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The hepatitis B virus (HBV) envelope proteins have the ability to assemble three types of viral particles, (i)
the empty subviral particles (SVPs), (ii) the mature HBV virions, and (iii) the hepatitis delta virus (HDV)
particles, in cells that are coinfected with HBV and HDV. To gain insight into the function of the HBV envelope
proteins in morphogenesis of HBV or HDV virions, we have investigated subdomains of the envelope proteins
that have been shown or predicted to lie at the cytosolic face of the endoplasmic reticulum membrane during
synthesis, a position prone to interaction with the inner core structure. These domains, referred to here as
cytosolic loops I and II (CYL-I and -II, respectively), were subjected to mutagenesis. The mutations were
introduced in the three HBV envelope proteins, designated small, middle, and large (S-HBsAg, M-HBsAg, and
L-HBsAg, respectively). The mutants were expressed in HuH-7 cells to evaluate their capacity for self-assembly
and formation of HBV or HDV virions when HBV nucleocapsid or HDV ribonucleoprotein, respectively, was
provided. We found that SVP-competent CYL-I mutations between positions 23 and 78 of the S domain were
permissive to HBV or HDV virion assembly. One mutation (P29A) was permissive for synthesis of the S- and
M-HBsAg but adversely affected the synthesis or stability of L-HBsAg, thereby preventing the assembly of HBV
virions. Furthermore, using an in vitro infection assay based on the HepaRG cells and the HDV model, we have
shown that particles coated with envelope proteins bearing CYL-I mutations were fully infectious, hence
indicating the absence of an infectivity determinant in this region. Finally, we demonstrated that the trypto-
phan residues at positions 196, 199, and 201 in CYL-II, which were shown to exert a matrix function for
assembly of HDV particles (I. Komla-Soukha and C. Sureau, J. Virol. 80:4648–4655, 2006), were dispensable
for both assembly and infectivity of HBV virions.

The hepatitis B virus (HBV) is characterized by a most
peculiar budding mechanism, which is nucleocapsid indepen-
dent and driven by its viral envelope proteins at a cellular
internal membrane (17, 35, 36). The three envelope proteins,
encoded by a unique open reading frame on the HBV genome,
bear the hepatitis B virus surface antigen (HBsAg) and are
referred to as large, middle, and small (L-HBsAg, M-HBsAg,
and S-HBsAg, respectively) because they differ in the sizes of
their respective amino-terminal ends (16). Interestingly, the
driving force of the viral particle budding process is provided
by the sole S-HBsAg protein (32), which is produced in abun-
dance in infected cells. All three envelope proteins are synthe-
sized at the endoplasmic reticulum (ER) membrane, where
they aggregate through protein-protein interactions leading
primarily to the secretion of empty S-HBsAg-coated subviral
particles (SVPs) (16). It is only when L-HBsAg is present in
the envelope protein aggregates at the ER membrane that the
HBV nucleocapsid can be recruited in the budding complex
and released as a mature virion (4). Owing to the overwhelm-
ing activity of S-HBsAg for self-assembly, in comparison to
that of L-HBsAg, HBV virion formation occurs only on rare
occasions.

In addition to the formation of SVPs and mature HBV
virions, the HBV envelope proteins can also assist in the as-

sembly of hepatitis delta virus (HDV) particles (2, 49). HDV is
an occasional satellite of HBV. Its genome consists of a circu-
lar single-stranded RNA molecule with only one open reading
frame from which a protein is known to be translated (50). The
latter is synthesized in two isoforms, the small and large hep-
atitis delta antigens (S-HDAg and L-HDAg, respectively).
HDV RNA replicates without any assistance from the helper
HBV, and it assembles with multiple copies of S- and L-HDAg
to form a ribonucleoprotein (RNP). However, the RNP can
exit the cell only under the condition of HBV envelope pro-
teins being present to assemble the transport vesicles (46, 49).

As mentioned above, the dynamics of HBV particle assem-
bly and secretion is provided by S-HBsAg. This protein is 226
amino acid residues in length. It is an integral membrane
glycoprotein (42), which is anchored in the ER lipid bilayer
through an amino-terminal transmembrane domain (TMD-I)
between residues 4 and 24 (11, 12). It comprises a downstream
cytosolic loop (CYL-I) between residues 24 and 80, a second
transmembrane domain (TMD-II) between residues 80 and
100, and an antigenic loop (AGL) encompassing residues 101
to 164, facing the ER lumen (or the surface of extracellular
particles). The carboxyl terminus (residues 165 to 226) is pre-
dicted to contain two TMDs (TMD-III and -IV), located at
positions 173 to 193 and 202 to 222, respectively (38), sepa-
rated by a short sequence (residues 194 to 201) referred to
here as cytosolic loop II (CYL-II) because it is predicted to
reside at the cytosolic side of the ER membrane. The M-
HBsAg protein sequence is longer than that of S-HBsAg by 55
residues (the pre-S2 domain) at its amino terminus; it is coas-
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sembled with the latter in the viral envelope but is dispensable
for both morphogenesis and in vitro infectivity (4, 44). L-
HBsAg comprises the entire M polypeptide with an additional
amino-terminal extension (pre-S1) of 108 to 119 residues de-
pending on the HBV genotype. It has been described with two
topologies, with the amino-terminal pre-S domain (pre-S1 plus
pre-S2) being either cytosolic at the ER membrane (internal
on secreted virions) or luminal (exposed at the virion surface)
(5, 24, 34, 41). The internal conformation is involved in re-
cruiting the nucleocapsid for virion assembly, whereas the ex-
ternal position corresponds to a receptor-binding function at
viral entry (6, 25, 26).

SVP assembly was shown to be impaired by large deletions
of the S-HBsAg sequence, including deletions of TMD-I or
TMD-II or carboxyl-terminal truncations (20, 29, 40). A num-
ber of small deletions in the carboxyl part of CYL-I or that of
the AGL were also detrimental for SVP production, but sur-
prisingly, deletion of the entire AGL was tolerated for SVP
secretion and seemed to affect only the mutant stability or its
expression level (33). Mutational analysis of cysteine residues
revealed that those located at positions 48, 65, and 69 in CYL-I
and 107 in the AGL were essential for SVP secretion (30, 31).

