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A segment from the pre-s region of the woodchuck hepatitis virus (WHV) was inserted into an open reading
frame vector allowing for the expression in Escherichia coli of viral determinants as part of a fusion protein.
The bacterially synthesized fusion molecule contained eight amino acids from ,I-galactosidase (,I.gal) at the N
terminus, followed by 89 pre-s-encoded amino acids and 219 amino acids of chloramphenicol acetyltransferase
(CAT) at the C terminus (,3-gal:pre-s:CAT). This tribrid protein was used to generate antiserum which had a
significant titer to the viral portion of the fusion polypeptide. Anti-4-gal:pre-s:CAT was used in Western blot
analysis to identify viral proteins containing pre-s-encoded determinants. Antiserum to the tribrid molecule
recognized four WHV polypeptides with molecular masses of 33, 36, 45, and 47 kilodaltons, each of which was
also recognized by a monoclonal antibody to WHV surface antigen. Using the same anti-tribrid serum, we also
identified analogous polypeptides from ground squirrel hepatitis virus. The antiserum was also used to
immunoprecipitate virus particles containing endogenous DNA polymerase activity, indicating that pre-s
determinants are found on the surface of mature virions. Based on previous computer studies and the location
of pre-s-encoded molecules on the surface of virus particles, a role in hepadnavirus host cell entry is suggested
for these polypeptides.

Hepatitis B virus (HBV) infection represents a serious
world health problem, being associated with acute and
chronic liver disease as well as hepatocellular carcinoma. In
recent years, several viruses have been isolated which share
morphological and genetic characteristics with HBV. These
related viruses, which infect woodchucks (woodchuck hep-
atitis virus [WHV]) (48), beechey ground squirrels (ground
squirrel hepatitis virus [GSHV]) (25), and Pekin ducks (duck
hepatitis virus) (26), represent a new class termed the
hepadnaviruses. Animals in which chronic liver disease and
hepatocellular carcinoma have been found will likely prove
to be hosts for additional viruses in the hepadna class. All of
these viruses encapsidate a circular, partially single- and
double-stranded DNA genome, are strongly hepatotrophic,
and contain endogenous DNA polymerase activity (46).
Evidence has indicated that hepadnaviruses replicate
through an RNA intermediate (29, 47; M. Roggendorf and J.
Summers, Abstr. Cold Spring Harbor Meet. Mol. Biol.
Hepatitis B Viruses. 1985, p. 5), a unique characteristic for
DNA viruses.

Classical approaches to the study of the hepadnaviruses
have been hampered by the inability to propagate them in a
tissue culture system or convenient laboratory animal.
Progress toward the characterization of proteins encoded by
the virus and their function in the viral life cycle has been
slow. The application of molecular techniques to the study of
this novel class of viruses has allowed the accumulation of a
significant body of information. The DNA sequences of
several cloned HBV genomes have been determined and
examined for the presence of open reading frames (ORFs)
(13, 33, 35, 52). The short or incomplete strand of the virus
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was consistently shown to contain four ORFs, each with the
capacity to encode at least 150 amino acids, whereas the long
strand had only short ORFs which were not conserved
between different HBV subtypes. The genetic organization
shown initially for HBV has also been found in WHV and
GSHV (12, 43) and with a single modification in duck
hepatitis virus (23). An interesting feature determined by
DNA sequencing is that the ORF which encodes the 225-
amino-acid coat protein of HBV has the capacity to encode
an additional 175 amino acids (pre-s) upstream of, and in
frame with, the surface antigen gene. A similar extended
ORF (pre-s:S) has been found for the other hepadnaviruses.
The pre-s region has been speculated to play a role in host
cell entry (22, 41), and may be involved in the species
specificity characteristic of this class of viruses.
WHV appears to be most similar to HBV in terms of the

nature of the liver disease caused by the virus and the
association of hepatocellular carcinoma with chronic infec-
tion (37, 44). Because of the pathogenic similarities between
HBV and WHV, the latter was thought to be a useful model
for studying a region which has been speculated to encode a
protein important for host cell entry. If the expression of
pre-s-could be established in WHV, the woodchuck would
be valuable for studying the biological importance of this
region.
The approach being taken in our laboratory involves the

use of bacterial expression vectors to synthesize virally
encoded determinants as fusion proteins. This report de-
scribes the cloning and expression of an internal segment
from the pre-s region of WHV as a fusion protein in
Escherichia coli. The bacterially synthesized pre-s determi-
nants were used to generate polyclonal antiserum in rabbits,
which proved useful in the identification of viral polypep-
tides containing pre-s-encoded amino acids.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. All plasmids were

propagated in either E. coli MC1000 (Wlac IPOZYx74) (3),
MM294 (tii-1 endAl hsdRl7 supE44 A-) (27), or DG101
(MM294 derivative with lacP 1laZ AM15). Bacteria were
stored as stationary-phase frozen cultures, and for growth
were diluted 1:100 in Luria broth (28) and incubated at 37°C.
Bacteria harboring plasmids conferring ampicillin resistance
were grown in Luria broth with 50 pLg of ampicillin per ml.
Density of bacterial cultures was measured by A650. Bacteria
were induced with 10 mM isopropyl 3-D-thiogalacto-
pyranoside (2) at an A650 of 0.6 to 0.8, and growth was
continued for 1 to 2 h. Bacteria were plated on antibiotic
medium no. 2 (Difco Laboratories) with ampicillin selection
at 50 p.g/ml and chloramphenicol selection at 25 or 50 [Lg/ml.
DNA manipulations and bacterial transformations. Plasmid

