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ABSTRACT  Infection with hepatitis B virus (HBV) is
associated with the production of a viral envelope particle that
contains membrane lipids, surface antigen (S), and two pre-
surface-antigens (pre-S) comprised of the entire S moiety with
approximately 55 (pre-S2) and 174 (pre-S1) additional NH,-
terminal amino acids. We show here that Xenopus oocytes
injected with synthetic S mRNA assemble and secrete charac-
teristic 22-nm viral envelope particles. In contrast, pre-S1 and
pre-S2 antigens are synthesized but not secreted. By coinjecting
mRNAs, we found that synthesis of high levels of pre-S proteins
specifically inhibits S antigen secretion. On the other hand,
high levels of S synthesis can drive the secretion of small
amounts of either pre-S antigen. These observations are
consistent with a model for viral envelope assembly in which
both S and pre-S proteins are incorporated into a multimeric
particle, presumably via interactions between the S protein
domains, while the pre-S amino-terminal moieties regulate the
secretion of this structure. Our results indicate that Xenopus
oocytes will provide a powerful system for studying the
morphogenesis of simple structures of viral or cellular origin.

Hepatitis B virus (HBV), on infection, produces two types of
particles (1): the 42-nm virus, with a core containing HBV
DNA and viral proteins surrounded by an envelope contain-
ing three related surface antigen (S) molecules, and 22-nm
particles and filaments comprised of the elements of the viral
envelope. The latter particles, either isolated from the sera of
HBYV carriers or produced in heterologous cells by recom-
binant DNA methods, form the basis of an effective HBV
vaccine (2, 3). Whereas knowledge of the structure, tran-
scription, and replication cycle of HBV has increased dra-
matically in recent years (4, 5), the details of the assembly and
secretion of these viral particles are less clear. Recent studies
(6-8) suggest that S particles bud into the lumen of the
endoplasmic reticulum prior to secretion. Although the
different classes of viral particles contain different ratios of
pre-surface-antigens (pre-S) to S (9), the mechanism by which
this is achieved and the role of pre-S in the assembly and
secretion of viral particles is obscure.

To dissect the complex problem of assembly, we have
developed an approach involving the microinjection of indi-
vidual and combinations of synthetic viral mRNAs into
Xenopus oocytes, which allows the analysis of the contribu-
tion of specific viral proteins to viral structures. These
studies have revealed that the pre-S antigens can regulate the
secretion of the S particle.

MATERIALS AND METHODS

Plasmid Construction and in Vitro Transcription. For con-
struction of the SP6-HBYV transcription plasmids, the follow-
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ing HBV DNA fragments were ligated to Sma I/Bgl II-
double-digested pSP65 (Promega Biotec, Madison, WI): for
S mRNA, EcoR1/Bgl 11 2-kilobase (kb) fragment; for pre-S2
mRNA, Mst I1/Bgl 11 2-kb fragment; for pre-S1 mRNA, Bst
EIl/Bgl II 2.5-kb fragment (10). The EcoRI and Bs?EII sites
of S and pre-S1 DNA fragments were blunt-ended with DNA
polymerase I Klenow fragment. For RNA transcription, Sal
I linearized plasmids (50 ug/ml) were incubated at 40°C for
1 hr with 400 units of SP6 RNA polymerase (Boehringer
Mannheim) per ml in 40 mM Tris-HCI (pH 7.5) containing 6
mM MgCl,, 2 mM spermidine, 10 mM dithiothreitol, 800 units
of RNasin (Promega Biotec) per ml, 0.5 mM ATP, 0.5 mM
CTP, 0.5 mM UTP, 0.2 mM GTP, and 1 mM 7-methylgua-
nosine(5')triphosphoguanosine (m’GpppG). DNA was re-
moved from the reaction mixture by treatment with 25 ug of
DNase I (Worthington) per ml at 37°C for 10 min, followed by
extraction with phenol/chloroform. RNA was precipitated
with ethanol in the presence of RNasin, then resuspended in
water at 0.4 mg/ml and stored at —70°C. Synthetic prolactin
mRNA was a gift from P. Garcia and P. Walter (University
of California, San Francisco).

