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The small envelope S protein of hepatitis B virus carrying the surface antigen has the unique property of
mobilizing cellular lipids into empty envelope particles which are secreted from mammalian cells. We studied
the biogenesis of such particles using site-directed mutagenesis. In this study, we describe the effect of deletions
in the N-terminal hydrophobic and hydrophilic domains of the S protein. Whereas short overlapping deletions
of hydrophilic sequences flanking the first hydrophobic domain were tolerated, larger deletions of the same
sequences were not. Conversely, the hydrophilic region preceding the second hydrophobic domain was not
permissive for even short deletions. Deletion of part or all of the first hydrophobic domain also completely
blocked secretion, confirming that the entire apolar region serves an essential function. Most of the
secretion-defective deletion mutants still entered the secretory pathway and translocated at least the second
hydrophilic domain across the membrane of the endoplasmic reticulum. These mutants appeared to remain
arrested in a membrane-associated configuration in the endoplasmic reticulum or the cis-Golgi compartment
but preserved their capacity for oligomerization with the wild-type S protein. While secretion of wild-type S
protein was specifically blocked by the formation of intracellularly retained mixed envelope aggregates,
secretion of an unrelated protein (interleukin 9) was completely unaffected.

During a hepatitis B virus (HBV) infection, various types
of virus-related particles carrying the hepatitis B surface
antigen (HBsAg) are secreted by the liver. These include
complete virions (Dane particles) and spherical and filamen-
tous particles of about 20 nm in diameter, corresponding to
empty viral envelopes. The viral envelope is a complex
structure composed of cellular lipids and three related viral
proteins, the large, middle, and small envelope proteins. The
small S protein, the predominant constituent of the enve-
lope, is of particular interest because it has the unusual
capacity to self-assemble with host-derived lipids into se-
creted subviral particles (14, 44).

Efforts have been made to analyze the biochemical steps
that mark the biogenesis and transport of subviral particles
along the exocytic pathway (5, 35, 36, 41). This process is
initiated by insertion of the S protein into the membrane of
the endoplasmic reticulum (ER) where it is transiently ar-
rested in a transmembrane configuration. After aggregation
of about 100 membrane-embedded S monomers, subviral
particles are thought to mature by budding into the lumen of
the ER. This type of budding is only poorly understood as it
involves a substantial reorganization of membrane lipids (15,
39, 41). After delivery, the soluble lipoprotein particles leave
the cell via the constitutive pathway of secretion.

Since no other viral proteins are required for the formation
of subviral particles, the essential topogenic elements reside
in the small S protein. The S protein contains three hydro-
phobic domains located at positions 11 to 28, 80 to 98, and
169 to 226 (19, 44) that separate two hydrophilic regions (29
to 79 and 99 to 168). Mutational analysis combined with in
vitro and in vivo expression of deleted forms of the S protein
has shown that both the entire first and second hydrophobic
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domains serve an essential function in determining protein
topology (1, 5, 10, 12). While the first region mediates
targeting to the ER membrane despite lacking an N-terminal-
cleaved signal sequence (10, 12), the second domain seems
to anchor the protein in the lipid bilayer (5, 12). In the
transmembrane intermediate of the S protein, these two
apolar segments are thought to span the membrane, thereby
exposing the first hydrophilic region to the cytoplasmic (i.e.,
internal in the mature particle) and the second hydrophilic
domain to the lumenal (i.e., external in the mature particle)
side of the membrane (12, 41, 44). According to proposed
models (16, 19) for the secondary structure of the S protein,
there is consistent agreement concerning the lumenal dispo-
sition of the second hydrophilic loop since it carries the
major surface antigen and acquires carbohydrate modifica-
tion. Predictions for the cytoplasmic location of the first
hydrophilic loop are conflicting and remain to be verified.
We have shown previously that both hydrophilic regions

of the S protein tolerate various insertions of different length
and sequence without effects on particle assembly and
secretion (7). When heterologous epitopes were inserted,
particulate HBsAg proved to be a useful immunological
carrier for foreign antigens (8, 9).
We now have performed a detailed deletion mutational

analysis of the N-terminal third of the S protein to identify
sequences essential or dispensable for assembly and secre-
tion of subviral particles. A set of 14 deletion mutant S
proteins was analyzed by transient expression in HepG2 and
COS-7 cells and characterized by various experimental
approaches.

MATERIALS AND METHODS

Site-directed mutagenesis and molecular cloning. Deletion
mutagenesis of the S open reading frame of HBV subtype
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ayw (13) was performed according to three experimental
strategies.

First, deletion mutants A09-22, A10-32, A22-32, A22-50,
and A33-51 were constructed by using authentic restriction
sites near the 5' end of the S-coding region. To avoid
multiple cutting, an XhoI-BamHI fragment (nucleotide [nt]
129 to nt 490 of the HBV genome) carrying the N-terminal
half of the S gene was first inserted in plasmid pUC18, giving
rise to pUC18.S. To delete the coding sequence for amino
acids 9 to 22, plasmid pUC18.S was lineararized with StyI (nt
180), the 5' overlapping sequences were digested with mung
bean nuclease, and the DNA was recut with HincIl (nt 221).
After removal of the 37-bp StyI-HincII fragment, the DNA
was blunt-end ligated with an 8-bp SaiI linker (5'-CGTC
GACG-3') to preserve the reading frame of the S gene. To
exclude insertions of multiple copies of linker DNA, the
plasmid obtained was digested with Sall and religated. For
in-frame deletion of the StyI-XbaI (nt 249) fragment (A10-
32), plasmid pUC18.S was cleaved with both enzymes and
religated. To generate mutant A22-32, plasmid pUC18.S was
cut with XbaI, made blunt by mung bean nuclease digestion,
and subsequently cleaved with HincII. The junction was
filled by insertion of an 8-bp Sall linker, exactly as outlined
for mutant A09-22. Mutant A22-50 was constructed by cleav-
ing plasmid pUC18.S with HincIl and BalI (nt 305). In this
mutant, one copy of a 12-bp NcoI linker (5'-CAGCCATG
GCTG-3') was inserted to connect the blunt-end HincII and
Ball restriction sites without disturbing the reading frame.
For deletion of the coding sequence for amino acids 33 to 51,
plasmid pUC18.S was first digested with XbaI. After the
ends were filled in with the Klenow fragment of DNA
polymerase I, the DNA was cut with EaeI (nt 303) and
treated with mung bean nuclease. Subsequently, the flush-
endedXbaI and EaeI restriction sites were religated, thereby
maintaining the reading frame. The XhoI-BamHI fragments
of these recombinants carrying the deletions were then used
to replace the corresponding wild-type fragment in the
expression vector pLAS (7). This plasmid carries the entire
S gene and its polyadenylation site (nt 47 to 1986) under the
transcriptional control of the simian virus 40 early promotor.
For construction of mutants A01-74 and A10-72, a geneti-