DNA was purified by CsCI-EtBr density centrifugation (49)
or by a minilysate procedure (16) and stored in 10 mM Tris
hydrochloride (pH 7.4)-i mM EDTA. Restriction endonu-
clease digestions were carried out with DNA concentrations
of 0.5 to 1 mg/ml under conditions recommended by the
vendor. Restriction enzymes and T4 DNA ligase were pur-
chased from New England BioLabs, Inc. Ligations were
performed in ligase buffer (50 mM Tris hydrochloride [pH
7.4], 10 mM MgCI2, 10 mM dithiothreitol, 1 mM spermidine,
1 mM ATP, 0.1 mg of bovine serum albumin per ml) with 5
to 10 pLg of linearized vector treated with calf intestine
alkaline phosphatase (Boehringer Mannheim Biochemicals)
with a 5- to 10-fold molar excess of the fragment to be
inserted in a total volume of 30 pL1. DNA fragments were
purified from polyacrylamide gels by electroelution (42).
Ligation reactions were used to transform bacteria (6), and
plasmid preparations from candidate bacterial colonies were
analyzed with 0.7% horizontal mini-agarose gels in Tris
acetate buffer and 5% polyacrylamide gels in Tris borate
buffer (24).

Purification of fusion proteins. Bacteria (strain DG101)
harboring pWpresCAT-1, the recombinant plasmid that ex-
presses pre-s determinants (see Results), were grown in 1.5
liters of Luria broth to a density of 0.6 to 0.8 A650, at which
time cells were induced by addition of isopropyl r-D-
thiogalactopyranoside. Cultures were incubated for 1 h after
induction and then centrifuged in 500-ml bottles at 7,000 rpm
for 10 min in a JA-10 rotor (Beckman Instruments, Inc.).
Bacterial pellets were suspended in 10 ml of cold TEP buffer
(100 mM Tris hydrochloride [pH 7.4], 10 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride [diluted from a 100 mM solu-
tion dissolved in 100% isopropanol]) to give a density
equivalent to 225 A650. All subsequent steps were performed
at 4°C essentially as previously described (53). Briefly,
suspended bacteria were lysed by sonication and centrifuged
to remove particulate material. The supernatant was brought
to a final concentration of 75% saturated ammonium sulfate,
and the resulting precipitate was collected by centrifugation.
The pellet was suspended in and dialyzed against TEP buffer
and loaded onto a column containing chloramphenicol cova-
lently linked to a solid support (54). Nonspecifically bound
material was removed by washing the column with TEP
containing 0.2 M NaCl, followed by specific elution of
chloramphenicol acetyltransferase (CAT)-containing fusion
proteins with TEP containing 0.2 M NaCl and 2 mg of
chloramphenicol per ml. Column fractions were monitored
by A28( and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (18). The chloram-
phenicol-eluted proteins were pooled and used in subsequent
experiments.

Generation of polyclonal antisera. Female New Zealand
White rabbits were immunized with either the hybrid P-
galactosidase (q-gal):CAT protein synthesized by pZL811 or
the P3-gal:pre-s:CAT tribrid protein. One hundred micro-
grams of the pooled protein eluted from the chloramphenicol
column was mixed with an equal volume of Freund complete
adjuvant (Difco), and an emulsion was formed. A total
volume of 1 to 2 ml was injected intradermally at several
sites along the back. After 2 weeks, rabbits were bled and
boosted with 100 pLg of protein with incomplete Freund
adjuvant. Antisera from the primary bleed had significant
titers of antibodies to the antigen used for immunization.
Two weeks after the secondary injection, antisera to hybrid
and tribrid proteins had endpoint dilutions of between 10'
and 10-6 in enzyme-linked immunosorbent assays, which
were performed as described previously (53).

Virus preparation. Sera were obtained from woodchucks
housed at the Philadelphia zoo. Sera were identified as
positive for WHV surface antigen (WHsAg) by a commer-
cially available kit for the detection of human hepatitis B
surface antigen (Auszyme II; Abbott Laboratories) as shown
previously (30) and for DNA polymerase activity as de-
scribed below. Sera were centrifuged at 9,000 rpm for 10 min
to remove particulate material. Two milliliters of cleared
sera was layered onto a 10-ml 15 to 30% sucrose step
gradient in 10 mM Tris hydrochloride (pH 7.4)-100 mM
NaCI-5 mM EDTA and centrifuged at 26,000 rpm for 16 h in
an SW40 rotor (Beckman). Pellets were suspended in either
a 1/10 or a 1/20 volume of 10 mM Tris hydrochloride (pH
7.4)-50 mM NaCl for use in polymerase assays or a 1/80
volume of 10 mM Tris hydrochloride (pH 7.4)-50 mM
NaCl-5 mM EDTA for fractionating the virus by SDS-
PAGE. Ground squirrel hepatitis virus was prepared in an
identical manner with pooled infectious ground squirrel sera
(gift from P. L. Marion and W. S. Robinson).

Polymerase assay. Twentyfold-concentrated and partially
purified virus preparations were treated with 1.5% Nonidet
P-40 (NP-40)-0.1% 2-3-mercaptoethanol at 37°C for 10 min.
The detergent-treated virus preparations were incubated in
66 mM Tris hydrochloride (pH 7.4)-80 mM NH4CI-27 mM
MgCl2-0.33 mM dGTP, dCTP, and dTTP with 0.2 p.M
[ox-32PJdATP (3,000 Ci/mmol; Amersham Corp.) in a total
volume of 30 p.1 for 2 h at 37°C. To ensure completion of the
synthesized strand, dATP was added to 0.33 mM, and the
reaction was continued for an additional hour. After the 3-h
incubation period, acid-insoluble radioactivity was quanti-
tated by spotting the reaction onto glass fiber filters (GF/C;
Whatman, Inc.) which were soaked in 5% trichloracetic acid
(TCA) containing 0.1 M sodium pyrophosphate. Filters were
washed batchwise with three changes of the TCA-
pyrophosphate solution, then with 5% TCA alone, and
finally twice with 100% ethanol, as previously described
(40). The filters were dried under a heat lamp, immersed in 5
ml of scintillant, and counted. Alternately, labeled products
were fractionated by agarose gel electrophoresis and visual-
ized by autoradiography. By this procedure, a molecule
migrating as an approximately 3.300-base-pair nicked circu-
lar DNA was observed (data not shown).
Western blotting. Twenty-five microliters of partially pu-

