counts per minute bound
to anti-HBsAg-coated beads after preincubation with a test
sample and N = '25I-labeled anti-HBsAg counts per minute
bound to similar beads which had been preincubated with
HBsAg-negative serum. Values of P/N greater than two are
considered positive. As previously reported (4), independent
clones bearing the same HBV plasmid vary over a 10- to 20-
fold range in P/N ratios when tested in this way. Serial
dilution experiments demonstrate that the P/N ratio is not
linearly related to HBsAg concentration at the levels pro-
duced by most clones, so that assay results are only a
semiquantitative reflection of the amounts of antigen pro-
duced.

Plasmid DNA was extracted by the method of Birnboim
and Doly (1) and purified by ethidium bromide-cesium
chloride density gradient centrifugation before use. Restric-
tion enzymes were purchased from New England Biolabs
(Beverly, Mass.) and used according to the instructions of
the manufacturer. Polyadenylated RNA was extracted from
cell monolayers as described by Payne et al. (17); RNA (2 p.g
per lane) was analyzed by agarose gel electrophoresis in 2.2
M formaldehyde followed by transfer to nitrocelluose paper,
by the method of Thomas (24).

Hybridization probes (Fig. 1A) were prepared by appro-
priate restriction cleavages, followed by recovery of the
indicated fragment from agarose gels. The DNA fragments
were radiolabeled with [32P]dCTP with random calf thvmus
DNA primers and avian myeloblastosis virus polymerase. as
previously described (17). Long terminal repeat (LTR)
probes specific for the U5 and U3 regions were prepared as
described by Payne et al. (17).
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FIG. 1. (A) Schematic map of the HBV genome. PRE-S, Presurface reading frame; S, HBsAg coding region; C, HBV core antigen coding
region. *, Position of putative promoter sequences previously suggested to direct initiation of HBsAg transcription (18). Nucleotide positions
of key sites (in accordance with the nucleotide numbering scheme discussed in reference 22) are indicated below the map, as are the structures
of the fragments used as radiolabeled probes for the hybridization studies in Fig. 2B. Abbreviations: B, BamHI; Bgl, BgII; Bst, BstEll; E,
EcoRI; X, XbaIl; and H, HpaI. (B) Schematic maps of RSV-HBV recombinant plasmids. In all cases, the indicated sequences are flanked by
3.5 kb of pBR322 DNA. Arrows, Transcriptional orientation of the underlying segment. Heavy line, RSV sequences; remaining sequences are
from HBV. Stippled area, preS sequences. Parentheses surround Bglll sites of HBV which are ligated to plasmid BamHl sites.

Plasmid construction. The HBV genome used in all experi-
ments was that cloned at its unique EcoRI site by Valenzuela
et al. (26). This plasmid is termed pHBV3.2. The construc-
tion of the Rous sarcoma virus (RSV) LTR-containing
plasmid pAV-2 has been previously described (13). This
plasmid bears an 850-bp insert of RSV DNA which includes
the entire LTR, flanked on its 5' side by 260 bp of RSV DNA
from the src region and on its 3' side by 260 bp of RSV
sequences which terminate 8 nucleotides before the gag
ATG initiation codon. The SauiIIIA site normally found at
this position was converted to a unique BamHI site by linker
insertion (P. Luciw, unpublished data). To prepare pSA2
and pSA6, the 1.4-kilobase (kb) HBV BamHI fragment was
cleaved from pHBV3.2 by BamHI, gel purified, and inserted
into the BamHI site of pAV2. To prepare pSA25 and pSA31,
the entire HBV genome was excised from pHBV3.2 with
EcoRI, purified by agarose gel electrophoresis, and self-
ligated with T4 DNA ligase at a DNA concentration of 100
pLg/ml. A sample of the ligation products was then cleaved
with BglII and cloned into the BamHI site of pAV2. For
construction of pSA10, a sample of the same ligation mix
was cleaved with BstEII and cloned into the unique BstEII
site of pAV2.
For construction of HBV-containing plasmids lacking an

LTR, a pBR322 derivative was employed which bears a 140-
bp herpes simplex virus DNA insertion at its BamHI site; the
inserted DNA harbors a unique BglII site. Into this site was
cloned a BglII-cleaved sample of the above ligation mix. One
resulting recombinant, pSA90, proved to contain the entire
(3.2-kb) HBV genome permuted at the HBV BglII site at
position 2,432. The deletion derivative pSA90AB10 was
generated by opening the plasmid at its unique BstEII site
within preS, exposing the DNA to nuclease Bal3l, and
religating the resulting DNA. Plasmids were re-treated with
BstEII and then recloned in Escherichia coli HB101; plas-
mids shorter than pSA90 were detected by gel electrophore-
sis of DNA from crude lysates of transformants. Plasmid
pSA90AB10 harbors a 550-bp deletion centered around the
BstEII site.

