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The large hepatitis B virus (HBV) surface protein (L) forms two isomers which display their N-terminal
pre-S domain at the internal and external side of the viral envelope, respectively. The external pre-S domain
has been implicated in binding to a virus receptor. To investigate functions of the internal pre-S domain, a
secretion signal sequence was fused to the N terminus of L (sigl), causing exclusive expression of external
pre-S domains. A fusion construct with a nonfunctional signal (s25L), which corresponds in its primary
sequence to sigL cleaved by signal peptidase, was used as a control. SigL. was N glycosylated in transfected COS
cells at both potential sites in pre-S in contrast to s25L or wild-type L, confirming the expected transmembrane
topologies of sigl. and s25L. Phenotypic characterization revealed the following points. (i) SigL lost the
inhibitory effect of L or s25L on secretion of subviral hepatitis B surface antigen particles, suggesting that the
retention signal mapped to the N terminus of L is recognized in the cytosol and not in the lumen of the
endoplasmic reticulum. (ii) SigL was secreted into the culture medium even in the absence of the major HBV
surface protein (S), while release of an L mutant lacking the retention signal was still dependent on S
coexpression. (iii) s25L but not sigl. could complement an L-negative HBV genome defective for virion
secretion in cotransfections. This suggests that the cytosolic pre-S domain, like a matrix protein, is involved in

the interaction of the viral envelope with preformed cytosolic nucleocapsids during virion assembly.

The hepatitis B virus (HBV) is an enveloped DNA virus with
a unique replication strategy (for a review, see reference 13)
which causes acute and chronic infections of the liver in hu-
mans. The virion has a diameter of 42 nm and consists of an
icosahedral nucleocapsid and a detergent-sensitive envelope
which contains three surface proteins. The virion is probably
formed by interaction of a preformed cytosolic nucleocapsid
with the surface proteins at a pre-Golgi membrane and se-
creted by the constitutive secretory pathway (12, 17). The three
HBYV surface proteins have several unusual features. (i) They
are translated from a single open reading frame of the viral
genome by the usage of three different start codons (Fig. 1A).
Therefore, the 226-amino-acid sequence of the small surface
protein (S) is repeated at the C termini of the middle (M) and
large (L) surface proteins, which carry the additional N-termi-
nal 55-amino-acid pre-S2 domain or the 176-amino-acid (sub-
type ad) pre-S2 plus pre-S1 domain, respectively (16). (ii) The
surface proteins are not only incorporated into virion enve-
lopes but are, in addition, secreted in large amounts from
infected hepatocytes or transfected cells as spherical and fila-
mentous subviral lipoprotein particles with a diameter of 22
nm, referred to as hepatitis B surface antigen (HBsAg) parti-
cles. The release of subviral particles (5, 6, 24, 28) or virions (2)
is inhibited in a dose-dependent fashion by overexpression of
the L protein. This effect might have relevance for the patho-
genesis of hepatitis B (7). The biological significance of the
retention is unknown. (iii) The HBV surface proteins gain a
complex transmembrane topology upon translation at the en-
doplasmic reticulum (ER) and, most unusual, the topology of
a fraction of the L proteins in the ER does not correspond to
its topology in the viral envelope (3, 23, 27) (Fig. 1A).