Oocyte Microinjection and Labeling. Fragments of ovary
were surgically removed from an anesthetized Xenopus
laevis frog and rinsed extensively with modified Barths
medium containing 100 ug of penicillin, 100 ug of strepto-
mycin, and 50 ug of gentamicin per ml (MBSH medium) (11).
Individual stage 5 or 6 oocytes were isolated manually, rinsed
well, and stored overnight at 17-19°C in MBSH medium.
Healthy oocytes were injected in the vegetal pole with 20-30
nl of the appropriate synthetic nRNA (0.4 mg/ml in distilled
H,0). For studies on the translation of synthetic mRNAs in
oocytes, see refs. 12 and 13. Batches of 20 healthy oocytes
were transferred next day to 0.5 ml of MBSH medium
containing 10% fetal calf serum and 0.7-1.4 mCi (1 Ci = 37
GBq) of [*SImethionine (Amersham, =1360 Ci/mmol) per
ml. After 48 hr at 17-19°C, the medium was carefully
removed and frozen: the oocytes were rinsed thoroughly with
MBSH medium and then homogenized in aliquots (500-800
ul) of homogenization buffer (50 mM Tris-HCI, pH 7.6/1%
Triton X-100/10 units of aprotonin per ml/1 mM phenyl-
methylsulfonyl fluoride). Medium and homogenate were kept
at —70°C until required.

Immunoprecipitation and Gel Analysis. Prior to immuno-
precipitation, the samples were thawed and centrifuged (2
min in an Eppendorf centrifuge) to remove yolk and debris.
Aliquots (250 ul) were boiled with NaDodSOy, diluted with
4 vol of dilution buffer as described (14), and preabsorbed
with washed Pansorbin (Calbiochem) prior to overnight
incubation at 4°C with monoclonal mouse anti-S supernatant
(a gift of George Kuo, Chiron Corporation, Emeryville, CA).

Abbreviations: HBV, hepatitis B virus; S, surface antigen; pre-S,
pre-surface-antigens; kb, kilobase(s); P/N ratio, positive/negative
ratio; GP, glycosylated protein; P, nonglycosylated protein.
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The antibody was absorbed onto Pansorbin by using rabbit
anti-mouse immunoglobulin (Cappel Laboratories, Cochran-
ville, PA) as a bridge. The centrifuged Pansorbin was washed
extensively, and the 3S-labeled antigens were released by
boiling with Laemmli sample buffer and analyzed on a
denaturing 12.5-15% polyacrylamide gel (15). After staining
and enhancement with sodium salicylate, the gel was dried
and autoradiographed at —70°C. To quantitate these data,
appropriate exposures of the autoradiograms were scanned
with a laser densitometer (LKB). The relative peak intensi-
ties were determined by digital integration or by cutting and
weighing the peaks on the chart paper. These values were
then corrected for the number of methionines in each species
to yield molar data.

Experiments with synthetic prolactin mRNA were per-
formed essentially as described above by using rabbit anti-
prolactin antiserum (a gift of P. Garcia and P. Walter,
University of California, San Francisco) in place of the
mouse anti-S antibody.

Kinetics of Secretion. Batches of 20 oocytes injected with
the appropriate RNAs were incubated at 17-19°C in 500-ul
aliquots of MBSH medium supplemented with 5% fetal calf
serum. After 24 *+ 1.5 hr, this medium was removed and
stored at 4°C with 0.1% sodium azide. Fresh medium was
added to the oocytes. This process was repeated each day for
up to 6 days. Aliquots (25-200 ul) of the medium were
assayed for S in duplicate by using a commercial RIA kit
(Ausria II; Abbott) according to the manufacturer’s instruc-
tions. Results are presented as a positive/negative (P/N)
ratio in which the activity of the sample is compared to that
of a negative control supplied by the manufacturer. P/N
ratios of <2.1 are considered negative. Controls and pre-S1-
injected or 1:1 pre-S1/S-injected oocytes gave P/N ratios of
=~1.5; pre-S2 RNA gave P/N ratios of 2.1-2.4. P/N ratios
>10 were determined from serially diluted samples to ensure
that the assay was in the linear range.

Electron Microscopy of 22-nm Particles. Twenty oocytes
were injected with S mRNA, and medium containing secreted
proteins was generated over a 6-day period as described for
the kinetic experiments. The medium (=3 ml) was pooled and
passed through a 30-ul anti-HBV surface antigen-conjugated
Sepharose CL-4B (Pharmacia) column. Bound HBV surface
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antigen particles were eluted with 3 M potassium thiocya-
nate. One-drop fractions were collected. For electron mi-
croscopy, the particles were negatively stained with 2%
uranyl acetate.