Si mapping and primer extension. The methodology for
the production of 5'-end-labeled probes, the conditions for
the RNA-DNA annealing, and the subsequent S1 digestion
reactions have been described in detail previously (5, 12, 22).
The 3'-end-labeled probes were labeled by a fill-in reaction
with avian myeloblastosis virus polymerase to add
[32P]dGTP to probe 3 (BamHI site) and [32P]dCTP to probe 4
(XbaI site). Hybridizations were performed at 50°C for the
5'-end-labeled probes and 49°C for the 3' probes. Further
details can be found in the legends to Fig. 3, 5, and 6. The
single-stranded synthetic 20-nucleotide primer was gener-
ously provided by P. J. Barr, Chiron Corp., Emeryville,
Calif. The 31-nucleotide BamHI-EcoRI primer was prepared
from pHBV3.2. The plasmid was cleaved with BamHI, end-
labeled with [,-32P]ATP, and then cleaved with EcoRI. After
extraction with phenol and ethanol precipitation, purifica-
tion and strand separation were accomplished simultaneous-
ly on a 15% polyacrylamide-8.3 M urea gel. The conditions
used for the primer extension reactions are given in the
legend to Fig. 4. The products from S1 or primer extension
reactions were denatured in 90% formamide containing
tracking dyes and resolved on 5% polyacrylamide-8.3 M
urea gels which were dried and autoradiographed for 1 to 3
days at -70°C with an intensifying screen and X-Omat AR
film. DNA sequencing reactions were carried out as de-
scribed by Maxam and Gilbert (15).

RESULTS
Expression of HBsAg in L cells. To survey the HBV

genome for regions important for HBsAg expression, we
constructed a series of recombinant plasmids in which HBV
DNA fragments bearing the HBsAg coding region are cloned
(in both orientations) downstream from a transcriptionally
active eucaryotic promoter in the LTR of RSV. If the HBV
fragment carries all the signals required for surface antigen
biosynthesis, cells transfected with the LTR-HBV recombi-
nant should express HBsAg irrespective of the orientation of
the HBV fragment to the LTR. However, if the HBV
fragment lacks the HBsAg promoter, the LTR-HBV chimera
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will direct HBsAg expression only when the HBV segment
and the LTR are in the same transcriptional orientation.
Three HBV fragments were subcloned 3' to the LTR in

plasmid pAV2, which contains a single copy of the RSV
LTR (Fig. 1). The first was a 1.4-kb BamHI fragment bearing
the HBsAg structural gene, 127 bp of preS sequences, and
568 bp of 3' noncoding sequences (26). In plasmid pSA2, the
HBsAg gene is in the correct transcriptional orientation
relative to the LTR, whereas in pSA6 it is in the opposing
orientation. These plasmids were introduced into LTK-
cells by cotransfection with cloned Herpes'iruis TK DNA,
and TK+ foci were picked and assayed for HBsAg by solid-
phase radioimmunoassay. Plasmid pSA6 does not direct
HBsAg synthesis, whereas the presence of pSA2 leads to the
synthesis of small amounts of immunoreactive material
(Table 1). Control experiments documented that chromo-
somal DNA of cells transformed with pSA6 DNA contained
multiple integrated copies of the recombinant plasmid (data
not shown).

Next, a 2.8-kb BglII fragment of HBV DNA was inserted
in both orientations into pAV2. This fragment includes the
entire preS region and 424 bp of 5' noncoding DNA, as well
as 1,148 bp 3' to the termination codon for HBsAg. Plasmid
pSA25 bears the insert in the same transcriptional orienta-
tion as the LTR, whereas pSA31 bears the same insert in the
opposing orientation. Both plasmids direct the synthesis and
secretion of HBsAg in readily detectable amounts (Table 1).
Analysis of the protein product of lines 25b and 31e. by
[35S]methionine radiolabeling and immunoprecipitation

TABLE 1. HBsAg synthesis"

Plasmid Cell HBsAg (P/N)line

pSA2 2a. 5.6
2b 3.0

pSA6 6a, <2.0
6b, <2.0(

pSA25 25a 38.5
25b 147.0
25e 58.4

pSA31 31b, 145.4
31d, 100.8
31e, 125.0

pSAIO 10a1 81.6
10a2 58.2
10a3 143.7

pSA90 90a1 10.5
90b 68.4

pSA90AB10 B10a. 45.0
BlOc 15.5

"LTK- cells were cotransfected with 10 ng of HSV TK DNA,
100 ng of the indicated HBV plasmids, 10 jig of carrier salmon sperm
DNA, and TK+ foci selected in hypoxanthine-aminopterin-thymi-
dine medium. Individual colonies were picked and expanded into 60-
mm dishes. At 48 h after the cells reached confluence, 0.2 ml of
medium was tested for HBsAg by solid-phase radioimmunoassay
(AUSRIA I1) as described in the text. Results of assay of several
representative independent transformants from each experiment are
shown. All TK+ foci were tested for receipt of HBV DNA se-
quences by Southern blotting of Hindlll-digested chromosomal
DNA with [32P]HBV DNA probes. All clones listed above were
found to contain multiple copies of integrated HBV DNA.