rified, 80-fold-concentrated WHV preparation was solubil-
ized by boiling in sample buffer (2.5% SDS, 0.5 M dithio-
threitol, 5% glycerol, 62 mM Tris hydrochloride [pH 6.8],
0.0025% bromophenol blue) for 10 min and fractionated by
10% SDS-PAGE. Protein transfer from acrylamide gels to
nitrocellulose was performed by a modification of the pro-
cedure used by Towbin et al. (50). Transfer was carried out
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in a Trans-Blot cell (Bio-Rad Laboratories) with 0.025 M
Tris base-0.192 M glycine-20% methanol buffer for 5 h at a
constant current of 250 mA. A strip of nitrocellulose con-
taining low-molecular-weight protein markers (Bio-Rad) was
stained with amido black (50) to assess transfer efficiency.
Unoccupied sites on the nitrocellulose were blocked with
250 ml of modified BLOTTO (17) (1 M glycine, 1%
ovalbumin, 5% dry milk [Carnation], 5% fetal calf serum) for
30 min at room temperature. The blot was washed for three
10-min periods with 0.1% dry milk-0.1% bovine serum
albumin-1% fetal calf serum-0.1% Tween 20 in phosphate-
buffered saline (10 mM sodium phosphate [pH 7.2], 150 mM
NaCl) (wash solution). All subsequent antibody incubations
and washing steps were carried out with wash solution. The
blots were incubated at room temperature in sealed plastic
pouches with a 1:100 dilution of rabbit antisera or a 1:50
dilution of mouse monoclonal antibody for 4 h with agitation.
For preadsorption experiments, neat antisera were incu-
bated with 10 pg of hybrid or tribrid protein per ml for 30 min
at room temperature, at which time sera were centrifuged at
12,000 x g for 4 min. Supernatants were then diluted 1:100 in
wash solution, and hybrid or tribrid protein was added to a
final concentration of 10 p.g/ml. Diluted antisera and com-
peting antigen were then incubated with protein blots. Ni-
trocellulose filters were washed as described above and
incubated with either a 1:200 dilution of 125I-labeled protein
A (10 to 15 pLg/ml, 2 to 10 VCi/VLg; New England Nuclear
Corp.) or a 1:500 dilution of rabbit anti-mouse immunoglob-
ulin G (IgG)-IgA-IgM conjugated to horseradish peroxidase
(Zymed). In both cases, incubations were for 30 min to 1 h at
room temperature with agitation. Filters were washed as
described above, and '5I-labeled protein A-labeled blots
were dried and exposed to XAR-5 film (Eastman Kodak Co.)
with an intensifying screen at -70°C. Filters labeled with
rabbit anti-mouse immunoglobulins conjugated to horserad-
ish peroxidase were developed in a substrate solution (0.5
mg of diaminobenzidine [Sigma] and 0.03% H1O0 in 0.1 M
Tris hydrochloride [pH 7.5]). Protein bands were visualized
in approximately 10 min, and filters were washed extensively
with distilled HO.

Immunoprecipitation of DNA polymerase activity. Protein
A agarose (Zymed) was washed twice by pelleting and
suspending in 0.5% Triton X-100-(0.5 M NaCl-25 mM Tris
hydrochloride (pH 8.0)-i mg of bovine serum albumin per ml
(IP-blocking buffer). Fifty microliters of a 1:1 suspension of
protein A agarose in IP-blocking buffer was incubated at
room temperature for 30 min with 5 to 10 [Il of the appro-
priate antisera. Antibody to E. c(li-synthesized HBV core
antigen was purchased from Accurate Chemical Corp., and
monoclonal antibody to WHsAg (101-2) was a gift from P. J.
Cote and J. L. Gerin. Since the murine monoclonal antibody
was not efficiently recognized by protein A, agarose protein
A was first incubated for 30 min with a rabbit anti-mouse IgG
antibody (Miles Scientific), followed by incubation with the
monoclonal antibody. All antibody incubations were fol-
lowed by three washes with 0.5 M NaCl-50 mM Tris
hydrochloride (pH 8.0)-5% fetal calf serum (IP wash buffer).
The protein A-antibody complex was then incubated with 20
,ul of a 10-fold-concentrated and partially purified WHV
preparation which had been preincubated for 30 min at 37°C
with either 10 mM Tris hydrochloride (pH 7.5) or 10 mM Tris
hydrochloride (pH 7.5)-1 .5% NP-40-0. 1% 2-43-mercapto-
ethanol. After a 2-h incubation at room temperature with
agitation, agarose beads were pelleted and washed six times
(6 ml per wash) with IP wash buffer. Pelleted agarose beads
were suspended in 20 ml of 1.5% NP-40-0.1%c 2-n-

mercaptoethanol and incubated at 37°C for 20 min. Buffer
and deoxynucleotide triphosphates were added for the en-
dogenous polymerase reaction, and incorporated radioactiv-
ity was measured by TCA precipitation (described above).