The S protein has a type I signal at its N terminus and an
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internal type II signal which cause the protein to traverse the
membrane at least twice and to form a cytosolic loop as well as
a luminal domain (10) (Fig. 1A). The latter forms the main
epitopes of the HBsAg and contains an N-glycosylation site
which is, however, used in only approximately half of the pep-
tide chains for unknown reasons. The C terminus of S is very
hydrophobic and is believed to be embedded in the lipid bi-
layer. The M protein has a similar transmembrane topology
and exposes the pre-S2 domain in the ER lumen (9) (Fig. 1A).
The pre-S domains of the L protein are first located on the
cytosolic side of the ER, and the protein spans the membrane
with the type II signal and hydrophobic C terminus in its S
domain (Fig. 1A). The transmembrane topology of the S and
M proteins is, as expected, preserved during viral particle as-
sembly. Therefore, the pre-S2 domain of M and the major
HBsAg epitopes in the S domain appear on the surface of
secreted viral particles. Unusually, however, the transmem-
brane topology of approximately half of the L chains changes
posttranslationally in such a way that their pre-S domains are
exposed on the surface of secreted virions (3). As a conse-
quence, the particles contain two forms of the L protein which
carry an external (e-pre-S) or internal (i-pre-S) pre-S domain,
respectively. The mechanism of the posttranslational refolding
process is unknown to date.

Infection experiments using the duck hepatitis B virus model
implied that one important function of the e-pre-S domain is
binding to a putative virus receptor (19). Other studies showed
that the L protein of HBV is necessary for virion formation (2,
31), implying an additional function of L in virion morphogen-
esis. In this work we investigated the functions of the i-pre-S
form of L in viral particle assembly by characterizing an L
mutant which expressed exclusively e-pre-S domains. We
found that the i-pre-S domains mediate the intracellular reten-
tion of subviral HBsAg particles and were necessary for virion
formation. Our data support the hypothesis that the i-pre-S
domains function as a matrix protein by mediating the contact
between viral envelope and nucleocapsid during virion assem-
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FIG. 1. Transmembrane topology of HBV surface proteins and fusion con-
structs. (A) The HBV surface proteins have a complex transmembrane topology
in the ER membrane (stippled bar). The small HBV surface protein (S, small
line) traverses the membrane with the N-terminal type I and the central type II
signals (open boxes) and probably twice with its hydrophobic C-terminal region.
The luminal loop is partially N glycosylated (G in parentheses). The medium-
sized surface protein (M) has a similar topology and displays the additional
N-glycosylated N-terminal pre-S2 domain (thicker line) in the ER lumen. The
large surface protein (L) carries an additional N-terminal domain (pre-S1, thick-
est line). The pre-S1 and pre-S2 domains of L are first located at the cytosolic
side of the ER membrane (i-pre-S1) and are not N glycosylated at the two
potential sites (stars). In the virion, approximately half of the L proteins display
their pre-S domains to the outside (e-pre-S1). (B) The sigL fusion construct
carries the first 32 amino acids of B-lactamase (blal-32), which contains a
secretion signal (open box) fused to amino acid 7 of pre-S1. The signal causes
translocation of pre-S1 and pre-S2 into the ER lumen and N glycosylation of the
pre-S domains (G). The signal is cleaved between amino acids 23 and 24 (33) by
signal peptidase. The s25L construct has a primary amino acid sequence identical
to that of cleaved sigL except for the first 2 amino acids. The truncated signal in
s25L (bla25-32) is not functional. The M™S ™ versions of L and sigL carry mutations
of the start codons for M and S protein synthesis (arrows) to threonine codons.

bly. By generating a dual transmembrane topology, the pre-S
domains of the L protein therefore fulfill two important func-
tions in the viral life cycle on both sides of the viral envelope:
binding to a virus receptor on the outside and to the nucleo-
capsid on the inside.
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MATERIALS AND METHODS