cally engineered EcoRV restriction site (nt 368) was used
which is located 8 bp 5' to the methionine 75 codon of the S
protein. To delete the coding sequence of the first 74 amino
acid residues, an XhoI (nt 129)-AccI (nt 827) fragment
carrying the entire S gene was excised from plasmid pLAS
and substituted by the shorter EcoRV-AccI fragment. Mu-
tant A10-72 was constructed in several steps to remove the
StyI (nt 180)-EcoRV (nt 368) fragment of the S gene. Briefly,
after deletion of this fragment, the filled-in StyI and EcoRV
sites were religated, and the mutant gene was cloned into
pLAS.

In a second approach, deletions of the S gene were created
in a recombinant M13mp19 bacteriophage carrying cloned
HBV DNA by the method of Nakamaye and Eckstein (31).
The following oligonucleotides were used for site-directed
mutagenesis:

A35-39 5'-GTTCCCCCTAGAAAATTCGAGTCTAGGCTCTG-3'
A35-46 5'-TTGGCCAAGACACACCGAGTCTAGACTCTG-3'
A40-46 5'-TTGGCCAAGACACACGAGAGACGTCCACCA-3'
A50-56 5'-GGTGAGTGATTGGAGGTAAGACACACGGTAGTT-3'
A57-63 5'-AAGTTGGAGGACAAGATGGGGACTGCGAATT-3'

Third, the remaining deletions were introduced by poly-
merase chain reaction, using "gene splicing by overlap
extension" (18). This method facilitates the fusion of two
DNA fragments at precise junctions irrespective of nucleo-
tide sequences at the recombination site and without the use
of restriction endonucleases. Briefly, two external primers
flanking the region in which the deletion is to be created are
used as well as two internal primers, each spanning the
deleted sequence (see below). Each pair of external and
corresponding internal primers is used in a separate poly-
merase chain reaction, creating two DNA fragments with
identical terminal sequences. When these fragments are
mixed, denatured, and reannealed, DNA strands hybridize
via their terminal complementary sequences introduced by
the internal primers. These strands are extended and ampli-
fied and are used to replace the wild-type sequence in pLAS.
To create the deletions, plasmid pNI2 (38) carrying the entire
pre-S1-pre-S2-S open reading frame was used as the tem-
plate. The external primers chosen, 5'-GCIl TGCACTC
GTCCC-3' (nt 707 to 723) and 5'-CTTGTGGCAAGG
ACCC-3' (nt 2133 to 2148), hybridize upstream and down-
stream of the entire S open reading frame. The internal
primers are indicated below together with the corresponding
amino acids of the S protein:

E02G10
A03-09 5'-CCTGCGCTGAACATGGAGGGACCCCTTCTCGTGTTA-3'

3'-GGACGCGACTTGTACCTCCCTGGGGAAGAGCACATT-5'
P7OR79

A71-78 5'-TGTCCTCCAACTTGTCCTCGTlTTATCATCTTCCTC-3'
3'TTA-5'

All mutants constructed were verified by DNA sequence analy-
sis.

Cell culture and transfection. Human hepatoma HepG2
HGPRT- cells (26) and COS-7 cells were cultured in Dul-
becco's modified Eagle's medium supplemented with 10%
fetal calf serum. For transfection, 5 x 105 HepG2 or COS-7
cells were seeded into 6-cm dishes. Unless otherwise indi-
cated, cells were transfected with 20 ,ug of plasmid DNA by
the calcium phosphate precipitation technique (48).

Metabolic labeling and immunoprecipitation. For isotopic
labeling, cells were transfected as described above. Two
days after transfection, the cells were washed twice with 2
ml of methionine-depleted minimal essential medium and
were starved for 1 h in 1.4 ml of minimal essential medium
supplemented with 1% fetal calf serum. Cells were labeled
with 225 ,uCi of [35S]methionine (1,186 Ci/mmol; New En-
gland Nuclear) for 24 h; during this period, the radiolabel
was added in two equal portions at two time points (0 h, 12
h). After labeling, medium was collected and centrifuged at
600 x g for 10 min. Cells were washed three times with
ice-cold 0.1 M Tris-HCl (pH 8.0)-0.1 M NaCl and were lysed
in 0.5 ml of the same buffer including 10 mM EDTA, 0.5%
Nonidet P-40, 2 mM phenylmethylsulfonyl fluoride, and
equal concentrations (2 ,ug/ml) of chymostatin, leupeptin,
antipain, and pepstatin A (CLAP) for 20 min at 0°C. Lysates
were clarified by centrifugation at 7,000 rpm for 10 min in an
Eppendorf microcentrifuge.
For immunoprecipitation, equal portions of radiolabeled