A. Probe, HBV
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FIG. 2. (A) Northern blot analysis of HBV-specific RNA from
transfected L cells. Two micrograms of polyadenylated RNA from
cell lines 10a. (left lane). 25b (center lane). and 31e. (right lane) were
electrophoresed through 1% agarose-2.2 M formaldehyde gels.
transferred to nitrocelluose paper. and hybridized to radiolabeled
HBV DNA. After being washed at 50°C in 0.1 x SSC ( x SSC is 0.15
M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate
for 2 h, the filters were dried and subjected to autoradiography with
Kodak X-Omat R film, exposure time was 4 days. Sizes were
calibrated by comparison to rRNA bands visualized with ethidium
bromide staining and murine leukemia virus RNAs electrophoresed
in parallel. (B) Analysis of 25b RNA by hybridization with the
radiolabeled subgenomic probes illustrated in Fig 1A. Two micro-
grams of polyadenylated 25b RNA was electrophoresed in parallel
lanes of a 1% agarose-formaldehyde gel and transferred to nitrocel-
lulose as in Fig. 2A. The filter was then cut into strips, and each strip
was separately annealed to the radiolabeled probe indicated above
the corresponding lane. Probe designated LTR is specific to the U5
region of the RSV LTR. Autoradiography was performed as in Fig.
2A.

shows that both cell lines are producing approximately equal
amounts of antigen of normal size (24 kDa); both glycosylat-
ed and nonglycosylated forms are detectable (D. Ganem and
H. E. Varmus, unpublished data).

Lastly, the 3.2-kb HBV genome was cloned at its unique
BstEIl site (nucleotide 2.824) 3' to the LTR in pAV2; this
site is 32 bp 5' to the first ATG of preS. and separates the
preS ATG from the TATA-like sequence some 40 bp further
upstream which is part of the putative promoter preceding
preS. Because not all BstElI sites have identical termini,
only the recombinant plasmid bearing the opposing orienta-
tion (pSA10) was recovered. In plasmid pSAIO. this putative
preS promoter is separated from the HBsAg and preS region
by a 3.5-kb insertion of plasmid pAV2 DNA, and the RSV
LTR is not in the correct orientation to direct HBsAg
expression (Fig. 1). Nevertheless this plasmid efficiently
directs HBsAg biosynthesis and secretion (Table 1).
RNA transcripts in HBsAg-producting cells. Polyadenylat-

ed RNA was prepared from cells transformed with each of
the plasmid DNAs listed and analyzed by agarose gel
electrophoresis and hybridization to [32P]HBV DNA. No
HBV-specific RNA was detectable in cells harboring multi-
ple inserts of pSA6 DNA. By contrast, cells transfected with
pSA2 DNA (clone 2b) contain two species of HBV-specific
RNA in low abundance, both species also anneal to probes
from the U5 (but not the U3) region of the RSV LTR (data
not shown). These results suggest that in pSA2, all transcrip-
tion of HBV sequences is promoted by the LTR: when the
LTR is unavailable (as in pSA6), no transcription of HBV
DNA occurs.

Figure 2A shows the HBV-specific polyadenylated RNA

VOL. 50, 1984
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the larger species is detected (Fig. 2B, probe LTR); no
annealing of either species occurred with probe from the U3
region of the LTR (not shown). These results, together with
its presence irrespective of its orientation relative to the
LTR (Fig. 2A, right lane), argue strongly that the 2.3-kb
RNA is the product of promotion within HBV DNA.
The fine structure of pSA25-directed RNA was further