Plasmid constructions. Simian virus 40 early promoter expression vectors for
the HBV S protein (pSVBX24H) (14), for the simultaneous expression of L, M,
and S proteins (pSV45H) (24), and for the expression of M protein without
concomitant S expression (pSVM) (14) have been described previously. The
plasmid pRVL™ carries one and one-half head-to-tail copies of a replication-
competent HBV DNA subtype adw2 (32) with an amber mutation in the pre-S1
region and has been described elsewhere (2). Plasmid pSVLM ™S~ and pSV45-
81M ™S~ correspond to plasmids pSV45H and pSV45-81 (4), respectively, but
carry mutations of both the M and S protein start codons to the threonine codon
ACG. The plasmid pSVsiglLa was constructed by PCR amplification of DNA
coding for the 5’ 32 amino acids of the B-lactamase signal from plasmid pBlue-
script KS(+) (Stratagene) with upstream primer 5'CCTTGCAAAGCTTCCCT
GATAAATGCTTC (primer 1 [the HindIII site is underlined]) annealing 5’ of
the B-lactamase sequence and downstream primer 5'GCCTTTGCGAGGTTT
TACTTTCACCAGCG (primer 2 [the B-lactamase sequence is in boldface type;
the HBV sequence, nucleotide {nt} 2884 to 2873, is in lightface type; the num-
bering of the subtype adw2 is as follows: C of the unique EcoRlI site on the plus
strand of the cloned HBV genome is nt 1]). HBV DNA was PCR amplified with
a primer complementary to primer 2 and a primer corresponding to HBV
sequence nt 426 to 402 (primer 4). Both amplification products were mixed and
spliced by a second PCR with primers 1 and 4, and the product was cut with
HindIII and Xbal (at HBV nt 245) and inserted into HindIII-Xbal-cut simian
virus 40 early promoter expression vector pSVM, resulting in plasmid pSVsigLa.
The start codon of the B-lactamase signal in this construct was used only inef-
ficiently (data not shown). Therefore, we changed the initiation context accord-
ing to the rules of Kozak (20) by PCR with plasmid pSVsigLa as the start
template and primers 5'CCTTGCAAAGCTTccATGgGTATTCAACATTTCC
(the HindlII site is underlined; the start codon is in boldface type; introduced
mutations are in lowercase letters) and primer 4. The mutations changed the
second amino acid from serine to glycine. The HindIII-Xbal-cut PCR product
was cloned into HindIII-Xbal-cut pSVM, resulting in plasmid pSVsigL. The
region generated by PCR was sequenced to verify the expected sequence. The
plasmid pSVs25L was constructed by cloning a HindIII-Xbal-cut PCR fragment
generated from pSVsigL with upstream primer 5'CCTTGCAAAGCTTACCAT
GGCAGAAACGCTGGTG (the HindIII site is underlined; the start codon
followed by amino acid 25 of the B-lactamase sequence which was mutated from
a proline to an alanine to allow strong initiation of protein synthesis is in boldface
type) and primer 4 into HindIII-Xbal-cut pSVM. Sequencing confirmed the
expected sequence.

Expression and characterization of viral surface proteins. Transient transfec-
tion of COS7 cells, metabolic pulse-chase labeling with [*°S]methionine, immu-
noprecipitation of HBV surface proteins from cell lysates and medium, endogly-
cosidase treatment, gel electrophoresis, and autoradiography have been
described previously (4).

Assay for virion formation in transfected HepG2 cell cultures. Transient
transfection of HepG2 cells, immunoprecipitation of viral particles from cell
lysates and medium, the radioactive endogenous polymerase reaction, isolation
of the viral genome, agarose gel electrophoresis, and autoradiography have been
described previously (4).