RESULTS
Construction and characterization of plasmids expressing

0-gal:pre-s:CAT fusion proteins. The ORF vector used in this
study, pZL811, has been described previously (53). Briefly,
transcription of fusion protein nucleotide sequences is under
the control of a hybrid TAC promoter (8) with the ribosome
binding site and the N-terminal codons contributed by the
gene that encodes 3-galactosidase (lcZ) of E. coli. The lacZ
codons are followed by a polylinker devoid of translational
stop codons and containing a unique BamHI endonuclease
site. The polylinker region is contiguous with the CAT gene
from Tn9 (1). These coding segments allow for the produc-
tion of an in-frame hybrid fusion protein containing eight
amino acids of 3-gal at the N terminus, eight amino acids
derived from linker codons, and the entire 219 amino acids of
CAT at the C terminus (Fig. 1). The production of this fusion
protein (P-gal:CAT) in bacteria confers resistance to at least
50 pg of chloramphenicol per ml.
An X/toII fragment from the pre-s region of WHV was

chosen for insertion into the unique BazilHI site of pZL811
because of the identical 5'-protruding ends generated by
these two endonucleases and the retention of the reading
frame between ,-gal and CAT. As indicated in Fig. 1, the
pre-s region of the viral genome also encodes a portion of the
largest ORF (ORF P), but in another translational reading
frame. The use of an expression vector with defined reading
frames at both the 5' and 3' junctions was necessary to
unambiguously define the resulting tribrid protein as contain-
ing pre-s rather than ORF P-encoded determinants. The
XloII fragment has the potential to encode 88 pre-s amino
acids, corresponding to amino acids 85 to 173 of a protein
initiated from the first ATG of the ORF, allowing for the
production of a P3-gal:pre-s:CAT tribrid fusion protein (Fig.
1). The source of WHV DNA was the recombinant plasmid
pBH20-WHV1, which is a viral genome inserted at the
unique EcoRI site of pBH20 as described by Ogston et al.
(32). Because the desired XloII fragment spanned the EcoRI
site of the WHV genome, construction of a head-to-tail
dimer was necessary. Initially, pBH2O-WHV1 was cleaved
with EcoRI to release the 3.3-kilobase linearized viral
genome. The viral DNA was then purified by PAGE and
electroelution. Plasmid vector pACYC184 (5) was digested
with EcoRI and then treated with calf intestine alkaline
phosphatase to minimize recircularization (51). Purified
WHV DNA was ligated to linearized pACYC184, and the
ligation mixture was used to transform competent MC1000.
The CAT gene carried by pACYC184 is interrupted by
cleavage with EcoRI, and bacteria harboring recombinants
generated at this site are chloramphenicol sensitive. Trans-
formants were selected for resistance to ampicillin and
screened on 25 ,ug of chloramphenicol per ml. Digestion of
plasmid DNAs from ampicillin-resistant, chloramphenicol-
sensitive candidates with PstI. which cleaves viral DNA at a
single site, would generate a monomer-length fragment from
recombinants containing a head-to-tail dimer. A representa-
tive clone containing a WHV dimer was identified and
designated pWHV-'.
Recombinant plasmid pWHV-2 was digested with X/loII,

generating a 262-base-pair fragment from the pre-s region
which was isolated by PAGE and electroelution. The ORF
vector pZL811 was linearized by digestion with BaimnHI and
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POLYLINKER pre-s(282bp)
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FIG. 1. Construction of tribrid protein expression plasmid. The WHV genomic map is based on the sequence of Galibert et al. (12). Arrows
circling the viral map represent ORFs. Unique endonuclease sites are noted for orientation, and XhoII sites are indicated within the genomic
circular map. Arrows labeled S and C refer to the surface and core antigen genes, respectively. The dotted segment contiguous with the S
gene represents the pre-s portion of the pre-s:S ORF. Arrows labeled X and P represent the smallest and largest ORFs, respectively. The
XhoII fragment containing pre-s sequences (solid block) is schematically indicated on the viral DNA for simplicity but was actually isolated
from a dimer (see Results). The broad arrows associated with pZL811 and pWpresCAT-1 represent the hybrid P-gal:CAT and tribrid
P-gal:pre-s:CAT proteins, respectively. The hatched, dotted, and open portions of the broad arrows represent 3-gal, pre-s, and CAT amino
acids, respectively. The thin arrows labeled Apr denoted for pZL811 and pWpresCAT-1 represent 1-lactamase. The nucleotide sequence
noted at the upper right corresponds to the viral DNA-vector junctions.

treated with calf intestine alkaline phosphatase. The purified
WHV pre-s fragment was ligated to pZL811 (Fig. 1), and the
ligation products were used to transform DG101. Transform-
ants were initially selected on ampicillin-containing media.
The enzymatic activity of CAT fusion proteins has been
found to be variable depending on the particular fragment
inserted between the lacZ and CAT coding sequences (11,
53). In some cases, increased sensitivity to chloramphenicol
of recombinant plasmids relative to the parent plasmid is
observed (53). However, all of the ampicillin-resistant can-
didates that were screened for chloramphenicol resistance
were found to be resistant to at least 50 ,ug of this antibiotic
per ml and thus could not be distinguished from the parental
plasmid based on this criterion. It was thus necessary to
prepare plasmid DNA from random ampicillin- and chloram-
phenicol-resistant bacterial colonies with which to carry out
endonuclease analysis. Endonuclease PstI cleaves within
the ,B-lactamase gene of the vector, while BamHI cleaves at
the upstream WHV DNA-vector junction sequence; to-
gether they establish the presence of viral sequences and
their orientation (Fig. 1).