lysates and supernatants were adjusted to 0.1 M NaCl, 20
mM EDTA, 1% sodium deoxycholate, 0.5% Nonidet P-40,
0.5% Triton X-100, and 0.1% sodium dodecyl sulfate (SDS)
and were incubated overnight at 4°C with rabbit antiserum to
human HBsAg particles (1:100 dilution; Calbiochem). Im-
mune complexes were isolated with a 10% (wt/vol) suspen-
sion of protein A-Sepharose (1:10 dilution; Pharmacia).
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After incubation for 1 h at 4°C with rocking, the beads were
washed three times with 10 mM Tris-HCl (pH 7.5)-150 mM
NaCl-1% Triton X-100-1% sodium deoxycholate-0.2% SDS
and then washed twice with 0.125 M Tris-HCI (pH 6.8).
Proteins were eluted from Sepharose by boiling in sample
buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 0.1% bromophe-
nol blue, 10% glycerol, 5% 2-mercaptoethanol) and analyzed
by electrophoresis in a 12.5% polyacrylamide gel (SDS-
polyacrylamide gel electrophoresis [PAGE]). The gel was
fixed, treated with Amplify (Amersham), dried, and sub-
jected to fluorography at -70°C.

Tunicamycin treatment and endoglycosidase analysis. Cells
were pretreated with tunicamycin (10 ,ug/ml; Sigma) for 2 h
at 37°C before addition of the radiolabel. The drug was
maintained during the labeling period.
Endoglycosidase H (endo H; Boehringer Mannheim) di-

gestions were performed on immunoprecipitated samples.
Protein A-Sepharose beads carrying bound antigen were
resuspended in 20 ,ul of 150 mM sodium citrate (pH 5.5)-
0.04% SDS-1 mg of bovine serum albumin per ml-2 ,ug of
each ingredient of CLAP per ml. After the addition of 3 ,ul of
endo H (1 U/,ul), samples were overlaid with mineral oil and
incubated for 18 h at 37°C. After removal of the oil, samples
were analyzed by SDS-PAGE as outlined above.

Velocity sedimentation of HBsAg. HepG2 cells were trans-
fected as described above. Three days after transfection,
cellular supernatants were harvested, clarified, and sub-
jected to ultracentrifugation for 5 h at 45,000 rpm (SW60
rotor; Beckman) and 4°C. The pellets were suspended in 10
mM Tris-HCl (pH 7.5)-150 mM NaCl-1 mM EDTA and
layered on top of a 12-ml linear sucrose gradient (10 to 50%
[wt/wt] sucrose in the same buffer) with a 68% sucrose
cushion. After centrifugation at 35,000 rpm and 4°C for 16 h
(SW40 rotor; Beckman), fractions were collected from the
bottom and assayed for HBsAg by an enzyme-linked im-
munosorbent assay (ELISA) (Auszyme diagnostic kit; Ab-
bott Laboratories).

T-cell proliferation assay. Plasmid pNI2.IL-9 carrying the
entire cDNA for the mouse T-cell growth factor interleukin
9 (IL-9) (45) was transfected into COS-7 cells. After transient
expression for 3 days, cellular supernatants were assayed for
IL-9 secretion with ST2/K9.4a2 cells, an IL-9-dependent
subclone of CD4+ T-cell clone ST2/K9 that expresses a high
number of IL-9 receptors. After incubation of indicator cells
for 24 to 48 h with serial dilutions of the cellular supematants
of transfected cells, stimulation of T-cell growth was deter-
mined by incorporation of [3H]thymidine (0.1 ,uCi, 3.7 kBq/
1.5 x 103 cells). Incubation was continued for another 18 h
before the cells were harvested for counting. The prolifera-
tion assay was performed in the presence of neutralizing
anti-mouse IL-2 and anti-mouse IL-4 antibodies (40).

Subcellular fractionation. COS-7 cells were transfected
and metabolically labeled with [35S]methionine as described
above for HepG2 cells. After the labeling period, cells were
washed and preincubated for 10 min on ice in 500 ,ul of 10
mM Tris-HCl (pH 7.5)-10 mM NaCl-1.5 mM MgCl2-2 mM
phenylmethylsulfonyl fluoride-2 ,ug of each ingredient of
CLAP per ml. Cells were lysed by three cycles of freezing
and thawing. Nuclei and unbroken cells were removed by a
brief spin in an Eppendorf microcentrifuge. The postnuclear
supernatant, adjusted to a final concentration of 100 mM
NaCl, was separated into soluble and particulate fractions by
centrifugation at 14,000 rpm for 30 min in a microcentrifuge.
To extract membrane-associated proteins, the washed pel-
lets were suspended in 500 pd of the same buffer as above
including 1% Triton X-100, 0.05% sodium deoxycholate, and
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FIG. 1. Schematic diagram of the wild-type (wt) S protein of

HBV and the deletion mutants analyzed in this work. The top line
indicates the wild-type S protein encoding 226 aa. The following
lines represent the various mutants which are named according to
the amino acid sequences deleted. The gaps indicate the deletions
introduced, and the numbers denote the amino acids flanking each
deletion. The arrow indicates the methionine codon used for trans-
lational initiation.

0.01% SDS and incubated for 20 min on ice. After an
additional centrifugation at 5,000 rpm for 5 min in an
Eppendorf microcentrifuge, equal portions of the soluble
and particulate fractions, adjusted to identical detergent
concentrations, were analyzed by immunoprecipitation and
SDS-PAGE, exactly as outlined above.

RESULTS
Construction of S deletion mutants. Leaving the essential

hydrophobic region (amino acid [aa] 80 to 98) (5), the
antigenic region (aa 99 to 168), and the C-terminal region (aa
169 to 226) unchanged, we progressively deleted sequences
of variable length from the N-terminal third of the S protein
using various experimental strategies (see Materials and
Methods).
Although the S protein lacks an N-terminal-cleaved signal

sequence (10, 12), the very N terminus of S might affect its
entry into the secretory pathway. Addressing this question,
we deleted aa 3 to 9 preceding the first hydrophobic region in
mutant A03-09 (Fig. 1).
For in-frame deletion of the entire first hydrophobic do-

main of S, the StyI-XbaI region of the S gene was excised in
mutant A10-32. To analyze the topogenic elements of this
segment in more detail, we constructed two mutants lacking
either the N-terminal (A09-22) or the C-terminal (A22-32)
part of the first hydrophobic region (Fig. 1).
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FIG. 2. Synthesis and secretion of wild-type and mutant S pro-
teins with HepG2 cells. Transfected cells were labeled with [35S]me-
thionine for 24 h. Equal portions of cellular lysates (A) or cellular
supernatants (C) were precipitated with rabbit antiserum against
HBsAg particles and subjected to SDS-PAGE. 14C-labeled marker
proteins (lanes 1) (GIBCO BRL) were used as molecular mass
standards; deduced molecular masses (in kilodaltons) are indicated
by arrowheads. (B) Prolonged exposure of the corresponding part of
the autoradiogram shown in panel A.