RESULTS

Experimental approach. To investigate functions of the i-
pre-S domain, we took a genetic approach and constructed and
characterized a mutant L protein which carries only external
e-pre-S domains. For this purpose, the first 32 amino acids of
the bacterial B-lactamase, which contain a secretion signal,
were fused to amino acid 7 of the pre-S sequence. The N-
terminal signal in this construct (sigl) was expected to cause
the cotranslational entry of the pre-S domain into the ER
lumen (22) and to be cleaved between amino acid 23 (alanine)
and 24 (histidine) by signal peptidase (Fig. 1B) (33). The N
terminus of wild-type (WT) L (25) but not of sigL is myristy-
lated. To distinguish whether new phenotypes of sigl are due
to the alteration of the structure and primary amino acid se-
quence at the N terminus or are the consequence of the altered
transmembrane topology we constructed a second mutant
(s25L) which corresponds in its primary sequence to mature
sigL. cleaved by signal peptidase. This was achieved by fusing
amino acids 25 to 32 of the B-lactamase signal preceded by a
methionine residue instead of the histidine residue in cleaved
sigL to the same site of pre-S. In addition, amino acid 25 was
changed from a proline to a glycine to allow efficient initiation
of protein translation. The truncated signal sequence of s25L is
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FIG. 2. Secretion and N glycosylation of WT L, s25L, and sigL proteins.
Pulse-chase-labeled and immunoprecipitated proteins from medium and from
Nonidet P-40 cell lysates were treated with endoglycosidase H in the case of
cell-derived material and with endoglycosidase F in the case of medium-derived
samples (+) or were mock treated (—). The WT L protein is partially N glyco-
sylated at one site in the S domain (lanes 2 and 3) and inhibits the secretion of
the S protein (lanes 8 and 9). The sigL protein forms four species (lane 6)
carrying zero to three glycan residues (compare with lane 7), confirming the
expected transmembrane topology. sigL lost the inhibitory effect on secretion
(lane 12). Endoglycosidase F treatment reduced the smear formed by sigL (lane
13). The s25L control showed a WT phenotype (lanes 4, 5, 10, and 11). The M
protein was expressed in small amounts; the S protein was expressed in larger
amounts from the expression plasmids. (st, molecular mass standards [69, 46, 30,
and 14.3 kDal).

not functional. Therefore, s25L and cleaved sigl. have an iden-
tical primary amino acid sequence except for the first 2 amino
acids, but their pre-S domains have an opposite orientation
directly after synthesis at the ER membrane.

The cytosolically orientated pre-S domain is required for
intracellular HBsAg retention. The mutant L proteins were
first characterized by transient expression in transfected COS7
cells. The proteins were visualized by metabolic pulse-chase
labeling with [>*S]methionine, immunoprecipitation with an
antiserum against HBsAg (anti-HBs) from cell lysates and
culture medium, polyacrylamide gel electrophoresis, and auto-
radiography. The WT L protein is visible as a doublet with
molecular masses of 39 and 42 kDa (Fig. 2, lane 2). The protein
in the upper band carried one glycan residue as confirmed by
endoglycosidase treatment (Fig. 2, lane 3) at the facultative
N-glycosylation site in the S domain (16). The S protein and
small amounts of the M protein were also expressed from the
plasmid. They, too, appear as doublets of 24 and 27 kDa and 33
and 36 kDa, respectively, because of the facultative N glyco-
sylation of the S domain. Release of the proteins into the
culture medium was drastically reduced (compare Fig. 2, lanes
8 and 9, with Fig. 3, lanes 2 and 3) because of the inhibitory
effect of the L protein, which was expressed in relatively large
amounts in this experiment.

The sigl. mutant formed four bands between 39 and 48 kDa
(Fig. 2, lane 6). The upper three bands represent N-glycosy-
lated versions carrying one to three glycans as apparent from
the endoglycosidase treatment (Fig. 2, lane 7) and the approx-
imately 3-kDa difference in molecular mass between adjacent
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bands. The sigL protein carries three potential N-glycosylation
sites: at Asn-15 of the pre-S1 sequence, Asn-4 of pre-S2, and
Asn-146 of the S domain. The triple-N-glycosylated sigL. pro-
tein demonstrates that the two glycosylation sites in pre-S are
potential substrates for N glycosylation and have been trans-
located into the ER lumen by the N-terminal secretion signal
as expected (Fig. 1B). We assume that the less-glycosylated
sigL. proteins had the same transmembrane topology and were
the result of partial usage of the N-glycosylation sites.