examined by hybridization with subgenomic fragments of
HBV DNA (Fig. 1). As expected from earlier work (10, 18),
probes from the coding domain (probe B) and 3' noncoding
region (probe C) annealed strongly to HBsAg mRNA (Fig.
2B). However, probe prepared from the portion of the preS
region between BstEII and EcoRI annealed only weakly to
the HBV-promoted species, though it detected the RSV-
promoted species with the same sensitivity as did coding-
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FIG. 3. Autoradiograms showing the Si analysis of the 5' end of
the HBsAg RNA. (A) RsaI-BstEll probe (probe 2 in Fig. 7). Lane 1,
DNA size markers; lanes 2 and 3, Si-resistant products of annealing
with 5 p.g of polyadenylated RNA from the cell line containing
pSA25 (lane 2) and control yeast tRNA (lane 3); and lane 4,
undigested probe. (B) XbaI-BgIII probe (probe 1 in Fig. 7). Lane 1,
DNA markers; lanes 2 through 4, Si-resistant products of annealing
to about 2 p.g of polyadenylated RNA from cell line 25b (lane 2), to
about 6 ,ug of polyadenylated 25b RNA from a different RNA
preparation (lane 3), and control yeast tRNA (lane 4); and lane 5,
undigested probe. (C) Alignment between the Si-protected species
(lanes 1 and 2) and a sequencing ladder generated from the same
probe (XbaI-BgII). The positions of the Si-protected species were
read directly against the sequence and are presented in Fig. 7B. The
DNA sequencing reactions used are indicated above the respective
lanes. The DNA size markers shown in (A) and (B) are 32P-end-
labeled, HaeIII-digested (X174 DNA with sizes of 1,353, 1,078,
872, 603, 310, 281, 271, 234, 194, and 118 bp. The conditions for the
formation of RNA-DNA hybrids were as described previously (12,
22). Each experiment contained 5,000 to 10,000 Cerenkov cpm of
probe and a total of 20 p.g of RNA (experimental RNA plus yeast
tRNA carrier). The control experiments contained only yeast tRNA
(20 ,ug). Si nuclease digestion was performed for 1 h at 37°C with 500
U of enzyme per ml in a volume of 220 ,ul. The reactions were
extracted with phenol, and the protected fragments were precipitat-
ed with ethanol and then denatured in 90% formamide containing
tracking dyes. Approximately one-third of each sample was ana-
lyzed on a 5% polyacrylamide-8.3 M urea gel.

transcripts directed by the remaining three recombinants. A
single band of ca. 2.2 to 2.3 kb is common to all three cell
lines. This transcript is identical in size to that identified by
Pourcel et al. (18). Cells bearing pSAIO (line 10a2) and
pSA31 (line 31e,) show, in addition to the 2.3-kb species, a
larger RNA (Fig. 2A); this RNA also hybridizes to pBR322
DNA (data not shown). These transcripts presumably arise
via readthrough from or into surrounding plasmid or cellular
sequences or both.

Cells bearing pSA25 (cell line 25b) show two HBV-related
species, which have been examined in greater detail (Fig. 2).
The predominant transcript in this line is the 2.3-kb species,
which anneals to HBV DNA (Fig. 2A, center lane) but not to
pBR322 (not shown). A much less abundant RNA species of
about 3.2 kb can also be detected by hybridization to HBV
DNA (Fig. 2A, center lane). When RNA from these cells is
annealed to probes from the U5 region of the RSV LTR, only
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FIG. 4. Mapping of the 5' end of the HBsAg RNA by primer
extension. (A) Autoradiogram showing the extended products ob-
served with the 31-nucleotide Ba,nHI-EcoRl primer. The numbers
on the left indicate the positions of the primer (31 bp) and DNA size
markers of 72 and 118 bp. respectively. No bands were visible in the
original autoradiogram above -56 bp. The extended products
subjected to sequence analysis are indicated by arrows (a and b).
Lanes 1 and 2 show the extended products obtained from two
different RNA preparations from cells transformed with pSA25. (B)
Sequence analysis of the extended species a and b shown in A. Only
the G+A and T+C reactions are shown here; in the original
autoradiogram, the G, A+C, and C reactions could also be read.
The sequence of the region (nucleotides 3 through 3,197) is present-
ed alongside B. The sequence is complementary to that shown in
Fig. 7B. Each primer extension reaction was performed with -2 x
106 cpm of probe and 25 ,ug of polyadenylated RNA from line 25b
(A, lane 1) or 50 ,ug of RNA (A, lane 2). RNA plus probe was
dissolved in 45 ,ul of 80% formamide containing 0.4 M NaCl and 10
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], pH 6.4.
After 10 min at 65°C, the samples were slowly cooled to 20°C. The
hybrids were precipitated with ethanol, dissolved in 10 p.l of water
containing 20 mM Tris-chloride (pH 8.4), 50 mM NaCl, 6 mM
MgCl2, 1 mM dithiothreitol, 1 mM deoxynucleotide triphosphates,
and 26 U of reverse transcriptase, and incubated at 48°C for 1 h.
Approximately 1% of each sample was analyzed on an analytical 5%
polyacrylamide-8 M urea gel (A). The remainder was electrophor-
esed on a preparative gel of the same type. The extended products
were detected by autoradiography, eluted from the gel, and subject-
ed to sequence analysis (15). The products (-400 cpm per lane) were
analyzed on a 15% polyacrylamide-8 M urea gel. Autoradiography
was for 2 weeks at -70°C with a Quanta III screen (Dupont).