RESULTS

Expression and Secretion of S, pre-S1, and pre-S2. A single
contiguous HBV open reading frame encodes all three
antigens; translation of each antigen initiates from a distinct
methionine residue. The antigen-encoding sequences were
independently cloned into vector SP65 so as to juxtapose the
appropriate methionine and the SP6 promoter. Capped S,
pre-S1, and pre-S2 transcripts were generated from these
vectors in vitro (12) and injected into oocytes. [**S]Methio-
nine-labeled antigens were immunoprecipitated from the
oocyte (Fig. 1A) or medium (Fig. 1B) and resolved electro-
phoretically. The S, pre-S2, and pre-S1 antigens synthesized
inside the oocyte (Fig. 1A, lanes 1, 2, and 3, respectively)
correspond to the following authentic glycosylated (GP) and
nonglycosylated (P) viral protein components described by
Heerman et al. (9): P24/GP27 for S antigen (lane 1); traces of
P30 and GP33/GP36 for pre-S2 (lane 2); and P39/GP42 for
pre-S1 (lane 3). This confirms the ability of Xenopus oocytes
to appropriately glycosylate proteins (17). In vitro translation
of these RNAs yields mainly P24, P30, and P39 (indicated by
open arrowheads in Fig. 14, lane 8); only these three species
were immunoprecipitated by anti-S antibody (data not shown).
Pre-S2 RNA also generated S (perhaps by internal transla-
tional initiation) at various levels from 34% to 63% of those
for pre-S2.

The secreted proteins are displayed in Fig. 1B, lanes 1-3.
S antigen secretion occurred (Fig. 1B, lane 1), but inefficient-
ly: only 2.5% of the total S was exported in 48 hr versus 9%
for prolactin (D.N.S., unpublished data). In contrast to S,
very little pre-S2 and no pre-S1 reached the medium.

Pre-S Antigens Can Inhibit the Secretion of S. Unexpect-
edly, pre-S2 synthesis inhibited S export. Whereas pre-S2
mRNA generated 38% as much S within the oocyte as did S
mRNA (compare lanes 1 and 2 in Fig. 14), the secreted S
from pre-S2 mRNA was only 1% of that from S mRNA (Fig.
1B, lanes 1 and 2). We next tested if pre-S1 affects S secretion
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FiG. 1. Intracellular (A) and secreted (B) forms of pre-S and S synthesized by microinjected Xenopus oocytes. The synthetic mRNAs used
were: S (lanes 1), pre-S2 (lanes 2), pre-S1 (lanes 3), 1:1 pre-S1/S (lanes 4), 0.2:1 pre-S/S (lanes 5), 0.04:1 pre-S1/S (lanes 6), and no-RNA controls
(lanes 7). In vitro translation products from the three nRNAs are displayed in lane 8: P24, P30, and P39 are indicated by arrows. The identities
of the antigens are indicated to the left of A, and molecular weight standards (shown in kDa), are to the right of B. In addition, diffuse high
molecular weight S species, which are less prominent in some experiments (see Fig. 2), are visible (lanes 1 and 2). These presumably represent
hypermodified or dimeric (16) species. Each lane in A represents immunoprecipitated products from 6 oocytes versus 10 oocytes per lane in
B. A and B represent 10-hr and 8-day autoradiographic exposures of the gel, respectively. For mixing experiments (lanes 4-6), 1 ul of S mRNA
was mixed immediately prior to injection with 1 ul of pre-S1 mRNA, which was undiluted (lane 4) or diluted 1:5 (lane 5) or 1:25 (lane 6) with

distilled water.
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by coinjecting various proportions of pre-S1 and S mRNAs.
Pre-S1 mRNA was added to a constant amount of S mRNA
to bring the ratio to 1:1 (Fig. 1A, lane 4), 0.2:1 (Fig. 1A, lane
5), and 0.04:1 by weight (Fig. 1A, lane 6). The respective
pre-S1/S molar ratios determined for the intracellular anti-
gens (Fig. 14) are 0.5:1; 0.13:1; and 0.03:1. Thus, allowing for
the lower translational efficiency of pre-S1 mRNA, the
antigen ratio parallels the input mRNA ratio. At a 0.5:1 ratio,
pre-S1 virtually eliminated S secretion (Fig. 1B, lane 4); at a
ratio of 0.13:1, secretion of S was again observed (Fig. 1B,
lane 5); at a ratio of 0.03:1, secretion increased a further 25%
(compare lanes S and 6 in Fig. 1B). Under these conditions the
secreted particles (see below) included P39 (marked by dots
in lanes 5 and 6 in Fig. 1B) and presumably GP42, which was
obscured by high molecular weight derivatives of S (compare
lane 1). The internal molar P39/P24 ratio is 3-fold higher in
lane S than in lane 6 (0.068 vs. 0.021): the latter P39 content
approximates that of 22-nm spherical particles in vivo (9).
Secreted GP27 was larger and more heterogeneous than the
intracellular GP27 (compare lanes 5 and 6 in Fig. 1B vs. Fig.
1A), indicating more extensive glycosylation of the secreted
GP27 (18). This suggests that intracellular GP27 resides
largely in the endoplasmic reticulum or early Golgi. Patzer et
al. (18) in studies on S secretion in mammalian cells have
noted that S secretion is very slow (#,, = 5 hr) and that
intracellular S is retained in the endoplasmic reticulum or
early Golgi prior to secretion. }