To explore the function of the first hydrophilic loop for
protein topology, assembly, and transport, we introduced
lesions of different size into this region. In mutant A22-50,
the N-terminal part of the first hydrophilic loop was deleted
together with hydrophobic residues of the apolar segment,
whereas the deletion was restricted to hydrophilic sequences
in mutant A33-51. Similarly, mutant A35-46 lacks the first
region of the hydrophilic loop. However, in contrast to
mutant A33-51, the highly conserved aspartic acid residue in
position 33, as well as the cysteine residue in position 48
which was found to be critical for secretion (43), was
maintained in mutant A35-46. Subsequently, shorter dele-
tions of this region were created, leading to mutants A35-39
and A40-46. Deletions of similar size were progressively
introduced further downstream in the hydrophilic region,
generating mutants A50-56, A57-63, and A71-78. Finally, the
entire first hydrophobic and hydrophilic domains of S were
removed in mutants A01-74 and A10-72 (Fig. 1).

Synthesis of S deletion mutants. To study the mutant
proteins, we analyzed transient expression of the wild-type
and mutant S genes in HepG2 cells using immunoprecipita-
tion with polyclonal antiserum to HBsAg particles from
human serum and SDS-PAGE.

Lysates of cells transfected with the wild-type S gene
contained the 24-kDa nonglycosylated and the 27-kDa glyc-
osylated forms of the small envelope protein (17) (Fig. 2A,
lane 2). As shown in the same figure, all but one mutant
protein (A71-78) could be identified in lysates of transfected
cells. At least two forms of each deletion mutant were
specifically immunoprecipitated (Fig. 2A, lanes 3 to 16).
Consistent with the predicted molecular weights, they most
likely correspond to the glycosylated and nonglycosylated
forms of the mutant proteins (see also below). For the
majority of the deletion mutants, the ratios of glycosylated to
nonglycosylated forms were similar to those for the wild-

type S protein. However, in mutants A09-22 (Fig. 2A, lane 4)
and A10-32 (Fig. 2A, lane 5), both lacking the N-terminal
part of the first hydrophobic domain, the ratio of glycosy-
lated to nonglycosylated polypeptides, respectively, was
increased compared with wild-type S (Fig. 2A, lane 2). Thus,
deletion of this region seemed to affect the accessibility of
the glycosylation site residing in the second hydrophilic loop
(Asn-146). Besides the altered degree of glycosylation, mu-
tant A09-22 showed additional unexpected features. First,
while the glycoprotein of this mutant had a molecular mass
of about 25.8 kDa, as expected, the apparent molecular mass
of about 24 kDa for the nonglycosylated form was not in
accord with the predicted molecular mass of about 22.8 kDa
(Fig. 2A, lane 4). And second, lysates of cells transfected
with this mutant contained a third immunoreactive polypep-
tide of about 18 kDa (Fig. 2A, lane 4).
The intracellular amounts of the mutant proteins varied

and depended on the sequence deleted. Strikingly, the level
of the mutant proteins A10-32, A22-32, and A22-50 was
significantly decreased (Fig. 2A, lanes 5, 6, and 7, respec-
tively) compared with wild-type S (Fig. 2A, lane 2). There-
fore, a prolonged exposure of this part of the autoradiograph
is shown in Fig. 2B. Since in all these mutants the C-terminal
part of the first hydrophobic domain (aa 22 to 32) was
missing, this region might have profound effects on overall
stability, conformation of the surface antigen, and/or the
efficiency of translocation across the ER membrane. How-
ever, when this sequence was deleted together with the
entire first hydrophobic and hydrophilic region in mutants
A01-74 and A10-72, the intracellular level of the mutant
proteins was found to return to normal (Fig. 2A, lanes 15 and
16). In addition, the degree of glycosylation of these two
mutants was not significantly altered compared to wild-type
S (Fig. 2A, lane 2).
Mutant A71-78 carrying a deletion distal to the second

hydrophobic region failed to be detected under the assay
condition used (Fig. 2A, lane 14). Even during short pulse-
labeling, this mutant could not be identified (data not
shown).

Secretion of S deletion mutants. To analyze the secretory
phenotypes of the deletion mutants, we immunoprecipitated
cellular supernatants of transfected cells as outlined above.
As shown in Fig. 2C, 4 of 14 mutants were competent for
secretion. Deletion of the very N terminus of the S protein
still allowed secretion (A03-09, Fig. 2C, lane 3; the corre-
sponding bands are only weakly visible in the autoradiogram
shown), although at a reduced level compared with wild-type
S (Fig. 2C, lane 2). In contrast, secretion of mutants lacking
part or all of the first apolar region was completely blocked
(A09-22, A10-32, A22-32, and A22-50; Fig. 2C, lanes 4, 5, 6,
and 7, respectively). Similarly, deletion of the N-terminal
part of the first hydrophilic loop prevented the extracellular
release, as shown by mutants A33-51 and A35-46 (Fig. 2C,
lanes 8 and 10). Interestingly, secretion was restored when
the amino acid sequence 35 to 46 was deleted in two parts
(A35-39 and A40-46; Fig. 2C, lanes 9 and 11). In addition, an
overlapping lesion of this region (aa 37 to 43) did not
interfere with secretion (unpublished data). Mutant A50-56
was also secreted with high efficiency (Fig. 2C, lane 12),
whereas mutant A57-63 carrying a deletion of the same size
was retained intracellularly (Fig. 2C, lane 13). Large dele-
tions covering almost the entire N-terminal third of S com-
pletely blocked secretion, as demonstrated by mutants
A01-74 and A10-72 (Fig. 2C, lanes 15 and 16, respectively).
Taken together, only small deletions of hydrophilic se-
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FIG. 3. Velocity sedimentation analysis of the wild-type S pro-
tein and the secretion-competent S deletion mutants A03-09, Av35-39,
A40-46, and A50-56. Concentrated cell culture media of transfected
HepG2 cells were analyzed by sucrose gradient centrifugation.
Gradients were fractionated from the bottom, and each fraction was
assayed for HBsAg particles by ELISA. wt, wild type.