J. VIROL.
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FIG. 5. Effects of RSV LTR and HBV preS region on HBsAg gene transcription. (A) Top panel: Northern gel analysis of polyadenylated
RNA from cell lines 90b and BlOc (Table 1). Two micrograms of polyadenylated RNA from line 90b (lane 1) and 5 ,ug of similar RNA from line
BlOc (lane 2) were electrophoresed in parallel through 1% agarose-2.2 M formaldehyde. transferred to nitrocellulose. and hybridized to
[3-P]HBV DNA. Autoradiographic exposure was for 16 h (90b RNA) or 4 days (BlOc RNA). Bottom panel: Schematic illustration of the preS
region of HBV. showing the extent of deletion AB10. (B) S1 nuclease mapping of polyadenylated RNA from lines 90b and B10c. Lanes 2
through 5 contain S1-resistant products after annealing 32P-labeled Xbal-BgllI probe (probe 1 in Fig. 7) to 6 pLg of 25b RNA (lane 2). 10 pLg of
line 90b RNA (lane 3). 8 ,ug of line BlOc RNA (lane 4). and 20 pLg of yeast tRNA (lane 5). Lane 1. Haell-dbX174 DNA size markers: lane 6. un-

digested probe. The experiment was performed as described in the legend to Fig. 3. Autoradiography was for 6 days at -70°C.

region probes (Fig. 2B, probe A). This result suggested that
sequences from the 5' portion of the preS region might be
underrepresented in HBsAg mRNA.

Fine structure of the 5' end of the HBsAg mRNA. Because
the hybridization results indicated that at least some preS
sequences were not present in HBsAg mRNA, we undertook
to map the 5' end of this RNA more precisely. Accordingly,
cytoplasmic polyadenylated RNA from cell line 25b was

analyzed by the S1 nuclease method (27) with the 5'-end-
labeled probes depicted in Fig. 7.
RNA annealed to probe 1 (labeled at the XbalI site,

position 250) protected three discrete species of DNA from
S1 digestion (Fig. 3W, lanes 2 and 3). The size of these
species (245, 255, and 275 nucleotides) corresponds to RNAs
that extend 153, 163, and 183 bases upstream from the ATG
codon at position 158 that marks the start of the mature
HBsAg coding region. Three species were similarly protect-
ed when this RNA was annealed to probe 2 (end labeled at
the RsaI site, position 507); the sizes of these three frag-
ments confirm that their 5' ends correspond exactly to those
detected with probe 1 (Fig. 3A, lane 2).
To precisely map the 5' ends of the species protected by

probe 1, these protected fragments were electrophoresed in
parallel with a DNA sequencing ladder generated from the
same probe. These results are shown in Fig. 3C, and the
sequence alignments are summarized in Fig. 7B.

In each S1 mapping experiment with 25b RNA, a small
amount of protected full-length probe was evident (Fig. 3A,
lane 2 and 3B, lanes 2 and 3); such species are not seen when
25b RNA is omitted from the reaction (Fig. 3A, lane 3 and
3B, lane 4). This material presumably represents the minor
fraction of HBV RNA that originates from the RSV LTR.

S1 mapping experiments of this type do not discriminate
between initiation events and RNA splicing. Indeed se-

quences resembling consensus splice acceptor sites are

found in the HBV sequence close to two of the sites mapped
by S1 analysis (see Fig. 7). To distinguish between splicing
and initiation. the 5' end of the major RNA species was

determined by primer extension analysis with two single-
stranded primers (Fig. 4). A 31-nucleotide BawnHI-EcoRI
primer (5' end labeled at the BamotHI site, nucleotide 31) was

annealed to HBV RNA from line 25b and extended with
avian myeloblastosis virus reverse transcriptase; this reac-

tion gave two major products of about 36 and 56 bases (Fig.
4A). These products were purified and subjected to se-

quence analysis (Fig. 4B), which revealed that the extended
products were colinear with the HBV sequence and con-

tained no sequence information derived from an additional
exon. Comparison of the termination sites of the extended
products with the sites mapped by S1 analysis revealed an

exact alignment (summarized in Fig. 7) for the two groups of
sites furthest upstream from the start of HBsAg. Products
mapping to the same two sets of locations were observed
when a synthetic 20-mer (nucleotides 31 through 50) was

used as a primer against 25b RNA (data not shown). No clear
band was seen mapping to the third Si site (see Fig. 7B);
however, this band is relatively weakly detected in the SI
analysis and was probably below the threshold of detection
in the primer extension experiments.
Taken together, these data indicate that at least two and

perhaps all three of the sites mapped in these experiments
represent true initiation sites occurring at the positions
summarized in Fig. 7.
HBsAg transcription in the absence of an LTR. Recent

studies document that the RSV DNA sequences we em-

ployed in these experiments contain so-called enhancer
sequences, cis-acting elements which activate the expres-
sion of neighboring genes (13). We considered the possibility
that the transcripts defined above resulted from enhancer-
mediated activation of a minor or aberrant promoter not