With respect to HBV virion assembly, L-HBsAg, along with
S-HBsAg, is clearly indispensable, because it exerts a matrix
function mediated by a short linear sequence (residues 92 to
113, positions in the genotype D, ayw3 subtype) in the pre-S
domain (3, 27). In a recent study by Löffler-Mary et al. (28), a
second HBV assembly domain has been proposed to lie in
CYL-I between residues 35 and 59.

S-HBsAg is sufficient for the envelopment and secretion of
the HDV RNP, and in this respect, the HDV virion assembly
process contrasts with that of HBV, which requires L-HBsAg
in addition to S-HBsAg (4, 49). In a recent study, we have
shown that CYL-II, including tryptophan residues at positions
196, 199, and 201, constitutes a major determinant of HDV
assembly and hence could represent a matrix domain for HDV
(22). Additional S-HBsAg determinants, such as the 24–28
region in CYL-I and the glycosylation site (Asn-146) in the
AGL, contribute, to a lesser extent, to the assembly or stability
of HDV particles (19, 43). Since there are subdomains of
S-HBsAg, such as the carboxyl half of CYL-I, which have not
been fully explored, additional determinants of the RNP en-
velopment process may exist.

With regard to the initial phase of viral entry, a unique
receptor on the hepatocyte is likely to be utilized by both HBV
and HDV particles, based on the reasonable assumption that
their outer envelope structures are indistinguishable (1, 2).
The prime role of the L-HBsAg pre-S domain is sustained by
a series of reports on both the HBV and HDV models. Recent
studies have identified the very amino-terminal end of the
pre-S1 domain, including the myristate group attached to it, as
a putative primary receptor-binding domain (1, 9, 14, 26).
More recently, we have identified a new infectivity determinant
in the envelope protein AGL, whose essential function may
relate to a postbinding event during disassembly or internal-
ization of the viral particle (18).

Here, using a genetic approach and an in vitro model, we
have explored the regions of the HBV envelope protein S
domain, which are known (CYL-I) or predicted (CYL-II) to lie
at the cytosolic side of the ER membrane during assembly, for

their function in morphogenesis and infectivity of HBV or
HDV virions. Due to their intracellular cytosolic disposition,
they have the potential of being instrumental for virion assem-
bly but also of playing a role at viral entry during a postbinding,
envelope disassembly process or for internalization of the viral
cargo.

MATERIALS AND METHODS

Plasmids. The plasmid pCIHBenv(�) drives the expression of an HBV pre-
genomic RNA under the control of a cytomegalovirus (CMV) promoter. The
HBV sequence was mutated at the pre-S1, pre-S2, and S start codon (AUG to
ACG) to ablate translation of the envelope proteins while preserving that of
the viral polymerase. The vector was constructed by cloning a greater-than-
unit-length HBV DNA fragment (positions 1820 to 1990 on the genotype D
ayw3 viral genome) between positions 701 and 1349 in the pCI vector (Pro-
mega) to allow the initiation of pregenomic HBV RNA transcription from a
CMV promoter at the authentic site (nucleotide 1820) on the viral DNA. This
was achieved using the primer 5�-ggccgagccgagctcgtttagtgaaccgAACTTTTTCA
CCTCTGCC-3� and its complement in a PCR fusion reaction (the 5� half of the
primer is specific for the 3� end of the CMV promoter, and the 3� half, indicated
in capital letters, represents the 5� end of the HBV pregenome). The HDV
recombinant plasmid pSVLD3 (23) drives the replication of HDV RNA and the
expression of the HDV RNP. The HBV expression vector pT7HB2.7 is used for
production of L-, M-, and S-HBsAg proteins under the control of the endoge-
nous HBV promoters (45). Envelope protein mutants have been constructed as
pT7HB2.7 derivatives. Mutants were generated using the PCR technique with
two complementary mutagenic oligonucleotides as described previously (20), and
all mutant plasmids were sequenced using the Big Dye terminator sequencing
protocol (Applied Biosystems). A series of mutants contained a five- or six-
residue deletion, combined or not with an insertion of Lys-Leu, Gly-Ala, or
five-alanine. The Lys-Leu or Gly-Ala dipeptide corresponded to the Hind-III or
Kas-I restriction site used in a previous study to provide easy detection and
tracking of the mutant plasmids (19). Mutants were designated by the positions
in the S domain of the first and last residues of the deleted sequence and, when
applicable, the one-letter code of the substituted residues (Fig. 1). Single amino
acid substitutions were also carried out using the PCR overlap extension method
(19). The mutations were designated by the one-letter code of the wild-type (wt)
amino acid, followed by its position in the S domain of the envelope proteins and
the one-letter code of the substituted amino acid.

Virus particle production in HuH-7 cells. HuH-7 cells were maintained in
Williams’ medium E supplemented with 10% fetal bovine serum. Production of
HBV and HDV particles was achieved by transfection of 106 cells with 1 �g of
pCIHBenv(�) or pSVLD3, respectively, and 1 �g of pT7HB2.7 (positive con-
trol) or derivatives. Transfections were conducted using the FuGENE 6 reagent
(Roche) as described previously (43). For HBV virions analysis, culture medium
was harvested at days 3, 6, 9, and 11 posttransfection. Cells were harvested at day
11 in lysis buffer (50 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1% NP-40) comple-
mented with Complete reagent (Roche). The lysate was centrifuged at 13,000
rpm for 1 min to separate the cytoplasm from the nuclei, and DNA extraction
was conducted on the cytoplasmic fraction. For HDV virion analysis, culture
medium was collected at days 5, 7, 9, and 12 posttransfection. Transfected cells
were harvested at day 12 posttransfection in RLT buffer (QIAGEN RNeasy
minikit) for extraction of viral RNA.