quences were compatible with the secretion of mutant S
proteins.

Characterization of secretion-competent S deletion mutants.
To determine whether the secreted deletion mutants A03-09,
A35-39, A40-46, and A50-56 resemble authentic HBsAg par-
ticles, we fractionated concentrated cell culture media of
transfected cells by sucrose gradient velocity sedimentation
and analyzed them by an HBsAg-specific ELISA. As dia-
grammed in Fig. 3, the sedimentation profiles of the four
mutants and the wild-type S were nearly coincident.

In addition, these mutants banded at a buoyant density of
about 1.19 g/cm3 in cesium chloride (data not shown), which
is typical of serum-derived HBsAg particles (42). Thus,
deletion of aa 3 to 9, 35 to 39, 40 to 46, or 50 to 56 affected
neither proper particle assembly nor particle size of HBsAg.

Analysis of carbohydrate modification and structure. In an
attempt to characterize the transport defects of the intracel-
lularly retained deletion mutants in more detail, we analyzed
their modification with carbohydrates. Evidence for glyco-
sylation of the mutants was obtained after transient expres-
sion in the presence of tunicamycin. Inhibition of N-linked
glycosylation yielded only the faster-migrating polypeptides
in an SDS-polyacrylamide gel of the wild-type S (Fig. 4, lane
2) and the deletion mutants (Fig. 4, lanes 3 to 14). Even the
18-kDa polypeptide of mutant A09-22 could be detected
under these conditions (Fig. 4, lane 4), indicating that it

29 0

18 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14
FIG. 4. Effect of tunicamycin on glycosylation of the wild-type

and mutant S proteins in transfected HepG2 cells. Cells were labeled
with [35S]methionine in the presence of 10 pLg of tunicamycin per ml.
Proteins of cellular lysates were isolated by immunoprecipitation
and subjected to SDS-PAGE. 14C-labeled marker proteins (lane 1)
were used as molecular mass standards; deduced molecular masses
(in kilodaltons) are indicated by arrowheads. Lanes: 2, cells trans-
fected with pLAS carrying the wild-type S gene; 3, A03-09; 4,
A09-22; 5, A10-32; 6, A22-32; 7, A22-50; 8, A33-51; 9, A35-39; 10,
A35-46; 11, A40-46; 12, A50-56; 13, A57-63; 14, A71-78.

corresponded to a nonglycosylated derivative of the mutant
protein. On the basis of these data, the upper bands of the
immunoreactive polypeptides (Fig. 2) should therefore cor-
respond to the glycosylated forms of the deletion mutants.
Since the secretion-defective mutants were glycosylated at
least as efficiently as the wild-type S (Fig. 2), insertion of
these polypeptides into the ER membrane had not been
impaired. Therefore, secretion of these mutants must have
been blocked at a subsequent step of vesicular transport.
To investigate further the intracellular fate of the secre-

tion-defective mutants, we analyzed the type of oligosaccha-
rides present on the glycoproteins. Since carbohydrate mod-
ification occurs in specific subcellular compartments,
transport can be monitored indirectly by determining
changes in the carbohydrate structure. We therefore exam-
ined the acquisition of resistance of carbohydrate chains to
endo H, an event that occurs only after modification by
medial Golgi apparatus-associated enzymes. To this aim,
immunoprecipitated cellular proteins were digested with
endo H. All secretion-defective mutants were uniformly
sensitive to treatment with this enzyme, as predominantly
the nonglycosylated forms could be detected (Fig. 5A, lanes
3, 4, 5, 6, 7, 9, 12, and 13; not shown for mutants A01-74 and
A10-72). The minor amounts of residual glycoproteins were
attributed to incomplete enzymatic digestion. From these
data, we conclude that the block to secretion of these
mutants occurs before transport to the medial cisternae of
the Golgi apparatus.
However, as shown in the same figure, cell-associated

wild-type S (Fig. 5A, lane 1) and the secretion-competent
deletion mutants (Fig. 5A, lanes 2, 8, 10, and 11) were
similarly susceptible to endo H. Since the secreted glyco-
proteins were endo H resistant (Fig. SB, lanes 1, 2, 8, 10, and
11), these proteins have traversed the Golgi cisternae. Con-
comitant to oligosaccharide processing, the molecular
masses of the secreted glycoproteins increased by about 1
kDa (compare Fig. SA and B, lanes 1, 2, 8, 10, and 11). A
rapid transport through the Golgi apparatus and from the
trans-Golgi apparatus to the cell surface is thought to ac-
count for the endo H sensitivity of cell-associated wild-type
S (36).