A. 1 2 B.
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FIG. 6. Autoradiograms showing the Si analysis of the 3' end of
the HBsAg RNA. (A) XbaI-AvaI probe (probe 4 in Fig. 7). Lane 1,
Undigested probe; lane 2, Si-resistant products of annealing to
about 6 p.g of polyadenylated 25b RNA; lane 3, Si-resistant prod-
ucts of annealing to coritrol yeast tRNA. The arrows on the left of
the figure depict the position of DNA size markers visualized by UV
after staining with ethidium bromide. (B) BamHI-AvaI probe (probe
3 in Fig. 7). Lane 1, 32P-labeled DNA size markers of 1,353, 1,078,
872, 603, 310, and 281 bp, respectively; lane 2, DNA size markers of
770, 652, 527, 404, and 309 bp; lane 3, Si-resistant products of
annealing to 6 ,ug of polyadenylated 25b RNA; lane 4. identical
analysis with control yeast RNA; lane 5, a sample of the BamnHI-
Aval probe digested with BgII; and lane 6, undigested BarnHI-Ai'aI
probe. S1 mapping was performed as described in the legend to Fig.
3 and in the text.

normally functional in vivo. Accordingly, the entire HBV
genome, permuted at the BglII site at position 2,432, was

subcloned into a pBR322 derivative which contained no RSV
sequences. As expected, when this plasmid (pSA90) was
introduced into LTK- cells by cotransformation with HSV
TK DNA, the resulting cell clones synthesized and secreted
HBsAg (Table 1). Polyadenylated RNA prepared from one
such transformant (90b) was examined by agarose gel elec-
trophoresis and blot hybridization to [32P]HBV DNA (Fig.
5A, lane 1). In this line, the 2.3-kb HBsAg transcript is again
seen, as well as two larger species of over 4 kb in length.
When this RNA was examined by Si nuclease mapping
(Fig., SB, lane 3) with the XbaI-BglII probe (probe 1)
described above, the same three fragments previously seen

in 25b RNA were protected (cf. Fig. SB, lane 2). No other
major start sites or splice-acceptor sites within HBV DNA
were identified. Significant protection of full-length probe 1
was observed, indicating that the larger transcripts seen in
this line originated outside the HBV genome. Thus, the HBV
RNA species mapped in Fig. 3 and 4 are not the result of
activation of extraneous promoters by RSV.
We next examined the effect of a large deletion of preS

sequences on HBsAg transcription. Plasmid pSA90 was

cleaved at its unique BstEII site in preS, and deletions
were generated by exposure of the linearized genome to
nuclease Bal3l. One resulting mutant derivative (AB10) was

selected for analysis. The fine structure of this mutant as

determined by restriction mapping is summarized in Fig. SA.
The lesion in AB10 consists of a -550-bp deletion, which
removes at least 154 bp of the preS coding region, along with
the region containing the putative promoter preceding preS.

Nonetheless, L cells transfected with this plasmid are capa-
ble of HBsAg synthesis (Table 1).
Analysis of the polyadenylated RNA of clone BlOc by

Northern blotting with [32P]HBV DNA probe is shown in
Fig. 5A (lane 2). Despite the large deletion, the 2.3-kb
transcript is again present along with a longer transcript. SI
mapping of this RNA with probe 1 (Fig. 5B, lane 4) revealed
that the 5' ends of the 2.3-kb RNA in the deletion mutant are
identical to those transcribed from wild-type HBV DNA.
However, the levels of HBV-specific RNA in these cells
were 5- to 10-fold lower than in cells bearing pSA90 (see the
legend to Fig. 5A and below). The additional band (-450 bp)
seen in lane 4 maps to the deletion end point and presumably
represents transcripts originating outside HBV sequences
(cf. Fig. SA, lane 2).
The 3' end of HBsAg RNA. When annealed to an XbaI-

AvaI probe (probe 4, Fig. 7), 3' end labeled at the XbaI site,
polyadenylated RNA from 25b cells gave a single Si nucle-
ase-protected species of about 1,700 nucleotides (Fig. 6A,
lane 2). This places the 3' end of the RNA in the vicinity of
the BglII site at nucleotide 1,987. To map the 3' end more
precisely, probe 3 (labeled at the BamHI site, nucleotide
1,403) was used. A fragment of 530 ± 10 bases was protected
from Si nuclease when this probe was annealed to 25b RNA
(Fig. 6B, lane 3), placing the 3' end of the HBsAg RNA at
nucleotide 1,933 ± 10 on the HBV map, some 50 nucleotides
upstream from the BglII site (cf. Fig. 6B, lane 5). These data,
together with the results from the 5' probes, indicate that the
predominant HBsAg mRNA from this cell line is an un-
spliced molecule containing up to about 1,950 bases of HBV
sequence. This is in reasonable agreement with the estimat-
ed size of 2.2 to 2.3 kb for the polyadenylated HBsAg
message.