Protein synthesized by bacterial candidates harboring the
parent vector pZL811 or recombinant plasmids with the

WHV insert were analyzed by SDS-PAGE (Fig. 2). Candi-
dates which had the pre-s insert in the correct orientation no
longer directed the expression of a ,B-gal:CAT fusion protein
(Mr, ca. 28 kilodaltons [kDa]) characteristic of pZL811 (Fig.
2, lane 2). However, following induction of transcription
under the TAC promoter with isopropyl ,B-D-thiogalacto-
pyranoside, a new protein with the M, expected for a
,B-gal:pre-s:CAT tribrid fusion molecule (ca. 35 kDa) repre-
sented one of the predominant proteins synthesized by these
bacteria (Fig. 2, lane 4). The plasmid responsible for produc-
tion of the tribrid protein was designated pWpresCAT-1. To
verify that the new protein synthesized in bacteria harboring
pWpresCAT-1 was the tribrid molecule expected and as
such contained CAT determinants, we carried out Western
blot analysis on total cell lysates probing with a rabbit
polyclonal antibody to the 3-gal:CAT hybrid fusion protein.
The rabbit anti-p-gal:CAT sera recognized predominantly
two proteins, a polypeptide with an Mr of ca. 35 kDa and an
additional band migrating at ca. 26 kDa (see, for example,
Fig. 4, lane 3), neither of which was identified by preimmune
sera. The same two proteins were also specifically eluted
from a chloramphenicol column by the addition of chloram-
phenicol to the elution buffer (Fig. 2, lane 5), as had been
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observed for the hybrid ,-gal:CAT polypeptide (Fig. 2, lane
3). The lower-Mr band synthesized by bacteria harboring
pWpresCAT-1 is thought to be an N-terminally truncated
molecule generated by internal initiation of translation or by
proteolysis.

Characterization of rabbit anti-P-gal:pre-s:CAT sera. Use
of a tribrid protein to immunize rabbits leads to the genera-
tion of antibodies which recognize multiple determinants on
the molecule. The fraction of antibodies which are specific
for any given segment of the tribrid protein depends on the
immunogenicity of that portion of the polypeptide. As men-
tioned above, antisera to P-gal:CAT efficiently recognized
the full-length tribrid protein as well as a smaller molecule. A
similar analysis with antisera to P-gal:pre-s:CAT indicated
that only the larger of the tribrid-related species eluted from
the chloramphenicol column was recognized (see Fig. 4, lane
5). In addition, in an analogous experiment anti-p3-gal:pre-
s:CAT only weakly recognized the hybrid protein (data not
shown). These results suggest that antisera generated to the
tribrid molecule efficiently recognize the viral portion of the
fusion protein and only weakly if at all recognize CAT
determinants. Similar immunogenic characteristics have
been seen for other tribrid proteins containing CAT se-
quences (see Discussion).

Identification of viral proteins with anti-P-gal:pre-s:CAT
serum. Examination of the DNA sequence of WHV has
indicated that there are two ATG initiation codons upstream

1 2 3 4 5

92Kd

69Kd

46Kd

:~1

.w

3OKd

2 1 Kd

FIG. 2. Expression and purification of fusion proteins. Lane 1
contains protein standards with Mrs indicated in kilodaltons at the
left. Lanes 2 and 4 contain total bacterial lysates after induction with
isopropyl-,-D-thiogalactopyranoside from strain MM294 harboring
pZL811 (lane 2) or strain DG101 harboring pWpresCAT-1 (lane 4).
Fusion proteins purified on a chloramphenicol affinity column.
Lanes 3 and 5 contain 5 ,ug each of ,-gal:CAT (closed arrow) and
P-gal:pre-s:CAT (open arrow), respectively. Protein bands were
visualized by Coomassie blue staining. See Materials and Methods
for details.
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FIG. 3. Polypeptides predicted from the WHV pre-s:S ORF.
Three horizontal arrows represent primary translation products
initiating from each of the three ATGs of the pre-s:S ORF. The
precise location of each ATG and the termination codon (TAA) is
designated above the line at the bottom. Potential translation start
codons distal to the putative ATG of the major coat protein are not
indicated. Amino acids encoded by the pre-s region and surface
antigen gene are denoted by hatched and open arrow segments,
respectively. The longest arrow contains pre-sl- and pre-s2-encoded
sequences, whereas the middle arrow designates a molecule with
amino acids derived from only the pre-s2 region. All three arrows
contain the entire surface antigen sequence. Small vertical arrows
identify potential N-linked glycosylation sites (Asn-X-Thr[Ser]).
Numbers below the line correspond to the nucleotide sequence
numbering system of Galibert and co-workers (12). The bracket
indicates the position, with respect to the viral ORF, of the XhoII
fragment inserted into pZL811.