Analysis of the oligomerization capacity of secretion-defec-
tive S deletion mutants. After insertion of S monomers into
the membrane of the ER, oligomerization of S monomers
appears to be the next event in the biosynthesis of HBsAg
particles (41). To analyze whether the intracellularly re-
tained mutants still preserved the capacity for intermolecular
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FIG. 5. Analysis of the N-linked oligosaccharides on wild-type

and mutant S proteins. HepG2 cells transfected with pLAS carrying
the wild-type S gene (lanes 1), A03-09 (lanes 2), A09-22 (lanes 3),
A10-32 (lanes 4), A22-32 (lanes 5), A22-50 (lanes 6), A33-51 (lanes 7),
A35-39 (lanes 8), A35-46 (lanes 9), A40-46 (lanes 10), A50-56 (lanes
15), A57-63 (lanes 12), and A71-78 (lanes 13) were labeled with
[3 S]methionine. Cellular lysates (A) or supernatants (B) were
immunoprecipitated with antiserum to HBsAg particles and digested
with endo H. Proteins were separated on SDS-12.5% polyacryl-
amide gels. 14C-labeled marker proteins (lanes 14) were used as
molecular mass standards. Deduced molecular masses (in kilodal-
tons) are indicated by arrowheads.

aggregation, we individually cotransfected the mutant genes
with the wild-type S gene at a molar ratio of 4:1, respec-
tively. In parallel experiments, cells were transfected with
the equivalent amount of the wild-type S gene alone adjusted
with carrier DNA (pSVneo). The wild-type S protein was
almost completely trapped within the cells when coex-
pressed with mutants A09-22, A10-32, A22-32, A22-50, A33-
51, A35-46, and A57-63 (Table 1). Even mutant A71-78
blocked secretion of S (Table 1), indirectly indicating the
synthesis of the corresponding protein. However, mutant
A01-74 did not significantly affect secretion of wild-type S,
while mutant A10-72 impaired but did not totally prevent the
extracellular release of S (Table 1).
To demonstrate that the intracellular retention of the

wild-type S protein was due to specific interaction with the
mutant S proteins, epitope tagging of S was used in cotrans-
fection experiments. The plasmid pBAP (9) encodes a mod-
ified S gene carrying an 11-aa insertion corresponding to a
neutralization epitope of poliovirus type 1 VP1. Neither
assembly nor secretion of envelope particles is affected by

TABLE 1. Coexpression of S deletion mutants and wild-type S
protein in transfected HepG2 cells

Plasmid + wild-type S Secreted HBsAg

pSVneo ............ ....................... + +
A01-74 ........... ........................ + +
A09-22....................................

A10-72 ................................... +
A10-32 ........... ........................ -

A22-32 ........... ........................ -

A22-50 ........... ........................ -

A33-51 ........... ........................ -

A35-46 ........... ........................ -

A57-63 ........... ........................ -

A71-78 ........... ........................ -
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FIG. 6. Coimmunoprecipitation of a modified S protein carrying
a poliovirus type 1 VP1 neutralizing epitope (9) and the secretion-
deficient S deletion mutants. Each of the indicated mutant genes was
cotransfected with the modified S gene at a molar ratio of 4:1,
respectively. [35S]methionine-labeled proteins from the lysates of
transfected COS-7 cells were immunoprecipitated with the poliovi-
rus-specific mouse monoclonal antibody C3 (9) and subjected to
SDS-PAGE. Nontransfected (n.t.) cells were included as a control.
The molecular masses of the glycosylated and nonglycosylated
forms of the hybrid S-poliovirus protein of 28.5 and 25.5 kDa,
respectively, are indicated by arrowheads.

the poliovirus insertion (9). Cotransfection of pBAP with the
mutant S genes was performed in COS-7 cells since we had
observed a higher level of expression in these cells compared
with HepG2 cells during our experiments. Assembly and
secretion were virtually identical in both cell lines. When
lysates of cotransfected cells were analyzed with the polio-
virus-specific monoclonal antibody C3 (9), coimmunoprecip-
itation was found (Fig. 6), indicative of the formation of
mixed envelope aggregates. The amounts of the mutant
proteins A10-32, A22-32, and A22-50 seemed to be increased
by coexpression with the modified S protein (compare Fig. 1,
lanes 5, 6, and 7, and Fig. 6, lanes 2, 3, and 4). Similarly,
mutant A71-78, which was undetectable when expressed
alone (Fig. 1, lane 14), could be identified in mixed aggre-
gates (Fig. 6, lane 8). This suggests that the mutants were
stabilized by the co-oligomerization with the S protein,
thereby restricting the extracellular release of S (Table 1).
Conversely, the mutants A01-74 and A10-72, which had little
effect on the extracellular release of S (Table 1), were found
at a reduced level in mixed envelope aggregates (Fig. 6, lanes
9 and 10) compared with the amount of these proteins when
expressed alone (Fig. 1, lanes 15 and 16). Thus, the level of
inhibition of secretion of wild-type S by the mutants (Table
1) seems to depend on their capacity for oligomerization with
the wild-type or the modified S chains.
To analyze whether the block to secretion was specific for

S or due to some unspecific effect on the cellular protein
secretion machinery, we assayed secretion of an unrelated
protein in the presence of the mutant S proteins. We chose to
study synthesis and secretion of the mouse T-cell growth
factor IL-9 in COS-7 cells. When equivalent amounts of
plasmids encoding IL-9 and the mutant S genes, respec-
tively, were cotransfected at a ratio at which secretion of
IL-9 was not saturated, none of the secretion-deficient
mutants affected export of IL-9, as determined by an IL-9-
specific T-cell proliferation assay (40) (data not shown).