Pre-S2 also inhibited S secretion, although less than did
pre-S1. Pre-S2 mRNA directed synthesis of pre-S2 (GP33/
GP36) and S (P24/GP27) in a molar ratio of 3:1 (Fig. 24, lane
1), but little S was secreted (Fig. 2B, lane 1). A 1:1 mixture
of pre-S2 and S mRNAs decreased the intracellular pre-S2/S
ratio to 0.59:1 and increased intracellular S by 130% (Fig. 24,
lane 2) and secreted S by 14-fold (Fig. 2B, lane 2; note that
S secretion was totally inhibited by 0.5:1 pre-S1/S). Ata0.2:1
pre-S2/S mRNA ratio, S secretion increased an additional
3.5-fold (Fig. 2B, lane 3) to the level found for S mRNA alone
(Fig. 2B, lane 4). The amount of pre-S2 in the secreted
particles clearly correlates with the level of secreted S (Fig.
2B, lanes 1-3) and not with the intracellular level of pre-S2
(Fig. 24, lanes 1-3). .

Pre-S1 Does Not Influence the Secretion of Prolactin. Pre-S1
proteins did not indiscriminately block protein secretion:
electrophoretic profiles of secreted, 3°S-labeled, endogenous
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F1G.2. The effect of pre-S2 on S secretion. The mRNAs injected
were as follows: pre-S2 (lanes 1), 1:1 pre-S2/S (lanes 2), 0.2:1
pre-S2/S (lanes 3), 1:1 S/distilled H,O (lanes 4), and no RNA (lanes
5). The intracellular (A) and secreted (B) antigens derived from 10
oocytes are shown. The autoradiograms were exposed for 18 hr (A)
and 20 days (B).
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FiG.3. Pre-S1does notinfluence prolactin (pL) secretion. Pre-S1
was immunoprecipitated from extracts of oocytes injected with the
following mRNAs: pL (lane 1), 1:1 pL/pre-S1 (lane 2), and no RNA
(lane 3). pL was immunoprecipitated from the intracellular (lanes
4-6) or secreted (lanes 7-9) fraction of oocytes injected with the
following mRNAs: pL (lanes 4 and 7), 1:1 pL/pre-S1 (lanes S and 8),
and no RNA (lanes 6 and 9). The positions of pL and pre-S1 proteins
are indicated to the left, and of molecular weight standards (shown
in kDa), to the right. Lanes: 1-3, 16-hr autoradiogram of protein
derived from four oocytes; 4-9, 5-hr autoradiogram of protein
equivalent to 0.1 oocyte per lane.

oocyte proteins did not change on injection with S, pre-S1, or
pre-S2 mRNA s (data not shown). Furthermore, a 1:1 mixture
of pre-S1 and prolactin mRNAs directed the synthesis of less
of both intracellular (Fig. 3, lane 5) and secreted (Fig. 3, lane
8) prolactin by a factor of 1.7-1.8 compared to prolactin
mRNA alone (Fig. 3, lanes 4 and 7); thus, pre-S1 does not
inhibit prolactin secretion. Inmunoprecipitation with anti-S
antibody (Fig. 3, lanes 1-3) confirmed that oocytes injected
with pre-S1 plus prolactin mRNAs contain intracellular levels
of pre-S1 (Fig. 3, lane 2) comparable to those seen in Fig. 1,
lane 3. We also showed that pre-S1 does not influence the
secretion of HBV precore antigen (data not shown).

Pre-S1 and Pre-S2 Do Not Change the Kinetics of Secretion
of S. The observed attenuation of secretion by pre-S is a true
inhibition rather than a change in the kinetics of secretion.
The secretion kinetics for pre-S2/S and pre-S1/S are pre-
sented in Fig. 4. These and similar experiments showed that
S secretion increased modestly for 2-3 days then slowly
decreased. Coinjection with pre-S1 or pre-S2 mRNAs re-
duced the level of secreted antigen, but the profiles remained
similar. Within experimental error, these data are consistent
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Fic. 4. Kinetics of secretion of S and pre-S antigens from
oocytes. (A) Effect of pre-S2 on S secretion. The mRNAs injected
were: S diluted 1:1 with distilled H,O (e), 0.2:1 pre-S2/S (0), 1:1
pre-S2/S (O), pre-S2 (»), and no RNA (a). (B) Effect of pre-S1 on S
secretion. The mRNAs were: 0.04:1 pre-S1/S (@), 0.2:1 pre-S1/S (a),
1:1 pre-S1/S (a), pre-S1 (0), and no RNA (0).
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with the immunoprecipitation data of Figs. 1 and 2. From the
data in Fig. 4, we estimate that each oocyte can secrete up to
0.25 ng of S per day, and a 1:1 mixture of pre-S1/S RNAs
results in a reduction by at least a factor of 14 in the amount
of secreted S levels relative to a 0.04:1 mixture.