of and in-frame with the ATG presumed to be used for the
major coat protein WHsAg (Fig. 3) (12). The region of pre-s
which is included in the tribrid construction has the potential
to encode 89 amino acids, 88 of which are derived from
amino acids 85 to 173 of a protein initiated from the first ATG
of the ORF. An additional codon is contributed, since the
linker region of the vector encodes the same residue as the
viral sequence at position 174 (proline). The relative position
of the pre-s-encoded segment of the fusion protein with
respect to the three predicted viral polypeptides derived
from the pre-s:S ORF is shown in Fig. 3. As indicated, the
amino acids encoded by the pre-s segment of the tribrid are
found in the putative protein translated from the first ATG as
well as in the potential 33-kDa protein translated from the
second ATG. Based on this information, it was predicted
that the rabbit antisera generated to the bacterially synthe-
sized fusion protein should have the ability to recognize both
of the putative polypeptides from the pre-s:S ORF. The
known mature coat protein, which has been proposed to be
translated from the third ATG of the ORF (12), should not be
recognized by antisera to the fusion protein. The use of
anti-tribrid serum in Western blot analysis of partially puri-
fied WHV from a single woodchuck clearly identified four
polypeptides (Fig. 4, lane 6) which were not recognized by
preimmune sera from the same rabbit (Fig. 4, lane 2) or by
antisera to the hybrid ,-gal:CAT protein (Fig. 4, lane 4).
Two of these polypeptides (p45 and p33) correspond approx-
imately in Mr to molecules initiated from the first and second
ATGs of the ORF. Based on the existence of only two
potential initiation codons in the pre-s region, the other two
polypeptides recognized by anti-tribrid sera (p47 and p36)
are presumably posttranslationally modified. By analogy to
the pre-s-encoded proteins in HBV (14, 45), we speculate
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FIG. 4. Western blot identification of WHV pre-s polypeptides.
Odd-numbered lanes contain 0.2 ,ug of affinity-purified ,-gal:pre-
s:CAT fusion proteins, and even-numbered lanes contain partially
purified WHV from 1 ml of infectious woodchuck serum. Pairs of
lanes were probed as follows. Lanes 1 and 2 were treated with
preimmune rabbit serum, lanes 3 and 4 were treated with anti-n-
gal:CAT serum, and lanes 5 and 6 were treated with anti-3-gal:pre-
s:CAT serum. Lanes 7 and 8 were treated as lanes 5 and 6 were, but
antiserum was preadsorbed with the tribrid protein; and lanes 9 and
10 were treated as lanes 5 and 6 were, but antiserum was
preadsorbed with the hybrid protein. Following incubation with
rabbit antisera, all lanes were probed with 125I-labeled protein A (see
Materials and Methods for details). M,s of protein standards are
indicated at the right.

antigen determinants was confirmed by probing Western
blots of the same virus preparation with monoclonal anti-
body 101-2 generated to purified WHsAg (7). 101-2 recog-
nized the major coat proteins of the virus (p22 and gp25) as
well as the four higher-M, proteins previously shown to
contain pre-s-encoded determinants (Fig. 5, lane 1).

Cross-reactivity of pre-s-encoded determinants from WHV
and GSHV. Of the hepadnaviruses, GSHV is known to have
the highest level of nucleotide sequence homology with
WHV (43). Whereas the predicted amino acid sequence of
the pre-s region of HBV has only minimal homology with
that region from WHV (12), pre-s from GSHV shares a high
degree of homology with WHV pre-s (71% amnino acid
identity) (43). We therefore wished to determine if the
antiserum generated to WHV pre-s-encoded amino acids
would recognize polypeptides from GSHV. Western blot
analysis with partially purified GSHV demonstrated a similar
pattern of pre-s-containing polypeptides to that seen for
WHV (Fig. 5, lane 3). The quantity of higher-Mr polypep-
tides (p45 and gp47) relative to molecules initiated from the
internal ATG (p33 and gp36) is apparently greater in the
GSHV preparation than in that from woodchuck sera. Upon
longer exposure of this blot, polypeptides with Mrs consis-
tent with initiation of translation from an internal ATG were
evident (data not shown).

Immunoprecipitation of DNA polymerase activity. The ma-
jor coat proteins from WHV, like HBV surface antigen, are
associated with three distinct morphological forms, spherical
particles 22 nm in diameter, long filaments, and nucleic
acid-containing mature virions (48). Only the mature virion
is infectious and contains DNA polymerase activity associ-
ated with replication. To determine if pre-s-encoded amino
acids were present on DNA polymerase-containing virus
particles, we carried out immunoprecipitation of partially
purified WHV (Table 1). 101-2 was able to efficiently precip-
itate virus particles containing endogenous DNA polymerase
activity. Anti-3-gal:pre-s:CAT precipitated approximately
14-fold more polymerase activity than did anti-p-gal:CAT.

that p47 and p36 are glycosylated derivatives of p45 and p33,
respectively. To confirm that the recognition of four
polypeptides by anti-3-gal:pre-s:CAT was specifically re-
lated to the pre-s determinants within these molecules, we
preadsorbed antisera with either the hybrid or tribrid pro-
teins before probing the Western blot. Antisera preincubated
with 3-gal:pre-s:CAT no longer recognized the viral
polypeptides (Fig. 4, lane 8), whereas preincubation of the
antisera with an equivalent concentration of the hybrid
protein had no effect on the recognition of these
polypeptides (Fig. 4, lane 10). The result demonstrated that
the identification of four viral polypeptides by the anti-tribrid
sera was specifically due to the presence of pre-s-encoded
determinants on these molecules. Additionally, 3-gal:CAT
determinants did not appear to play a role in the recognition
of viral proteins by anti-tribrid sera. Similar data have been
generated with WHV preparations from the sera of other
animals.

Identification of WHsAg determinants on pre-s polypep-
tides. The viral polypeptides containing determinants en-
coded by pre-s should also, in the absence of an mRNA
splicing event, include the 222 amino acids of WHsAg. The
M,.s of the pre-s molecules determined from SDS-PAGE gels
are consistent with uninterrupted translation from both the
first and second AUGs of pre-s:S ORF transcripts, giving
rise to p45 and p33, respectively. The presence of surface

1 2 3

-9 2Kcl

-69Kd

I346Kd

..sis*:, -30Kd
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FIG. 5. Analysis of GSHV pre-s polypeptides and WHsAg de-
terminants. Lanes 1 and 2 contain partially purified WHV from 0.5
ml of infectious woodchuck serum. Lane 3 contains partially puri-
fied GSHV from 0.6 ml of infectious ground squirrel sera. Lane 1
was probed with 101-2 followed by rabbit anti-mouse IgG-IgA-IgM,
conjugated to horseradish peroxidase, and developed with substrate
solution. Lanes 2 and 3 were probed with anti-p-gal:pre-s:CAT
serum followed by 1251-labeled protein A (see Materials and Meth-
ods for details).
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To assess if the determinants being recognized by anti-3-
gal:pre-s:CAT were on the virion surface, it was of interest
to determine the degree to which particles were intact.
Antibody to the nucleocapsid protein from HBV did not
efficiently precipitate polymerase activity unless virus prep-
arations were preincubated with NP-40-2-,B-mercapto-
ethanol, which has been shown to solubilize the viral enve-

lope, exposing core antigen determinants (39). These data
demonstrated the existence of pre-s-related polypeptides on
polymerase-containing particles and supported a surface
location for these molecules.