Analysis of the assembly competence of secretion-defective S
deletion mutants. To analyze whether the secretion-defective
mutants still assemble into mature lipoprotein particles, we
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FIG. 7. Intracellular location of the wild-type (wt) S and the
secretion-deficient S deletion mutants. Transfected and metaboli-
cally labeled COS-7 cells were disrupted by freezing and thawing.
The postnuclear supernatants were separated into soluble (S) and
particulate (P) fractions by centrifugation. Equal portions of each
fraction were subjected to immunoprecipitation and analyzed by
SDS-PAGE. 14C-labeled marker proteins (lane 1) were used as
molecular mass standards; deduced molecular masses (in kilodal-
tons) are indicated by arrowheads.

performed a subcellular fractionation experiment. Trans-
fected and metabolically labeled COS-7 cells were disrupted
by freezing and thawing, and cleared lysates were separated
into soluble and particulate fractions by centrifugation. After
detergent extraction of the particulate fraction, equal por-
tions of each fraction were subjected to immunoprecipita-
tion. During biogenesis of HBsAg particles, wild-type S still
in association with the ER membrane should be insoluble in
the absence of detergents, and S in the form of a lipoprotein
particle should be soluble unless the centrifugation condi-
tions employed were sufficient to pellet these particles with
a sedimentation coefficient of 42S (42). Thus, the wild-type S
should be distributed between the soluble and the particulate
fractions after mechanical disruption of cellular organelles.
As shown in Fig. 7 (lanes 2 and 3), one-half of the wild-type
S was membrane associated, while the other half was
soluble. The glycosylated forms of the wild-type S of each
fraction displayed the same electrophoretic mobility (Fig. 7,
lanes 2 and 3), implying that oligosaccharide processing had
not yet occurred. Most importantly, the secretion-defective
mutants were exclusively found in the membrane-associ-
ated, particulate fractions (Fig. 7, lanes 5, 7, 9, 11, 13, 15, 17,
19, and 21). These data indicate that the mutants were
retained intracellularly in a membranous configuration either
embedded in or tightly associated with the lipid bilayer.
The proper assembly of cell-associated wild-type S into

lipoprotein particles was demonstrated further by sedimen-
tation velocity analysis of the soluble fraction derived from
mechanically disrupted cells as outlined above. No signifi-
cant difference according to sedimentation in sucrose could
be detected between the cell-associated soluble and the
secreted forms of wild-type S (Fig. 8). The intracellular S
protein present in the soluble fraction therefore appeared to
be correctly assembled into envelope particles.

DISCUSSION

In this study, we mapped subdomains of the small enve-
lope S protein of HBV that are essential or dispensable for
the assembly and secretion of subviral particles. Our de-
tailed mutational analysis demonstrates that the N-terminal
third of the S protein tolerates only minor structural lesions
without affecting proper particle assembly and transport. As

Ccm4

4.

A.

.0

0

6 8 10 12 14 16 18 20
Fraction

FIG. 8. Velocity sedimentation analysis of secreted and intra-
cellular wild-type S proteins. Transfected HepG2 cells were dis-
rupted by freeze-thaw lysis in the absence of detergents and were
separated into soluble and particulate fractions (Materials and
Methods). The soluble protein fraction (0) or concentrated cellular
supernatants (-) were subjected to sucrose gradient centrifugation.
Gradients were fractionated from the top, and each fraction was
assayed for HBsAg by ELISA.

a main outcome of our analysis, deletions of hydrophilic
segments appear to be more permissive than deletions of
hydrophobic sequences.
The N-terminal half of the first hydrophilic region spacing

the two apolar domains (aa 11 to 28 and 80 to 98) proved to
be the most favorable site for truncations. A major factor
determining retention or secretion of the mutant proteins
was the length of the deleted sequence. Division of lesion 35
to 46, which entirely blocked secretion, into two parts
restored transport competence (A35-39 and A40-46). Since
an additional mutant of similar size lacking an overlapping
segment (aa 37 to 43) was also secreted with high efficiency
(unpublished results), retention of mutant A35-46 was not
due to the absence of specific topogenic elements.
The simplest model to explain the different secretory

phenotypes of these mutants is that proper folding of the S
protein, a prerequisite for oligomerization and assembly
(20), may require a minimum space between the two apolar
domains. Similarly, extensions of the first hydrophilic region
have been shown to be size limited. While in-frame inser-
tions of various foreign sequences of 8 (7), 13 (9), or 20 (5) aa
only moderately affected particle release, insertion of 23
residues completely blocked the secretion of the modified
particles (5). Recent studies suggest that specific inter- or
intramolecular interactions occur between membrane-span-
ning a-helices of transmembrane proteins (3, 29). Direct
contacts between the two apolar segments of the S protein
may also play a role in stabilizing the structure and promot-
ing oligomerization and assembly. Since the relative posi-
tions of these two hydrophobic domains are determined by
the length of the first hydrophilic loop, a critical number of
residues may be necessary to maintain protein topology and
to facilitate interactions.

Small deletions of similar size were not tolerated through-
out all the first hydrophilic loop of the S protein since
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mutants A57-63 and A71-78 failed to be secreted. To account
for the transport defect of these mutants, we considered the
deletion of the highly conserved, positively charged histidine
and arginine residues, respectively. Positively charged resi-
dues preceding hydrophobic domains have been found to be
important elements in determining topology and orientation
of transmembrane proteins (4). According to the "positive-
inside rule" of von Heijne (46), hydrophobic sequences
orient themselves in the membrane with the most positively
charged end in the cytoplasm. Removal of the charged
residues in several integral membrane proteins either in-
verted their topology (33, 47) or converted them into secre-
tory proteins (24, 34). The cluster of positively charged
residues located at the junction of the first hydrophilic and
the second hydrophobic domains of S may serve a similar
function (21a). Our failure to detect mutant A71-78 lacking
two arginine residues using antibodies to HBsAg particles
supports this notion. However, this mutant could be rescued
by oligomerization with the wild-type S or a secretion-
competent modified version of S.
Our data are consistent with previous results indicating

that the entire first hydrophobic domain of the S protein
carries an essential topogenic element (5, 12). Neither part
nor all of this region could be deleted without deleterious
effects on assembly and secretion. As evidenced by glyco-
sylation, these mutants still entered the secretory pathway,
where they were arrested in a membrane-associated config-
uration. Targeting to and anchoring in the ER membrane of
these mutants were most likely mediated through the second
hydrophobic domain of S. As shown by several experiments,
internal signal sequences and stop-transfer sequences can
functionally substitute for each other (25, 49). Whether the
use of the second hydrophobic domain for membrane target-
ing is a unique feature of the mutant S proteins or whether
the wild-type S protein adopts the same strategy remains to
be determined. However, the first hydrophobic region of S
clearly possesses signal function as this region alone was
shown to be sufficient for translocation of homologous (11)
and heterologous (12) sequences across ER membranes in a
cell-free system.