The sigl protein is efficiently released from the cells to-
gether with S protein (Fig. 2, lane 12) and formed a smear to
higher molecular mass probably because of modification of the
sugar moieties. The smear could be reduced by endoglycosi-
dase F treatment (Fig. 2, lane 13) but not to a single band, for
unknown reasons. The s25L construct was N glycosylated like
WT L, indicating the expected cytosolic location of its pre-S
domains (Fig. 2, lanes 4 and 5, and Fig. 1B) and caused intra-
cellular retention of the surface proteins that was almost as
efficient as that caused by WT L (Fig. 2, lane 10).

From the comparison of sigl. and s25L we conclude that loss
of the retention effect of sigl. is most probably not caused by
the alteration of the primary N-terminal amino acid sequence
but is a consequence of the altered transmembrane topology.
The retention signal has been mapped to the N terminus of L
(21, 26). The experiment shows that this sequence has to be
located on the cytosolic side of the ER in order to function and
is ineffective on the luminal side.

SigL secretion is independent of S-protein coexpression. As
mentioned above, the L protein inhibits the secretion of sub-
viral particles (Fig. 2, lanes 2 and 8). Therefore, it was expected
that L protein expressed in the absence of M and S proteins,
which was achieved by mutation of the corresponding start
codons to threonine codons (2), is not able to form subviral
particles and to be released from cells. This was indeed found
to be the case (Fig. 3, lanes 6 and 7). The M protein, on the
other hand, which has no inhibitory effect on subviral HBsAg
particle release, appeared in the culture medium when ex-
pressed in the absence of S (Fig. 3, lanes 4 and 5) although with
reduced efficiency. The inhibitory effect of L on HBsAg secre-
tion can be abolished, e.g., by deletion of the N-terminal 80
amino acids of pre-S1 (4) which contain the retention signal.
The pre-S domains of this N-terminally truncated L mutant
(45-81) are not cotranslationally translocated into the ER lu-
men, as evident from the absence of N glycosylation of the
pre-S2 domain (4). The S and M protein start codons in 45-81
were altered to threonine codons (45-81M~S7) to allow ex-
pression of 45-81 without concomitant S and M synthesis. The
construct 45-81M~S™ did not inhibit surface protein secretion
when coexpressed with WT S protein, as expected (Fig. 3, lanes
12 and 13); however, its release into the culture medium was
still dependent on concomitant S expression (Fig. 3, lanes 10
and 11). The sigLM~S™ mutant expressed without M and S
proteins, on the other hand, was secreted (Fig. 3, lanes 8 and
9). We deduce from these observations that the L protein with
cytosolic pre-S domains needs help from the S protein to form
secreted subviral particles, whereas the L protein with luminal
pre-S domains is independent of this helper function.

Virion formation depends on the cytosolic exposure of the
pre-S domain. Studies on the morphogenesis of hepatitis B
virions revealed that both the S and L proteins but not the M
protein are necessary to secrete virions in transfected cells (2)
and in vivo (11). We asked whether the L isomer with cytosolic
pre-S domain is required to form virions. For this purpose,
human hepatoma cells (HepG2) were transiently transfected
with a cloned replication-competent HBV genome which car-
ried a stop codon in the pre-S1 open reading frame (2). The
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FIG. 3. Secretion of WT L, sigl, and N-terminally truncated L protein with-
out concomitant S expression. Proteins were pulse-chase labeled and immuno-
precipitated from Nonidet P-40 cell lysates (c) and medium (m). Approximately
half of the S protein was secreted after a 1-h pulse and 24-h chase (lanes 2 and
3). The glycosylated versions of the M protein were secreted in the absence of S,
although less efficiently (lanes 4 and 5). The L protein was not released in the
absence of S and M (lanes 6 and 7) in contrast to the sigL (sigLi, lane 8), which
was secreted (sigL®, lane 9). An N-terminally truncated L protein (45-81M~S™)
lacking the retention signal was only secreted in the presence of S (lanes 10 to
13). (st, molecular mass standards, as in the legend to Fig. 2).