Analysis of HBV envelope proteins. Proteins from the cytoplasmic fraction
prepared as described above were precipitated in the presence of 8 volumes of
100% ethanol and subjected to centrifugation for 1 min at 13,000 rpm. The pellet
was resuspended in an appropriate volume of Laemmli buffer complemented
with 2% �-mercaptoethanol. Samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Proteins were then transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Roche). The membrane was blocked in
Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.4], 0.5 M NaCl)–1% casein
for 1 h. Immunodetection was achieved by incubating the membrane for 2 h with
rabbit anti-S (R247) and anti-preS2 (R257) antibodies at 1:500 and 1:1,000
dilutions, respectively, in TBS-casein (19). After four washes in TBS–0.3%
Tween 20 for 15 min, the membrane was incubated for 1 h with TBS-casein
containing mouse antirabbit antibodies coupled to horseradish peroxidase at a
1:5,000 dilution. After five washes in TBS–0.3% Tween 20 and five washes in
TBS, the immunoblot was developed using the ECL reagents (Amersham Phar-
macia Biotech), followed by exposure to Kodak film for signal detection. For
analysis of secreted viral particles, culture medium from transfected cells was
clarified by centrifugation at 5,000 � g for 30 min. Clarified medium was then
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subjected to ultracentrifugation on a 20% sucrose cushion in phosphate-buffered
saline for 2 h at 50,000 rpm in an SW50 rotor (Beckman). Sedimented particles
were resuspended in an appropriate volume of Laemmli buffer containing 2%
�-mercaptoethanol, and samples were assayed by immunodetection for the pres-
ence of HBV envelope proteins as described above.

Analysis of HBV virions. Virions from clarified supernatants were immuno-
precipitated with anti-preS1 antibodies by overnight incubation at 4°C, followed
by incubation in the presence of protein A-agarose beads (Roche) for 2 h at 4°C.
Beads were subjected to sedimentation by centrifugation for 1 min at 13,000 rpm
and washed five times in PBS. Bound particles were disrupted with sodium
dodecyl sulfate (SDS)-containing buffer (QIAamp DNA minikit; QIAGEN).
After centrifugation for 1 min at 13,000 rpm, supernatants were collected and
DNA was extracted using the QIAamp DNA minikit (QIAGEN). DNA was
precipitated in the presence of 0.3 M sodium acetate, 10 �g of glycogen (Roche),
and 2 volumes of 100% ethanol. DNA was subjected to sedimentation by cen-
trifugation at 14,000 rpm for 15 min, washed in 75% ethanol, dried at room
temperature, and resuspended in an appropriate volume of TE (10 mM Tris-HCl
[pH 8.0], 1 mM EDTA) buffer. Purified DNA samples were subjected to elec-
trophoresis through a 1% agarose gel. After electrophoresis, the agarose gel was
washed twice in alkaline buffer (0.4 M NaOH, 1 M NaCl), followed by direct
capillary transfer overnight to a positively charged nylon membrane (Zeta-Probe;
Bio-Rad). The membrane was then incubated in neutralization buffer (0.5 M
Tris-HCl [pH 7.2], 1 M NaCl) for 15 min. Hybridization of the membrane-bound
DNA to a 32P-labeled, negative-strand HBV DNA-specific RNA probe was
conducted according to the membrane manufacturer’s specifications. The mem-
brane was dried before exposure to a Biomax MR Kodak film. Phosphorimager
scanning was used for quantitative analysis of the signals. Cells harvested at day
11 posttransfection were analyzed for the presence of HBV DNA as described

above. Quantitative analysis of secreted particles was achieved using a commer-
cial anti-HBsAg enzyme-linked immunosorbent assay (ELISA) kit (Diasorin).

Analysis of HDV virions. Viral particles from clarified supernatants were
subjected to sedimentation by centrifugation on 1 ml of a TNE (10 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 1 mM EDTA)–20% sucrose cushion for 2 h at 50,000
rpm in an SW50 rotor (Beckman). Sedimented particles were resuspended in
TNE. RNA was extracted using the QIAamp Viral RNA minikit (QIAGEN) and
precipitated in the presence of 0.3 M sodium acetate, 10 �g of glycogen (Roche),
and 50% isopropanol. RNA was subjected to sedimentation by centrifugation at
14,000 rpm for 15 min, and the RNA pellet was washed in 75% ethanol, dried at
room temperature, and resuspended in an appropriate volume of RNase-free
water. Purified RNA was subjected to electrophoresis through a 2.2 M formal-
dehyde, 1.2% agarose gel and transferred to a nylon membrane (Roche). Mem-
brane-bound RNA was hybridized to a 32P-labeled genomic HDV RNA-specific
probe at 59°C in hybridization buffer (6� SSPE [0.9 M NaCl, 60 mM NaH2PO4

{pH 7.4}, 6 mM EDTA], 10% SDS, 200 �g/ml single-stranded DNA, 50%
formamide). The membrane was washed twice in low-stringency wash buffer (1�
SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS) for 30 min
at room temperature and twice in high-stringency wash buffer (0.1� SSC, 0.1%
SDS) for 30 min at 65°C. The membrane was dried before exposure to Biomax
MR Kodak film. Quantitative analysis of HDV RNA was achieved by phosphor-
imager scanning. Cells harvested in RLT buffer (QIAGEN) at day 12 posttrans-
fection were analyzed for the presence of intracellular HDV RNA using the
RNeasy minikit (QIAGEN). RNA was analyzed by Northern blotting as de-
scribed above. Quantitative analysis of secreted particles was achieved using a
commercial anti-HBsAg ELISA kit (Diasorin).

In vitro infection assays. HepaRG cells were maintained in Williams’ medium
E supplemented with 10% fetal bovine serum, 5 �g/ml insulin, and 5 � 10�5 M

FIG. 1. Schematic representations of envelope protein mutants. (A) L-, M-, and S-HBsAg proteins are depicted by horizontal lines. The
topology of the envelope protein S domains at the ER membrane is represented. Open boxes represent transmembrane regions in the envelope
proteins S domain, and the shaded area corresponds to the ER membrane. Experimentally defined (I and II) or putative (III and IV)
transmembrane signals are indicated. (B) CYL-I sequences of the envelope protein mutants are indicated. Mutants are designated by the positions
of the first and last deleted amino acids followed by the one-letter codes of the inserted residues. Asterisks indicate the positions of amino acids
that were substituted with alanine in mutants presenting single amino acid substitutions. The R79K mutation (K) is indicated.
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hydrocortisone hemisuccinate (15). Prior to inoculation they were treated with
2% dimethyl sulfoxide for at least 2 weeks as described previously (15). For
infection with HDV virions, clarified supernatants containing wt or mutant
virions were used as inocula after normalization of their titers based on HDV
RNA quantification. HepaRG cells (3.3 � 105 cells/20-mm-diameter well)
were exposed to HDV virions for 16 h in the presence of 4% polyethylene
glycol (PEG) 8000. Cells were harvested at day 8 postinoculation in RLT
buffer (QIAGEN), and total cellular RNA was purified and tested for the
presence of genomic or antigenomic HDV RNA (18). For infection with HBV
virions, inocula consisted of wt or mutant virions adjusted to approximately 1.5 �
107 genome equivalents (ge)/ml by precipitation of viral particles from culture
medium with PEG 8000. HepaRG cells (3.3 � 105 cells/20-mm-diameter well)
were exposed to undiluted inocula and to a two-, four- and eightfold dilution for
16 h in the presence of 5% PEG 8000. Cells were harvested at day 12 postin-
oculation in RLT buffer (QIAGEN). Total cellular RNA was purified using the
QIAGEN-RNeasy minikit, and mRNAs were selected using the Oligotex kit
(QIAGEN). They were tested for the presence of newly synthesized HBV
mRNA (marker of infection) by Northern blot analysis by hybridization to a
32P-labeled HBV mRNA-specific probe under the conditions described above.