Interestingly, even deletion of both the first hydrophobic
and hydrophilic domains of S still allows membrane anchor-
ing and translocation of (at least) the second hydrophilic loop
carrying the conformational antigen and the glycosylation
site. Thus, our data demonstrate that the entire N-terminal
third (aa 1 to 74) of S is dispensable for the first event in
HBsAg transport.

Conversely, the subsequent step in this pathway seems to
require this region since the capacity of mutants A01-74 and
A10-72 to interact with wild-type S or a modified version of
S carrying a foreign epitope was significantly impaired. This
indicates that the N-terminal third of S may be directly
involved in intermolecular subunit recognition. Mutants
carrying smaller lesions in this region retained their ability
for oligomerization, thereby exerting a dominant inhibitory
effect on the secretion of wild-type S. In this respect, the
phenotype of mutant A10-32, devoid of the N-terminal signal
sequence, differs from that of an analogous deletion mutant
of the HBV adw2 subtype which was found to be completely
aggregation deficient (5). In contrast, none of the secretion-
defective mutants affected export of the mouse T-cell growth
factor IL-9 when coexpressed in the same cell. Therefore,
specific interaction between mutant and wild-type S chains
most likely accounts for the block to secretion of wild-type
S.

Since the secretion-defective deletion mutants which were

still competent for oligomerization failed to form soluble
lipoprotein particles, we conclude that these mutants were
arrested in the budding process during particle maturation.
Mechanical disruption of cells transfected with the wild-type
S gene combined with mild centrifugal forces has been
shown to yield two populations of the S protein: aqueous-
nonextractable S polypeptides present in the particulate
fraction and soluble S proteins (23, 27). As judged by density
and sedimentation velocity analysis (7, 23, 38; this work) and
electron microscopy (23), S proteins present in the soluble
fraction resemble secreted HBsAg lipoprotein particles. The
cell-associated assembled S proteins were most likely re-
leased from the lumen of the ER or a pre-Golgi compartment
because of the disruption of internal membranes. According
to the molecular weight of the glycosylated forms of these
particles, oligosaccharide processing to the complex form
has still not occurred. Conversely, the secretion-defective
mutants analyzed in this work were exclusively found in the
particulate fraction of transfected cells. In addition, we have
observed a strong but not absolute correlation between the
secretion competence of various mutant S proteins and their
appearance in the soluble fraction using the fractionation
scheme employed in this work (unpublished results). Taken
together, these data support the notion that the secretion-
defective mutant S proteins remained arrested in a particu-
late, membrane-associated configuration. However, the pre-
cise conformation of these proteins requires further analysis.
In this respect, our data are not in accord with the results of
a mutational analysis of the S protein performed with yeast
cells (1). Araki et al. (1) observed that elimination of aa 21 to
80 of the S protein decreased but did not abolish particle-
forming ability as judged by velocity sedimentation and
electron microscopy of detergent-extracted proteins. Since
yeast cells do not secrete HBsAg particles, differences in the
assembly of subviral particles in yeast and animal cells may
account for the observed discrepancy.

It is now widely held that correct folding of monomeric
proteins and proper assembly of oligomeric structures are
prerequisites for the exit of secretory proteins from the ER
(20). Therefore, it seems likely that the oligomerization- or
assembly (budding)-defective S deletion mutants analyzed in
this work were retained in the ER. Their sensitivity to
digestion with endo H supports this assumption. Protein
degradation in the ER has been shown to be involved in the
disposal of transport-incompetent proteins (21). The varying
intracellular amounts of the secretion-deficient S deletion
mutants may be due to differential rates of ER degradation.

Various viral envelope proteins have been used as models
for studying assembly, processing, and transport of oligo-
meric proteins through the exocytic pathway of eukaryotic
cells. Generally, intracellular transport of these viral enve-
lope proteins is arrested in the compartment where virion
assembly (i.e., interaction with the viral nucleocapsid) oc-
curs (37). The small S envelope protein of HBV shares
structural motifs with other viral envelope proteins spanning
the lipid bilayer several times, e.g., the El envelope protein
of coronavirus (2, 28). However, the S protein is distin-
guished by two prominent features from the majority of the
other viral envelope proteins. First, the S protein escapes
from assembly into virions, leaving the infected cells in the
form of empty envelopes unless retained through the related
large envelope protein of HBV (22, 30, 32, 38). And second,
the empty envelope is a complex structure that seems to lack
a typical unit membrane organization (41) and has a lipid
content much lower than that of most cellular membranes
(15, 39). Therefore, the panel of oligomerization-competent
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but assembly-deficient S deletion mutants characterized in
this work should be helpful tools to analyze the unique but
still unknown budding mechanism of HBsAg particles.

In some respects, HBsAg particles resemble liver-derived
lipoproteins crucial for the transport of lipids. Apolipopro-
tein B100 is the quantitatively dominant protein component
of the very low density and low-density lipoprotein particles
(6). Although the precise assembly pathway of these parti-
cles also remains to be elucidated, it has been proposed that
integration of apolipoprotein B100 into the membrane of the
ER provides a mechanism through which this protein can
extract membrane lipids and assemble them into lipoprotein
particles (6). It is therefore tempting to speculate that
HBsAg particle assembly follows a similar strategy.
To conclude, the mutants described in this work and the

various experimental approaches used allowed us to monitor
and to dissect different steps in the biogenesis of the HBV
envelope, i.e., association of S proteins with membranes,
translocation across the ER membrane, aggregation of
monomers, and assembly of soluble lipoprotein particles.
However, important features of these steps, as well as the
subsequent stages of the transport along the exocytic path-
way, still remain enigmatic. Further experiments using the
approach employed in this work should provide additional
insights in the maturation of HBsAg particles.
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