DISCUSSION
In agreement with other studies, our experiments show

that fibroblast lines transfected with appropriate regions of
cloned HBV DNA synthesize and secrete small amounts of
HBsAg (4, 11). This synthesis is regularly associated with
the presence of a stable polyadenylated transcript of ca. 2.3
kb (18; Fig. 2).

Analysis of HBsAg synthesis by the LTR-HBV recombi-
nants pSA2 and pSA6 demonstrated that sequences 5' to the
BamHI site at position 32 are required for HBsAg gene
expression (Table 1). This is consistent with the earlier
suggestion of Pourcel et al. (18) that transcription of HBsAg
might initiate at a putative promoter element just upstream
from the preS region. However, experiments with plasmid
pSA10 (Table 1; Fig. 2A) indicate that this element can be
separated from the remaining HBV sequences by a 3.5-kb
insertion of plasmid DNA without disrupting HBsAg tran-
scription. In addition, hybridization studies with preS region
probes (Fig. 2B) indicate that in this system large sections of
the preS region are not represented in the final HBsAg
mRNA. This is confirmed by Si mapping and primer exten-
sion studies which localize the 5' ends of the RNA to three
sites within a 35-bp region around the EcoRI site in preS.
The positions of these sites (determined with an accuracy of
1 to 2 bp) are diagrammed in Fig. 7. Our data indicate that
these ends represent discrete transcription initiation events
rather than RNA splicing. Interestingly, inspection of the
DNA sequence upstream from this region reveals no candi-
date TATAAA-like element. This unusual feature is also
observed in the simian virus 40 late-transcription unit, which
is likewise characterized by the production of RNAs with
heterogeneous 5' ends.
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FIG. 7. (A) Structural features of the HBsAg 2.3-kb RNA. Top line shows the scale for the 2.8-kb BgvIII fragment of HBV DNA which
contains the signals required for HBsAg synthesis in L cells. The unique HBV EcoRI site is at nucleotide 1 in this numbering system. Below it
is depicted the arrangements of open reading frames in this region of the viral genome. The A frame is open throughout most of this region.
Only the section which follows the first available ATG codon within this frame in HBsAg mRNA is depicted with a solid line; the earlier
portion is indicated by a dashed line. Heavy line. Position of the 2.3-kb HBV RNA: arrowhead. direction of transcription. Dashed arrow
(PRE-S), Location of putative preS promoter seen to be active in in vitro transcription svstems. Below' this is diagrammed the structures of the
end-labeled probes used in the S1 mapping experiments of Fig. 3. SB. and 6. Probe 1. Xhal-Bg/ll: probe 2. Rsal-BsIEII: probe 3. BalnHl-
Ai'la; and probe 4. Xbal-AiwaI. *. Radiolabeled end. (B) Nucleotide sequence at the 5' and 3' ends of the 2.3-kb HBV RNA. The closed and
open triangles denote the location of 5' ends of HBsAg RNA determined by the S1 and primer extension methods. respectively. These
positions should be accurate to within 1 to 2 bp. The boxed ATG codon represents the initiating methionine for the HBsAg precursor
containing 55 additional amino acids (see text).

Our experiments involve the introduction into mouse
fibroblasts of viral DNA which is normally expressed only in
human hepatocytes. Therefore the relationship of these
findings to HBV transcription in virally infected liver cells in

vivo requires examination. While this manuscript was in
preparation. Cattaneo et al. (3) reported similar studies of
RNA extracted from the liver of an HBV-infected chimpan-
zee, as well as from fibroblasts transformed with HBV
DNA. These workers detected an RNA in the infected liver
whose 5' end appears to be identical to the largest of the
three transcripts we have identified in L cells. (The two
smaller RNA species were not observed.) These results
indicate that HBsAg gene transcription in L cells closely
approximates that occurring in normal viral infection.
We do not detect in L cells stable RNA species initiating in