RESULTS

Effects of CYL-I mutations on SVL assembly and secretion.
The function of HBV envelope protein CYL-I in the morpho-
genesis of HBV or HDV particles has been previously inves-
tigated (19, 28). However, its activity in HDV morphogenesis
was evaluated with the S-HBsAg protein in the absence of M-
and L-HBsAg, and the sequence was not fully explored due to
the limitations of the mutagenesis approach, which did not
allow the production of stable mutants carrying deletions in the
carboxyl moiety of CYL-I. Here we have attempted the con-
struction of stable SVP-competent mutants for S-, M- and
L-HBsAg (SML mutants) that cover the entire CYL-I domain
(Fig. 1), and we have investigated their capacity for HDV or
HBV maturation. Combined deletion/insertion mutations (19)
and single amino acid substitutions were introduced in a vector

(pT7HB2.7) coding for the three envelope proteins (SML plas-
mid). They were designed such that Cys-48, Cys-65, and Cys-
69, previously shown to be essential to SVP secretion, were not
affected (30). Mutant plasmids were then introduced by trans-
fection into HuH-7 cells for expression. Following transfection,
cell culture supernatants were collected at days 2 and 4, and
cells were harvested at day 4. Both cell lysates and culture
medium samples were analyzed for the presence of envelope
proteins by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and immunoblotting with a mixture of anti-S (R247)
and anti-preS2 (R257) antibodies. As shown in Fig. 2, the SML
�29-33KL and �59-64KL mutants were not detected in either
cells or supernatants (Fig. 2A). This is in agreement with pre-
vious results obtained with S-HBsAg mutants carrying the
same mutations (19). The �34-38KL mutant was detected only
in cell lysate but solely in the nonglycosylated form. This was
due to an unwanted, PCR-induced mutation of the glycosyla-
tion site, Asn-146 to His. In contrast to the �34-38KL muta-
tion, the �24-28KL, �39-43KL, �44-47KL, and �49-53KL mu-
tations were tolerated for protein synthesis and secretion, as
evidenced by the presence of all three envelope proteins in
both cell lysates and supernatants (Fig. 2A and B, respec-
tively). �54-58KL and �54-59GA exhibited a distinctive pro-
file, since only the L-HBsAg and M-HBsAg proteins were
detected. This is explained by the fact that anti-S antibodies
(R247) recognize a linear epitope encompassing the deleted
residues (19). Because immunoblotting also included anti-
preS2 antibodies (R257), L-HBsAg and M-HBsAg mutants
could be detected. Since L-HBsAg and M-HBsAg could not
have been secreted in the absence of S-HBsAg, we concluded
that the �54-58KL and �54-59GA S-HBsAg proteins were
correctly synthesized and secreted. It has to be noted that the

FIG. 2. Effects of CYL-I mutations on envelope protein synthesis and secretion. (A) Cellular proteins harvested at day 4 posttransfection (Cell)
were separated on an acrylamide gel, transferred to a PVDF membrane, and probed with a mixture of anti-S and anti-preS2 antibodies (1:500 and
1:1,000, respectively). Signals are from 105 cells. (B) A pool of culture medium collected at days 2 and 4 posttransfection (Sup) was subjected to
ultracentrifugation. Sedimented particles were disrupted in Laemmli buffer and analyzed as described above. Signals are from 1 ml of culture
medium. Env(�), envelope protein negative; wt SML, wt S-, M-, and L-HBsAg. Molecular weights of the glycosylated (gp) and unglycosylated (p)
forms of the HBV envelope proteins are indicated.
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use of an alternative anti-S antibody (Calbiochem), no longer
available in our laboratory, allowed the proper detection of the
mutants to levels equivalent to that of the wt (19).

Due to the deleterious effect of the �29-33KL, �34-38KL,
and �59-64KL combined deletions/insertions on SVP secre-
tion, we constructed additional mutants to complete CYL-I
mapping. A set of mutations consisted in the substitution of
five alanine residues for the 29-to-33 or the 34-to-38 sequence.
Unfortunately, the resulting �29-33A and �34-38A mutants
were poorly expressed and remained undetectable in culture
medium. An additional set of mutants was then prepared,
consisting in the simple deletion of residues 29 to 33 or 34 to
38 (�29–33 or �34–38, respectively). The �34–38 mutant was
properly synthesized and competent for SVP assembly, but the
�29–33 mutant remained undetectable. We then constructed
single amino acid substitutions with alanine between positions
29 and 33. Among the resulting mutants, the Q30A, S31A, and
L32A mutants were expressed and secreted to near-wt levels,
whereas the D33A mutant failed to be secreted. Interestingly,
the P29A mutation appeared to exert an adverse effect only on
the L-HBsAg protein, which was barely detectable in the cell
lysate and absent from the supernatant, even though the M-
HBsAg and S-HBsAg mutants were present at wt levels.

Finally, to analyze the CYL-I carboxyl moiety that was not
amenable to a deletion/insertion approach, single amino acid
substitutions with alanine were carried out at the positions
indicated in Fig. 1. We observed that every alanine substitution
was compatible with synthesis and secretion, with the excep-
tion of P66A and Y72A, which significantly affected protein
synthesis or stability (Fig. 2). Moreover, the R79K mutation,
which was reported as permissive for SVP secretion by Löffler-
Mary et al. (28), was found here to block secretion. R79K
mutant proteins were detected in the cell lysates to near-wt
levels but remained undetectable in the culture supernatant
(Fig. 2).