cells expressed intracellular nucleocapsids which could be de-
tected in cell lysates after immunoprecipitation with a capsid-
specific antibody (anti-HBc) by a radioactive endogenous poly-
merase reaction (18). In this reaction, the viral DNA
polymerase which is encapsidated in the nucleocapsids incor-
porates added labeled deoxynucleotides by elongation of the
plus strand of the partial double-stranded viral genome. The
labeled genomes were detected after isolation and separation
on an agarose gel by autoradiography (Fig. 4, lane 4). The cells
did not release virions into the culture medium, as apparent
from immunoprecipitations with anti-HBs (Fig. 4, lane 3) or
anti-HBc in the presence of detergent (Fig. 4, lane 2), nor did
they release naked nucleocapsids which would be immunopre-
cipitated with anti-HBc in the absence of detergent (Fig. 4,
lane 1). This defect of the L-negative HBV genome could be
complemented in frans by cotransfection of an expression vec-
tor for the missing L protein (Fig. 4, lanes 5 to 8) (2). Virion
formation could also be restored by the s25L construct (Fig. 4,
lanes 13 to 16) but not by the sigl mutant (Fig. 4, lanes 9 to
12). This demonstrates that exposure of the pre-S domains of
L on the cytosolic side of the ER is necessary for virion for-
mation. The result is consistent with the proposed function of
the L protein carrying the i-pre-S domain as a matrix protein
(Fig. 5).

DISCUSSION

The HBV L protein has an unusual feature: the N-terminal
cytosolic pre-S domains (i-pre-S) of some L chains traverse a
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FIG. 4. Virion formation by transcomplementation of an L-negative HBV
genome with WT L, s25L, and sigL.. An L-negative HBV genome was transfected
into HepG2 cells (—) or cotransfected with expression plasmids for WT L, sigL,
and s25L proteins. Nucleocapsids were immunoprecipitated from cells (c) with
anti-HBc. Virions were immunoprecipitated from the medium (m) with anti-
HBc in the absence of detergent (left m lanes), with anti-HBc in the presence of
detergent (central m lanes), and with anti-HBs (right m lanes). The viral ge-
nomes were labeled by a radioactive endogenous polymerase reaction and visu-
alized by agarose gel electrophoresis. The L-negative genome produced intra-
cellular nucleocapids (lane 4) which were not secreted as naked (lane 1) or
enveloped (lanes 2 and 3) nucleocapsids. This defect could efficiently be com-
plemented in trans by coexpression of WT L protein (lanes 6 and 7) or the s25L
control (lanes 14 and 15) but not by sigL (lanes 10 and 11). A very small amount
of virions is detectable in lane 10 (see Discussion).

cellular membrane or the viral envelope in a posttranslational
manner such that the pre-S domains are subsequently located
in the lumen compartment or on the external surface of virions
(2, 23, 27) (e-pre-S, Fig. 5). Therefore, the viral envelope
contains two isomers of L with i-pre-S and e-pre-S domains,
respectively. Two views of the significance of this partial post-
translational folding process are possible. According to the
first, the i-pre-S form is only an intermediate state during the
maturation of the e-pre-S form which functions as an adapter
for a virus receptor (19). The i-pre-S form in the viral envelope
would then have no other separate function in the HBV live
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FIG. 5. Model for the matrix protein function for the i-pre-S form of the L
protein. The pre-S domains of L are shown as filled circles. The topology of the
S domain is simplified by leaving out the hydrophobic C-terminal region. The S
and M proteins are omitted. The e-pre-S domain on the surface of secreted
virions probably has the function to bind to a putative virus receptor. The
presented data suggest that the i-pre-S domain of L functions as a matrix protein
to contact the nucleocapsid during virion morphogenesis.
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cycle and would be the result of incomplete maturation and
passive incorporation. Or, according to the second, both forms
have their own distinct functions. By generating two topologies
a single protein could then serve two sets of functions.