the vicinity of the putative preS promoter. Nonetheless,
such transcripts can be detected (along with the transcripts
identified here) in monkey cells infected with certain simian
virus 40-HBV recombinants (12) and in in vitro transcription
experiments (20). Why this promoter is active in certain
systems and not others is not understood. Our results do not
exclude the possibility that sequences upstream of preS may
be involved in HBsAg expression in mouse cells. Pourcel et
al. (18), for example, observed that L cells transformed with
HBV DNA deleted for sequences 5' to preS did not synthe-
size HBsAg. Although our results indicate that this is not the
result of eliminating the start site for mRNA synthesis, it is
conceivable that this region contains other sequences which
might modulate the activity of the HBsAg promoter. In this
context it is of note that clone BIOC bearing the large preS

deletion (AB10) produces five times less HBsAg and 2.3-kb
HBV RNA than do some clones bearing the wild-type
plasmid pSA90. However, there is considerable variation in
levels of expression from clone to clone (see Table 1 and
reference 4). and other clones bearing the ABIO deletion
produce substantially more HBsAg (e.g., clone BlOa2, Table
1). Further experimentation is required to examine the
possible role of upstream HBV sequences in transcription.
The disposition of ATG codons relative to the transcripts

identified here is of interest. DNA sequencing studies show
that the preS region harbors three in-phase ATG codons
before the initial ATG of the mature HBsAg (26). The first
two ATGs are absent from all three transcripts we have
identified: the third ATG. at position 3.213. is present only in
the largest transcript (see Fig. 7B).
The largest RNA species could therefore encode an

HBsAg-related protein containing an additional 55 N-termi-
nal amino acids derived from the preS region. Such a protein
has recently been detected in the serum of HBV-infected
humans (14. 23). Mature (24 kDa) HBsAg could arise by
cleavage of this protein or by internal translation initiation at
the second ATG of this RNA. Alternatively, mature HBsAg
could be translated directly from the two smaller transcripts.
Our results and those of Cattaneo et al. (3) raise new

questions concerning the possible functional role of the preS
sequences. Comparison of the DNA sequence of HBV with
those of the related hepadnaviruses of woodchucks (7) and
ground squirrels (C. Seeger. D. Ganem. and H. E. Varmus,
submitted for publication) reveals that a comparable preS
open reading frame is present in all three genomes. This

2432
(BGL II)

3221/0
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would argue for an important role for this open reading frame
in the viral life cycle. As noted above, the 55 amino acids
encoded by the 3' portion of preS may be involved in HBsAg
biogenesis or function or both (14). What role the remaining
preS sequences might play remains a mystery.
Our Si mapping experiments suggest that HBsAg mRNA

terminates at or near position 1,933 (Fig. 6); recent work has
shown that this termination site represents the authentic site
used in vivo (3). Inspection of the surrounding sequence
reveals no AATAAA sequence, the hexanucleotide which
normally precedes eucaryotic mRNA termini (6, 19). Inter-
estingly, a variant of this sequence, TATAAA, is found at
position 1,919 and may serve as a polyadenylation signal.
However, the absence of a classic termination signal at this
site leaves open the formal possibility that the RNA is
spliced to downstream sequences in this region. We consider
this possibility unlikely in view of the fact that HBsAg
mRNA molecules of identical size are directed by plasmids
pSA10 and pSA25 (Fig. 2). Plasmid pSA25 has only 55 bp of
HBV sequence downstream from position 1,933, whereas
pSAIO includes over 800 bp of HBV DNA distal to this site.
If the sequence at 1,932 was a splice donor site, then in
pSA25 the splice acceptor would have to be located within
the cellular or plasmid DNA, whereas in pSA10 it would
presumbly be within the HBV genome. It is unlikely that
such disparate events would generate RNAs of identical
size.

Inspection of the HBV DNA sequence revealed that
position 1,933 lies within the coding region for the viral core
antigen (HBcAg). The presence of a putative mRNA polya-
denylation signal within this region raises new questions
about how HBcAg mRNA might be generated in vivo.
Removal of this signal by splicing would result in the loss of
HBcAg coding information, although a small splice which
does not disrupt the core reading frame is possible in
principle. Another mechanism would be transcriptional
readthrough past site 1,933. Resolution of this question will
require examination of viral transcription in systems in
which significant levels of core antigen gene expression can
be observed.
The coding structure of the 2.3-kb HBsAg transcript

(summarized in Fig. 7) also appears to be unusual. Approxi-
mately 500 nucleotides beyond the HBsAg termination co-
don is a second complete 154-amino acid open reading frame
(termed B in Fig. 7). Moreover, a substantial segment of
another open reading frame (A), which covers 80% of the
genome and which has been speculated to encode the viral
polymerase, is present in this RNA. Starting with the first
available initiation codon at position 424 to the termination
codon at position 1,624, the RNA could encode a 400-amino
acid protein by using the A frame. Although eucaryotic
mRNAs encoding more than one protein have recently been
described (21), it remains to be determined whether the 2.3-
kb RNA we have characterized can promote the translation
of these potential gene products.
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