In conclusion, we have identified a series of SVP-competent
envelope protein mutations throughout the CYL-I sequence
between positions 23 and 78, except for Asp-33, Cys-48, His-60,
Cys-65, Pro-66, Cys-69, Tyr-72, Arg-73, and Cys-76. HBV en-
velope protein mutants (designated SML mutants) carrying the
resulting SVP-permissive mutations were thus amenable to
further investigation of their activity in assembly and secretion
of HBV or HDV virions.

Effects of CYL-I mutations on the maturation of HBV viri-
ons. To measure the effect of CYL-I mutations on HBV virion
morphogenesis, HuH-7 cells were cotransfected with a plasmid
containing a greater-than-genome-length HBV DNA fragment
(pCIHBenv�) in which mutations were introduced to ablate
the expression of the envelope proteins and a plasmid coding
for either the wt or the above-mentioned SVP-competent SML
mutants (pT7HB2.7 or derivatives, respectively). Culture me-
dium was collected between days 3 and 11 posttransfection,
and cells were harvested at day 11. The amounts of HBV
envelope proteins in the supernatant were measured using an
HBsAg-specific ELISA (Fig. 3C). Both cell lysate and culture
medium were analyzed for the presence of HBV DNA. Muta-
tions were considered permissive for HBV maturation when
viral DNA was detected in the culture medium in proportion
to the amounts of envelope proteins. Values for envelopment
efficiency were obtained by dividing phosphorimager values for

HBV DNA by ELISA values for HBsAg. A mutant was con-
sidered deficient for virion formation when HBV DNA was
not detectable (�3 � 105 genome equivalents/ml measured
by Southern blot analysis and phosphorimager scanning) in
culture medium normalized to 1011 SVPs/ml (measured by
HBsAg-specific ELISA).

Transfection efficiency was shown to be homogenous, as
demonstrated by the detection in cell lysates of comparable
levels of the replicative forms of HBV DNA at day 11 post-
transfection (Fig. 3A). For an arbitrary value of 100 for intra-
cellular HBV DNA in the positive control, the mean value and
standard deviation were 107 	 9.8. For detection of secreted
virions, cell culture supernatants were incubated with an anti-
preS1 antibody to selectively immunoprecipitate enveloped
HBV virions and exclude nonenveloped capsids that are
known to be released in substantial amounts under such ex-
perimental conditions (28). Immunoprecipitates were then an-
alyzed for the presence of viral DNA, which served as a marker
of virion assembly. As shown in Fig. 3, the immunoprecipita-
tion protocol allowed a selective isolation of mature HBV
virions, excluding naked nucleocapsids [Env(�)]. Mutants that
were permissive for secretion of SVPs carrying the L-HBsAg
protein were competent for assembly of HBV virions, even
though to various degrees (Fig. 3B). As expected, the P29A
mutation, which was deleterious to the synthesis or stability of
L-HBsAg without affecting M- or S-HBsAg, prevented HBV
morphogenesis, as demonstrated by the absence of viral DNA
in the immunoprecipitate.

In two independent experiments, the �24-28KL, Q30A,
L32A, and G71A mutants presented with a slight defect for
HBV virion assembly. For the most affected mutant (G71A),
we estimated the ratio of HBV virions to total particles to be
17% of that of the wt, which corresponds to a concentration of
7.8 � 106 ge/ml and 3.1 � 1010 SVPs/ml, as opposed to 6 � 107

ge/ml and 3.7 � 1010 SVPs/ml for the wt. Although the R79K
mutation severely affected SVP secretion, small amounts of
HBsAg (9 ng/ml) could be detected in the culture medium by
ELISA. It was thus tested for virion assembly, because the
mutation was reported by Löffler-Mary et al. (28) to be detri-
mental to virion formation. The presence of trace amounts of
HBV DNA in the particles immunoprecipitated from the cul-
ture medium with anti-preS1 antibodies suggested that the
conservative R79K mutation was tolerated for nucleocapsid
envelopment and virion secretion.

Overall, our results lead us to the conclusion that the CYL-I
sequence is not critical to HBV virion assembly, and hence it is
considered to be devoid of a matrix domain. However, a num-
ber of mutations within this domain (�24–28, L32A, P62A, and
G71) partially affected the efficiency of the nucleocapsid en-
velopment (30%, 19%, 37%, and 17% of that of the wt, re-
spectively), indicating that CYL-I may participate in HBV mat-
uration, as previously suggested (39). Some mutants, such as
the �39-43KL and �49-53KL mutants, appear more efficient
than the wt for virion formation or stabilization of the particle.
Regarding the R79K mutation, our results are in contradiction
with those obtained by Löffler-Mary et al. (28), who reported
that R79K or deletions between residues 35 and 59 were tol-
erated for SVP secretion but were detrimental to virion for-
mation.
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Effects of CYL-I mutations on the maturation of HDV viri-
ons. To evaluate the effects of CYL-I mutations on HDV
assembly and thereby directly compare the HBV and HDV
assembly processes, we cotransfected HuH-7 cells with an
HDV recombinant plasmid (pSVLD3) for replication of HDV
RNA and production of HDV RNP and the plasmids de-
scribed above, coding for wt or SVP secretion-permissive en-
velope protein mutants (pT7HB2.7 or derivatives, respec-
tively). Following transfection, culture medium was collected
every 2 days, and cells were harvested at day 12. Both cell
lysate and culture medium were analyzed for the presence of
HDV RNA and envelope proteins. The transfection efficiency
was shown to be homogenous by the detection at similar levels
of genomic HDV RNA in cell lysates collected at day 12
posttransfection (Fig. 4A). For an arbitrary value of 100 for
intracellular HDV RNA in the positive control, the mean value
and standard deviation were 105 	 6.9.