DISCUSSION
Galibert and co-workers have shown that the surface

antigen regions from WHV and HBV share considerable
amino acid sequence homology, whereas the pre-s segment
of the ORF has little such homology (12). In our earlier
studies, computer algorithms which predict structural char-
acteristics of a polypeptide based on its amino acid sequence
were used to further compare the pre-s regions of the two
viruses (41). We observed that, despite minimal amino acid
sequence homology, the potential to form a-helical second-
ary structure, as well as the overall hydrophilicity of these
coding regions, was highly conserved (41). This maintenance
of structural properties suggested to us that pre-s was
expressed by these viruses. In addition, the fact that pre-s
was likely to exist as part of a surface antigen-containing
polypeptide, along with the more hydrophilic nature of this
region compared with surface antigen, suggested that it
might extend from the surface of the virion.

This report describes the cloning and expression of a DNA
segment from the pre-s region of WHV. We used an ORF
vector to overproduce a tribrid fusion protein containing
determinants encoded by the pre-s segment which was
inserted between the eight N-terminal amino acids of 3-gal
and the entire CAT protein. The tribrid polypeptide was

purified by a one-step affinity procedure in which fusion
proteins were specifically bound to a chloramphenicol resin
by virtue of the substrate-binding site of CAT. The purified
tribrid polypeptide was used to generate antisera in rabbits,
which appeared to preferentially recognize the pre-s deter-
minants of the fusion protein. Antisera which have been
generated to other ,B-gal:viral:CAT tribrid proteins (11, 53)
have, to varying degrees, shown a greater affinity for the
viral portion of the molecule than to the CAT determinants.
This may be a property common to these fusion proteins and
related to the N-terminal location of the viral sequences in
the tribrid molecules, to the tetrameric structure known to
exist for native CAT, or to both. Whatever accounts for

TABLE 1. Immunoprecipitation of polymerase activity"

Antibody TCA-precipitated radioactivity % Precipitated

101-2 57,405 37.6
Anti-HBc - NP-40 3,799 2.5
Anti-HBc + NP-40 63,431 41.6
Anti-3-gal:CAT 1,830 1.2
Anti-p-gal:pre-s:CAT 24,889 16.3
Before precipitation 152,623

a Anti-HBc is a rabbit polyclonal antiserum generated to E. coli-synthe-
sized HBV core antigen. Anti-p-gal:CAT and anti-,B-gal:pre-s:CAT are rabbit
polyclonal antisera generated to the hybrid and tribrid proteins, respectively
(see Results). The designation before precipitation represents the DNA
polymerase activity present in a partially purified WHV sample equivalent to
that used in immunoprecipitations. TCA-precipitated radioactivity was aver-

aged from duplicate samples from three independant experiments.
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FIG. 6. Pre-s:S ORFs from hepadnaviruses. The four large ar-
rows represent pre-s:S ORFs from the four hepadnaviruses indi-
cated at the right. Vertical arrows denote ATG codons, and aster-
isks correspond to potential glycosylation sites (Asn-X-Thr[Ser]).
Initiation codons distal to the known and putative major coat protein
ATGs are not indicated. For the mammalian viruses, hatched areas
represent the pre-s1 region encoding N-terminal portions of proteins
with Mrs ranging from 39 to 47 kDa. Cross-hatched regions repre-
sent pre-s2, encoding amino acids found in proteins with Mrs ranging
from 31 to 36 kDa. The open region of arrows labeled S are genes
encoding the major coat protein of these viruses. For duck hepatitis
virus (DHBV), the hatched area represents pre-s sequences, but the
ATG(s) used to initiate translation has not yet been determined. The
dotted lines indicate the segment of the mammalian viruses surface
antigen gene which appears to be deleted in the DHBV S gene.
Codons are numbered with zero (0) representing the location of the
major coat protein ATG. Numbers to the right of zero are codon
positions in the S gene, while to the left of zero are codon positions
in the pre-s region.

immunogenic properties of the fusion polypeptides, these
proteins conveniently allow for the production of antisera
with a relatively high titer to the viral sequences of interest.
We used the anti-tribrid serum to identify WHV pre-s-
encoded polypeptides by Western blot analysis. We also
showed that the antiserum recognizes analogous polypep-
tides which are present in partially purified preparations of
GSHV. The WHV polypeptides identified by the anti-tribrid
sera were also recognized by a monoclonal antibody gener-
ated to WHs-Ag, further supporting the notion that they are
products of pre-s:S ORF. Finally, the anti-tribrid serum was
used to immunoprecipitate polymerase-containing virus par-
ticles. From these data we conclude the following. (i)
Polypeptides are encoded by the pre-s regions of WHV and
GSHV, initiating at both the first (p45 and gp47) and an
internal (p33 and gp36) ATG of the pre-s:S ORF. (ii) Mrs of
proteins containing pre-s determinants are consistent with a
pair of differentially glycosylated molecules being derived
from each primary translation product as demonstrated for
HBV (14). (iii) Pre-s polypeptides are located on the surface
of infectious virus particles.
From the characterization of hepadnavirus structural pro-