The experiments presented in this paper strongly argue for
the second alternative. Our approach was to characterize an L
mutant (sigl) which generates exclusively the e-pre-S form.
We tried to achieve this by fusion of a signal sequence to the
N terminus of L. On the basis of the known effect of N-
terminal secretion signals on protein topology and the known
topogenic elements in the L protein (23), we anticipated that
sigl. has a topology like the e-pre-S form of WT L (Fig. 1B).
This expectation was confirmed by the N-glycosylation pattern
of the sigL protein (Fig. 2, lane 6). At least, the triple-N-
glycosylated version of sigl. exposes the pre-S domains in the
ER lumen. The sigl. chains with fewer glycan residues were
probably due to incomplete N glycosylation like that known for
the S domain and not the consequence of different transmem-
brane topologies. This view is supported by an internal pre-S1
deletion mutant of L which was cotranslationally translocated
and partially N glycosylated like sigl. (27). In this case, pro-
tease protection experiments confirmed that all four differently
glycosylated forms of the L derivative had identical transmem-
brane topologies. A fusion construct similar to sigl was ex-
pressed in a cell-free in vitro system where the same N-glyco-
sylation pattern was also found (23). The N glycosylation of
pre-S in all these constructs demonstrates that this domain is a
potential substrate for the N-glycosylating enzyme. The fact
that these sites are not used in pre-S of WT L argues again for
the model in which the WT pre-S domain traverses the mem-
brane by a posttranslational refolding mechanism which does
not involve the conventional translocation apparatus at the
ER.

The sigl protein lost the inhibitory effect of WT L on
HBsAg particle secretion (Fig. 2). The sequence of L which is
responsible for the retention was mapped to its N terminus (21,
26). Since the s25L construct has virtually the same primary
amino acid sequence as sigl. and still contained the retention
signal (Fig. 2, lanes 4 and 10), it is most likely that this signal
is also present in sigl. but was unable to function because it was
located in a different cellular compartment. Apparently, this
signal is recognized at the cytosolic side of the ER membrane
by cytosolic factors. One candidate for such a factor is cytosolic
Hsc70, which has been determined to bind to i-pre-S but not
e-pre-S domains of the duck HBV L protein (30). Another
possibility is a phosphorylating-dephosphorylating factor, be-
cause it was shown that the i-pre-S form of the duck HBV L
protein is phosphorylated, in contrast to the e-pre-S form (15).

Deletion of the N-terminal retention signal of L led to effi-
cient cosecretion of the deleted L protein together with M and
S proteins (5, 6, 24, 28). It was, therefore, possible that such an
L mutant gained the ability to form subviral HBsAg particles
and to be secreted in the absence of S and M proteins. How-
ever, coexpression of S protein was still necessary (Fig. 3, lanes
11 and 13). Because secretion of sigl. was independent of S
coexpression (Fig. 3, lane 9), we infer that the cytosolic loca-
tion of the pre-S domain was responsible for this effect. A
globin-S fusion construct showed a similar behavior (1). This
chimera displayed the globin domain on the cytosolic side of
the ER and was retained within cells. Fusion of a signal se-
quence to its N terminus caused cotranslational translocation
of the globin domain into the ER lumen and secretion without
concomitant S expression. In this case, however, coexpression
of the S protein could not mobilize the globin-S fusion lacking
the N-terminal secretion signal, which demonstrates a specific
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interaction of the i-pre-S form of L with the S protein which
was not possible with the globin-S fusion.

This points to a specific cooperation between the L and S
proteins in particle morphogenesis. At first, the interaction of
the S protein with L is required to override the N-terminal
retention signal of L. In addition, an L protein with a cytosolic
pre-S domain is unable to form subviral particles independent
of the presence or absence of the retention signal. The S
protein seems therefore to be necessary to promote the incor-
poration of the L protein into subviral particles or the virion
envelope in a step which is independent of the retention func-
tion.