For detection of HDV virions in the culture medium, super-
natants harvested between days 5 and 12 were pooled and
subjected to ultracentrifugation on a sucrose cushion as de-
scribed in Material and Methods. RNA was extracted from
sedimented particles and assayed by Northern blot hybridiza-
tion (Fig. 4B). The amounts of HBV envelope proteins in the
supernatant were measured using an HBsAg-specific ELISA
(Fig. 4C). Mutations were considered permissive for HDV
maturation when viral RNA was detected in the culture me-
dium in proportion to the amounts of envelope proteins. Val-

ues for envelopment efficiency were obtained by dividing phos-
phorimager values for HDV RNA by ELISA values for
HBsAg. As shown in Fig. 4B, none of the mutations seemed to
drastically affect the assembly of HDV virions, as evidenced by
the amounts of HDV RNA, which in most cases were propor-
tional to those of secreted HBsAg. As previously reported (19),
the �24-28KL mutant was the most impaired for HDV matu-
ration (estimated here at 24% of that of the wt) (Fig. 4). As
expected, P29A, which was found to be detrimental to L-
HBsAg synthesis but permissive for S-HBsAg secretion, did
not affect HDV morphogenesis (Fig. 4). This is in agreement
with the absence of an L-HBsAg function in HDV formation.
With regard to the R79K mutant, which is severely impaired in
its capacity for SVP secretion, the presence of trace amounts of
HDV RNA in the culture medium of transfected cells sug-
gested that the mutation was tolerated for HDV RNP envel-
opment and budding. From these experiments, we concluded
that CYL-I does not contain a major HDV envelopment de-
terminant (matrix domain) but, as suggested by the phenotype
of some mutants, such as �24-28, it may contain elements that
facilitate the HDV maturation process or stabilize the virion
envelope.

Effects of CYL-I mutations on infectivity. To analyze the
effect of CYL-I mutations on infectivity, we chose to use the
HDV model combined with susceptible HepaRG cells (15, 18).
The in vitro HDV infection system has been shown to consti-
tute a robust surrogate model for analyzing the activity of the

FIG. 3. Effects of envelope protein CYL-I mutations on secretion of HBV virions. (A) Southern blot analysis of intracellular HBV DNA. Total
DNA from HuH-7 cells (Cell) cotransfected with pCIHBenv(�) and pT7HB2.7 or derivatives was extracted at day 11, separated on a 1% agarose
gel, transferred to a nylon membrane, and probed with a 32P-RNA probe specific for negative-strand HBV DNA. Signals are from 105 cells.
Molecular weight markers (MW) include 10 pg of cloned linear (L) HBV DNA, corresponding to 3 � 106 ge. (B) Culture media collected at days
3, 6, 9, and 11 posttransfection (Sup) were pooled and subjected to immunoprecipitation using an anti-preS1 antibody. Precipitates were disrupted,
and DNA was extracted and analyzed by Southern blot hybridization as described above. Signals are from 1 ml of culture medium. For a positive
control (wt Env), the 100% values correspond to 200 pg/ml of HBV DNA (left panel) or 300 pg/ml (right panel), approximately 6 � 107 or 9 �
107 ge/ml, respectively. (C) Histogram showing the relative amounts of secreted HBV envelope proteins measured with an anti-HBsAg ELISA
(DiaSorin). For a positive control (wt Env), the 100% value corresponds to approximately 400 ng/ml of HBsAg (left panel) or 150 ng/ml (right
panel), equivalent to approximately 1011 or 3.7 � 1010 SVPs, respectively. RC, relax circular; L, linear; SS, single stranded; Env(�), envelope
protein negative; wt SML, wt S-, M-, and L-HBsAg. Numbers below each panel are percentages of the wt value.
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HBV envelope proteins at viral entry (18). We first evaluated
the sensitivity of the in vitro infection assay by measuring the
effect of the inoculum titer on the cell response. HepaRG cells
were inoculated with 1 ml of supernatant containing approxi-
mately 2 � 108 genome equivalents of wt HDV particles and
decreasing twofold dilutions of the inoculum. At day 8 postin-
oculation, the amounts of intracellular HDV RNA (marker of
infection) were measured. Figure 5A shows a strong correla-
tion between inoculum titers, ranging from 2 � 108 to 1.5 �
106 ge per ml, and the amounts of intracellular genomic or
antigenomic HDV RNA postinoculation.

Since all of the CYL-I envelope protein mutants were per-
missive for HDV virion assembly, though to various degrees,
most of the CYL-I region could thus be evaluated for function
at viral entry. HDV particles carrying wt or mutant envelope
proteins were produced in HuH-7 cells and inoculated into
differentiated HepaRG cells after virion titers were normalized
on the basis of the HDV RNA concentration. Noninfectious
HDV particles coated with the S-HBsAg protein only (wt S)
were used as a negative control. Normalization was further
controlled by measuring the levels of HDV RNA in the inocula
that were recovered after overnight exposure to the target cells
(Fig. 5C). At day 8 postinoculation, total cellular RNA was
extracted and subjected to Northern blot analysis using probes
specific for antigenomic or genomic HDV RNA (Fig. 5D). All
mutants were infectious, as demonstrated by the detection of
both genomic and antigenomic HDV RNA (HDV particles
carrying the P29A mutation were not infectious due to their
L-HBsAg-lacking envelope). Interestingly, signal from cells ex-
posed to the �24-28KL mutant was slightly lower than that of

cells inoculated with wt HDV, an indication that the mutation,
previously shown to partially alter HDV assembly, may also
adversely affect disassembly at viral entry. Note that the ab-
sence of an HDV RNA signal in the T68A inoculum (Fig. 5C)
was due to a loss of RNA during the extraction process, since
wt levels of both genomic and antigenomic RNA were detected
in cells that had been exposed to the mutant (Fig. 5D).

In conclusion, with the exception of residues at positions 33,
48, 60, 65, 66, 69, 72, 73, and 76, whose function could not be
tested using a mutagenesis approach, the CYL-I sequence does
not contain any discrete domain essential for infectivity.