DISCUSSION

By injecting synthetic mRNAs into Xenopus oocytes, we
have elucidated a complex interaction between HBV pre-S
and S antigens that can lead to either the cosecretion of these
antigens or the inhibition of S secretion, depending on the
relative levels of pre-S and S. Thus, pre-S and S regulate each
other’s secretion.

These results can be rationalized in terms of the formation
of the various HBV viral particles. As anticipated, S secre-
tion in oocytes yields a 22-nm spherical particle (Fig. 5)
similar to that found in mammalian systems and in the serum
of infected patients. These particles apparently originate via
a budding process within the membrane of the endoplasmic
reticulum (6-8). They contain =100 S molecules (9) presum-
ably held together by intermolecular interactions (e.g., hy-
drophobic, electrostatic, and disulfide bridge interactions),
which probably help to direct the formation of the viral
envelope structure and may also serve to exclude cellular
membrane proteins. Unlike S, pre-S proteins are poorly, if at
all, secreted. S can drive the secretion of pre-S proteins
presumably because low levels of these molecules can be
accommodated within the S matrix of 22-nm particles.
Secretion then proceeds, albeit at a reduced rate, yielding
particles containing pre-S. However, as the pre-S/S ratio
increases to high levels (0.5:1 for pre-S1/S and 3:1 for
pre-S2/S), particle secretion is attenuated and pre-S and S
molecules remain within the oocyte. At these high levels, we
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presume that the NH,-terminal domains of pre-S1 or pre-S2
interact with each other and destabilize the S matrix that
forms the 22-nm particle. The finding that higher levels of
pre-S1 are present in filamentous particles or 42-nm virions
versus 22-nm particles (9) supports the hypothesis that pre-S1
influences particle morphology. In vivo a single promoter
drives the expression of pre-S2 and S mRNAs (19-22); a
second promoter must be used for pre-S1 mRNA formation
(4, 23-25). Thus, differential expression of pre-S1 and pre-
S2/S could regulate the production and perhaps the mor-
phology of the viral particles.

It has been reported that mammalian expression vectors
containing both pre-S and S sequences synthesize high levels
of HBV mRNA but produce few particles (24, 26). We
surmise that this reflects failure to secrete the hybrid parti-
cles. Our results suggest that there are intrinsic limitations in
the ability to incorporate the highly immunogenic (27) pre-S2
and pre-S1 proteins into S particles used as HBV vaccines
(28, 29). Multivalent vaccines comprised of hybrid particles
containing S antigen fused to other viral antigens also may be
subject to similar limitations.

Our studies indicate the value of the oocyte system for
studying protein-protein interactions between selected pro-
teins such as S and pre-S. A key characteristic of this system
is the quantitative relationship that exists between the input
mRNA and the protein produced; thus, the ratios of the
desired proteins can be controlled (see Fig. 1). This feature
was important in discovering the role of S and pre-S moieties
in particle secretion. By using this method, labeled viral
envelopes with predetermined proportions of pre-S antigens
can be generated for testing the proposed role (30) of pre-S2
(and pre-S1?) in mediating the uptake of viral particles by the
liver. The extension of these studies to other HBV mRNAs
may elucidate important features of the replicative pathway

8
»

100nm

FiG. 5. Electron micrograph of 22-nm viral particles secreted from oocytes.
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of HBV and the constitution, function, and assembly of the
various components of the 42-nm viral particle.

We believe that the Xenopus system provides a powerful
means to elucidate the morphogenesis of simple structures of
viral or cellular origin. Selective addition of single or mix-
tures of appropriate mRNA species should provide informa-
tion concerning the various intermediate structures and,
therefore, reveal the essential features of morphogenetic
pathways.

Note Added in Proof. Since this manuscript was completed, we have
learned that the ability of pre-S1 to inhibit S secretion has been
demonstrated in mammalian cells by D. H. Persing and colleagues
(31) and in transgenic mice by F. Chisari (personal communication)
and colleagues.
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