teins there has emerged a family of pre-s-encoded polypep-
tides (Fig. 6) (9). This protein family, particularly for the
mammalian members, shares the locations of initiation
codons and glycosylation sites, resulting in the production of
three pairs of analogous polypeptides for each virus. The
purification of Machida et al. (22) of polypeptides from HBV
surface antigen 22-nm particles containing the 55 amino
acids encoded by the DNA upstream of the ATG for the
major coat protein was the first unambiguous demonstration
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that the pre-s region was expressed. Our laboratory (53) and
others (14) have since identified molecules from HBV with
Mrs ranging from ca. 39 to 45 kDa, which appear to be
products of the entire pre-s:S ORF. In this report, we have
shown that the other two hepadnavirus members which
infect mammalian hosts (WHV and GSHV) also express
proteins from their respective pre-s:S ORFs. The two ATGs
which are apparently used to initiate translation of pre-s
encoded proteins are located in analogous positions in the
pre-s:S ORFs of these three viruses, with an additional ATG
occurring in the GSHV ORF (Fig. 6). A carbohydrate
attachment site has been identified at amino acid position 146
of HBV surface antigen (36). Whereas it is not known which
other glycosylation sites are used by HBV or the other
mammalian viruses, at least two Asn-X-Thr(Ser) sequences
are located in approximately the same positions in the
pre-s:S ORFs of each virus (Fig. 6).
From the predicted amino acid sequence of duck hepatitis

virus (23), it appears that the organization of its pre-s:S ORF
is somewhat different. There are six ATGs which precede
the ATG thought to be used to initiate translation of the duck
virus major coat protein (23). In addition, based on amino
acid sequence comparisons with the other hepadnaviruses,
there seems to be a segment which is deleted from the duck
hepatitis virus surface antigen gene (S gene), and potential
glycosylation site positions do not correlate as well with
those from mammalian virus ORFs (Fig. 6). Using similar
approaches to those described in this paper, we have re-
cently identified a polypeptide from duck hepatitis virus
which contains pre-s determinants (E. Schaeffer and J.
Sninsky, manuscript in preparation). Further studies will be
needed to determine which ATG is used to initiate transla-
tion of this molecule, as well as the presence and locations of
carbohydrate moieties.
A function for pre-s-encoded sequences in the viral life

cycle has yet to be elucidated. We have demonstrated that
the pre-s regions of HBV (53), WHV, and GSHV are
expressed and, at least for two of these viruses (for HBV,
D. T. Wong and J. J. Sninsky, unpublished result), result in
polypeptides which are found on the surface of virions.
Computer analyses of pre-s sequences from WHV and HBV
have indicated that structural characteristics have been
conserved, whereas amino acid sequences appear to have
diverged considerably (41). A polypeptide with the above
properties might logically be involved in host cell recognition
in the species-specific manner characteristic of this viral
class. If pre-s-derived sequences are important for host cell
recognition, one would predict that antibodies generated to
this region may effectively neutralize infection. Preliminary
data by D. T. Wong, A. Prince, N. Nath, and J. Sninsky
(Abstr. Cold Spring Harbor Meet. Mol. Biol. Hepatitis B
viruses. 1985, p. 17) have demonstrated that chimpanzees
immunized with a tribrid molecule, similar to the fusion
protein described in this report but containing HBV pre-s-
encoded determinants, were protected against infection
upon challenge with HBV. Analogous experiments are con-
templated in which woodchucks are immunized with the
WHV pre-s tribrid proteins before challenge with virus. The
identification of pre-s-encoded epitopes which have the
capacity to induce a neutralizing antibody response may help
determine sequences which play a crucial role during infec-
tion.

Viral entry into a host cell may be mediated by specific
recognition of a normal cellular protein. In the case of
Epstein-Barr (10) and rabies viruses (20), tissue- or cell-
specific receptors appear to determine the tropisms associ-

ated with these agents. Of course, host and tissue tropisms
are also likely to be due to cytoplasmic factors which may be
important in replication, transcription, and assembly pro-
cesses. A hepatocyte-specific protein may be recognized by
pre-s sequences, accounting in part for the hepatotropic
nature of the hepadnaviruses. To this end, we and others (31)
have initiated experiments aimed at identification of a pro-
tein from hepatocytes which specifically binds pre-s-
encoded determinants, hoping to shed light on the receptor
used by these viruses.
The interaction between a viral protein and host cell

receptor may be direct but, alternatively, could require a
third component. The 55 pre-s-encoded amino acids imme-
diately upstream of the ATG for HBV surface antigen have
been shown to have the ability to bind to polymerized human
serum albumin in a species-specific manner (21). Polymer-
ized albumin, as was first suggested by Imai et al. (15) may
act as an intermediary, being recognized by both HBV and a
hepatocyte membrane protein. This indirect association of
the virion with hepatocytes has been postulated as the route
used for viral entry. At present, this mode of virus-host cell
attachment remains speculative. A specific polymerized
albumin receptor on liver cells has not been characterized,
although binding of polymerized albumin to the surface of
rabbit hepatocytes has been observed (19). Whether the
WHV pre-s sequences in our tribrid will bind to polymerized
woodchuck serum albumin remains to be determined.
The efficient use of nucleotide sequence by this class of

viruses and the existence (at least for HBV) of two dissimilar
promoters associated with the pre-s:S ORF (4, 34, 38)
support a distinct role for each pair of polypeptides trans-
lated from this ORF. Proteins initiated from the first ATG,
and those translated from an internal pre-s ATG, may have
related functions in host cell entry (i.e., a multicomponent
recognition process). However, these proteins may have
disparate functions, with only one pair of molecules per-
forming a role in receptor recognition. The delineation of a
function for each polypeptide (or pair of polypeptides)
encoded by the pre-s:S ORF will undoubtedly provide
insight into the life cycle of hepadnaviruses.
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