Effects of CYL-II mutations on HBV assembly. Recently, we
demonstrated that CYL-II fulfilled a pivotal role in assembly
of HDV particles (22). In fact, this activity was shown to de-
pend on tryptophan residues at positions �196, �199, and
�201, with the most conservative substitution of Phe for either
Trp being sufficient to ablate HDV virion assembly. Since
Trp-196, -199, and -201 are conserved among all orthohepad-
naviruses and yet are dispensable for SVP secretion, their
contribution, if any, to the HBV life cycle may thus reside in
the virion assembly process or at viral entry. To study the effect
of CYL-II mutations on HBV virion assembly, HuH-7 cells
were cotransfected with pCIHBenv(�) and either pT7HB2.7
or a derivative carrying a triple substitution of Ala for Trp-196,
-199, and -201 (W196-201A). Detection of envelope proteins
and HBV DNA in the transfected-cell supernatant was con-
ducted as described above (Fig. 6). The W196-201A mutation
was permissive for envelope protein secretion and for HBV
assembly, as demonstrated by the presence of secreted enve-
lope proteins and that of HBV DNA in particles immunopre-

FIG. 4. Effects of envelope protein CYL-I mutations on secretion of HDV virions. (A) Northern blot analysis of intracellular HDV RNA. Total
RNA from HuH-7 cells (Cell) cotransfected with pSVLD3 and pT7HB2.7 or derivatives was extracted at day 12, separated on a 1.2% agarose gel,
transferred to a nylon membrane, and probed with a genomic strand-specific, 32P-labeled RNA probe. Signals were obtained from 105 cells.
(B) Northern blot analysis of extra cellular HDV RNA. Culture media collected at days 5, 7, 9, and 12 posttransfection (Sup) were pooled and
subjected to ultracentrifugation on a sucrose cushion. RNA was extracted and analyzed as described above. Signals are from 0.5 ml of culture
medium. For positive control (wt Env), the 100% values correspond to 800 pg/ml of HDV RNA (left panel) or 400 pg/ml (right panel), which
approximate 8 � 108 or 4 � 108 ge, respectively. (C) Histogram showing the relative amounts of secreted HBV envelope proteins measured with
an anti-HBsAg ELISA (DiaSorin). For a positive control (wt Env), the 100% value corresponds to approximately 700 ng/ml of HBsAg (left panel)
or 300 ng/ml (right panel), equivalent to approximately 1.75 1011 or 7.4 � 1010 SVPs, respectively. Env(�), envelope protein negative; wt Env, wt
S-, M-, and L-HBsAg. Numbers below each panel are percentages of the wt value.

VOL. 80, 2006 HDV-HBV INTERACTIONS 11941



cipitated from the culture medium with anti-preS1 antibodies
(Fig. 6B).

Effects of CYL-II mutations on HBV infectivity. To evaluate
the effect of Trp substitution on infectivity, we could not use
the HDV infection model, because CYL-II Trp mutations ab-
late the matrix domain involved in HDV virion formation (22).
Hence, differentiated HepaRG cells were inoculated with wt
and W196-201A HBV particles, and the evaluation of infection
was performed as described by Gripon et al. (15). Supernatant
collected from cells transfected with pCIHBenv(�) in the ab-
sence of an envelope protein expression vector was used as a
negative control. As shown in Fig. 7, the W196-201A HBV

mutant was fully infectious, since newly synthesized intracellu-
lar HBV mRNAs, which served as a marker of infection, were
detected in HepaRG cells at day 12 after inoculation. This
result demonstrated that the CYL-II tryptophan-rich motif,
which is essential to HDV assembly, has no function in HBV
infectivity.

DISCUSSION

The HBV envelope proteins have the capacity to form
spherical or filamentous SVPs and to assemble HBV or HDV
virions (2, 16). In all cases the dynamics of the budding process

FIG. 5. Effects of envelope protein CYL-I mutations on the infectivity of HDV virions. (A) Supernatant (1 ml) containing approximately 2 �
108 ge of wt HDV virions was serially diluted prior to analysis by Northern blot hybridization with a genomic-strand-specific, 32P-labeled RNA
probe (G). One milliliter of undiluted or 2- to 2,048-fold diluted wt HDV-containing medium was added to HepaRG cells in the presence of 4%
PEG 8000. (B) Cells were harvested 8 days after inoculation and analyzed for the presence of HDV RNA by Northern blot hybridization with an
antigenomic (AG) or a genomic (G) strand-specific, 32P-labeled RNA probe. Dilution factor is indicated. (C) Supernatants (1 ml) from HuH-7
cell cultures were normalized for their genomic HDV RNA concentration. One ml of normalized inoculum was added to HepaRG cells in the
presence of 4% PEG 8000. Inocula were recovered after overnight exposure to cells, and their genomic HDV RNA content was controlled by
Northern blot hybridization using a genomic strand-specific, 32P-labeled RNA probe. Signals are from 0.5 ml of postexposure inocula. Cells were
harvested 8 days after exposure and analyzed for the presence of HDV RNA as described above. rRNA which hybridized nonspecifically to
antigenomic-specific HDV RNA probes served as a loading control. The size in kilobases of HDV RNA is indicated. wt S, HDV particles coated
with the wt S-HBsAg only. wt Env, HDV particles coated with wt S-, M-, and L-HBsAg. Numbers below each panel are percentages of the wt value.
NA, not applicable.
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is sustained by the S-HBsAg protein (13). For HBV virion
assembly, the recruitment of preformed nucleocapsid in the
envelope is driven by the L-HBsAg amino-terminal domain
(pre-S) between residues 92 and 113, which is positioned at the
cytosolic face of the ER membrane prior to budding (3).
CYL-I, also oriented toward the cytosol at the ER membrane,
has been proposed to participate in this process (28), but as
discussed below, the experiments reported here do not support
this conclusion. With regard to HDV assembly, CYL-II, and
more precisely the cluster of tryptophan side chains at posi-
tions 196, 199, and 201, is central to the envelopment of the
HDV RNP (22). This Trp cluster is likely to exert its function
by binding to L-HDAg, the major protein component of the
HDV RNP.

In the study presented here, we wished to further investigate
the respective contributions of CYL-I and CYL-II in virion
assembly, because the former had not been fully explored in
our previous study of HDV maturation due to the lack of
stable mutants bearing lesions in the carboxyl-terminal half of
the loop (19). As mentioned above, CYL-II contains a putative

matrix domain (Trp-196, -199, and -201) for HDV RNP envel-
opment (22). Since this motif is conserved among all orthohe-
padnaviruses, it could play a functional role in the HBV rep-
lication cycle, which remains to be determined. Therefore,
parallel analyses of the HBV and HDV maturation processes
were carried out to sort CYL elements that are specific for the
envelopment of HDV RNP from those involved in that of the
HBV nucleocapsid. Using a mutagenesis approach, we could
not identify, in CYL-I, motifs (matrix domains) that were dis-
pensable for SVP secretion and essential for the assembly of
HDV or HBV virions. As indicated above, this observation was
in contradiction with the results obtained by Löffler-Mary et al.
(28), who reported that HBV virion assembly was sensitive to
changes in the 35-to-59 sequence. The explanations for this
discrepancy may lie in the experimental approaches, which
differ slightly from one study to the other even though the
same genotype of HBV DNA (genotype D ayw3) was utilized.
In the Löffler-Mary study, the amounts of envelope protein
mutants were not measured in the context of HBV virion
production but in a prior experiment where S-HBsAg mutants
were singly expressed in COS-7 cells under a heterologous
promoter. When virion production was attempted, L-HBsAg
and S-HBsAg mutants were expressed from distinct vectors,
and synthesis of the envelope protein mRNAs was driven by