The sigl mutant was unable to complement an L-negative
HBV genome defective for virion secretion (Fig. 4, lanes 10
and 11). Because the sigL protein could be secreted as a com-
ponent of subviral particles from transfected COS cells (Fig. 2,
lane 12), it is likely that the formation of virions rather than
their secretion was affected. This deficiency was the conse-
quence of the altered transmembrane topology, as evident
from the comparison with s25L (Fig. 4, lanes 14 and 15). It is
unlikely that the deficiency of sigl. was due to general misfold-
ing, because the protein was stable and was incorporated into
subviral particles (Fig. 2, lane 12). Therefore, we conclude that
the i-pre-S form of L was necessary for the formation of viri-
ons.

An attractive model is that the i-pre-S domain serves as an
anchor to recruit nucleocapsids to budding sites. This model
explains the heretofore not understood observation that both
the S and the L proteins are necessary for virion formation (2).
The L protein with i-pre-S domain and the S protein expose
different structures at the cytosolic side of the cellular mem-
brane where the interaction with the nucleocapsid occurs. It is
conceivable that the i-pre-S domain mediates the contact to
the nucleocapsid during virion morphogenesis in a way similar
to that proposed for the cytosolic tail of the spike protein E2
for Semliki Forest virus (29). The C-terminal part of pre-S1
starting with residue 103 and the pre-S2 domain and the N-
terminal sequence of the S domain of L up to signal II are
candidates for this function, because these sequences are ex-
posed on the cytosolic side of the ER membrane and an N-
terminal truncation of L up to amino acid 102 was compatible
with virion formation (4). Recently, Dyson and Murray (8)
proposed a direct interaction of the pre-S domain of L with
HBYV nucleocapsids based on in vitro binding studies. Appar-
ently, this function of the i-pre-S domains is conserved between
the related woodchuck hepatitis virus and HBV because the
woodchuck hepatitis virus L protein could partially restore the
formation of virions by cotransfection with the L-negative
HBYV genome (14). This was not possible with the less-related
duck HBV L protein (14).

The assay for virion formation by transcomplementation of
the cotransfected L-negative HBV genome and sigl expres-
sion plasmid resulted in a faint signal for enveloped virions
(Fig. 4, lane 10). This may indicate that the requirement for the
i-pre-S domain in virion morphogenesis is not absolute. How-
ever, an alternative explanation is also conceivable: the B-lac-
tamase signal was fused to codon 7 of pre-S1. Codon 12 of
pre-S1 is a methionine codon which is homologous to the L
protein start site in HBV subtype ay. Internal initiation of
protein synthesis at this site would generate an L protein with
a WT phenotype. Our initial sigl. expression construct carried
the original initiation codon of the B-lactamase signal (sigLa;
see Materials and Methods), which is a weak one according to
the rules of Kozak (20), and showed extensive initiation of
protein synthesis at pre-S1 codon 12 (data not shown). We
therefore changed the initiation codon of the B-lactamase se-
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quence in the sigl. expression plasmid to a strong one, accord-
ing to the rules of Kozak (20), which seemed to abolish initi-
ation at pre-S1 codon 12 (Fig. 2, lane 6). However, it is possible
that small amounts of this N-terminally truncated L protein,
which could not be detected in the protein analysis but which
were sufficient for the observed limited virion production in the
cotransfection experiment, were still expressed.

HBYV developed an extreme economy in using the limited
coding capacity of its small 3.2-kb genome: the viral genome
has extensively overlapping reading frames and directs the
expression of different proteins from single reading frames by
using alternative start codons. Here, we described another
example of this remarkable economy: by generating two dif-
ferent transmembrane topologies, the L protein of HBV is able
to fulfill functions at the interior and exterior sides of the viral
envelope—binding to the nucleocapsid and to the virus recep-
tor.
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