FIG. 6. Effects of CYL-II envelope protein mutations on assembly
of HBV virions. Production of HBV particles by transfection of 106

cells with 1 �g of pCIHBenv(�) and 1 �g of pT7HB2.7 (wt Env), an
empty plasmid, Env(�), or a W196-201A mutant plasmid. (A) Cellular
proteins (Cell) harvested at day 4 posttransfection were separated on
an acrylamide gel, transferred to a PVDF membrane, and probed with
a mixture of anti-S and anti-preS2 antibodies. Signals are from 105

cells. A pool of culture medium collected at days 3, 6, 9, and 12
posttransfection was subjected to ultracentrifugation. Sedimented par-
ticles were disrupted in Laemmli buffer and analyzed as described
above. Signals (Sup) are from 1 ml of culture medium. (B) Total DNA
from transfected cells (Cell) was extracted, separated on a 1% agarose
gel, transferred to a nylon membrane, and probed with a 32P-RNA
probe specific for negative-strand HBV DNA. Signals are from 105

cells. Culture medium (Sup) was subjected to immunoprecipitation
using an anti-preS1 antibody. Precipitates were disrupted, and DNA
was extracted and analyzed by Southern blot hybridization as described
above. Signals are from 1 ml of culture medium. The L-HBsAg, M-
HBsAg, and S-HBsAg proteins are indicated (L, M, and S respec-
tively). Env(�), envelope proteins negative; wt Env, wt S-, M-, and
L-HBsAg. Molecular weights of the glycosylated (gp) and unglycosyl-
ated (p) forms of the HBV envelope proteins are indicated. RC, relax
circular; L, linear; SS, single stranded.

FIG. 7. Effects of CYL-II envelope protein mutations on infectivity
of HBV virions. (A) Culture medium from cells transfected with pCI
HBenv(�) and 1 �g of pT7HB2.7 (wt Env), an empty plasmid,
Env(�), or W196-201A mutant plasmid, collected at days 3, 6, 9, and
11 posttransfection (Sup), were pooled and subjected to a 20� con-
centration by precipitation with PEG 8000. One hundred microliters of
undiluted (1) or a two- (1/2), four- (1/4), or eightfold (1/8) dilution of
each inoculum was examined for the presence of HBV DNA. HBV
DNA signals in the inoculum derived from cells transfected in the
absence of envelope protein coding plasmid [Env(�)] are from extra-
cellular nonenveloped nucleocapsids, whereas signals from wt Env and
W196-201A samples are from both naked nucleocapsids and virions.
(B) HepaRG cells (3.3 � 105 cells) were exposed to 2 ml of inoculum
for 16 h in the presence of 5% PEG 8000. HepaRG cells were har-
vested at day 12 postinoculation, and mRNA was purified and tested
for the presence of newly synthesized HBV mRNA by Northern blot
hybridization using a negative-strand-specific, 32P-labeled RNA probe.
RC, relax circular; L, linear; SS, single strand. The sizes in kilobases of
HBV mRNAs are indicated.
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the potent human metallothionein promoter. This might have
changed the efficiency of particle secretion, because transcrip-
tion of L-HBsAg mRNA from a strong promoter may lead to
overproduction of L-HBsAg and thereby to an ER retention of
the envelope proteins. The adverse effect of L-HBsAg on SVP
secretion has been well documented (8, 37). It is quite possible
that some of the CYL-I mutations might have been permissive
for SVP secretion when tested in the context of singly ex-
pressed S-HBsAg but detrimental when present on both S- and
L-HBsAg in a coexpression experiment. Therefore, it was not
clear whether the apparent lack of HBV maturation was due to
a reduced capacity of the envelope protein mutants for secre-
tion or to a specific deficiency in nucleocapsid envelopment.

In the study described here, we measured the amounts of
secreted HBV envelope proteins and viral genome in a single
experiment in order to directly relate a mutant’s ability for
SVP secretion to its efficiency for virion assembly. In addition,
to ensure wt ratios between the three types of envelope pro-
teins, their mRNAs were transcribed under the control of their
respective HBV promoters from a single recombinant vector.
It is also worthwhile to note that under our experimental con-
ditions, the R79K mutation, which was claimed by Löffler-
Mary et al. (28) to be deleterious to HBV nucleocapsid envel-
opment while competent for SVP assembly and secretion,
displayed the opposite phenotype when present on the three
HBV envelope proteins: the R79K substitution severely im-
paired SVP secretion but did not seem to have a major impact
on the envelopment of HBV nucleocapsid or HDV RNP.
Therefore, both Arg-78 (28) and Arg-79 (this study), which are
positioned at the cytosolic boundary of TMD-II, are strictly
required for SVP secretion and cannot be substituted by the
positively charged Lys residue. In addition, a precise position-
ing of the Arg residues at the ER membrane interface seems to
be required for secretion, since the naturally occurring L77R
mutation is also inhibitory to SVP secretion (10).

As indicated above, most of the mutations within CYL-I
partially affected the efficiency of HBV or HDV maturation,
suggesting that CYL-I participates in the packaging efficiency
or stability of the virions. However, this function does not
reach the level of that exerted by the pre-S matrix domain for
HBV maturation or by the CYL-II matrix domain for HDV
assembly. Hence, our conclusion is that CYL-I does not bear a
matrix domain for HBV or HDV assembly.

In a recent study by Kluge et al. (21), large deletions in
L-HBsAg encompassing the region between Leu-42 and
His-60 (positions are numbered from Met-1 of the S domain)
were shown to be permissive for HBV virion assembly and
secretion. This is in agreement with our present observations.

With regard to CYL-II, its cytosolic orientation at the ER
membrane is predicted by most of the protein analysis algo-
rithms (38). However, it was also described as being accessible
at the surface of particles to monoclonal antibodies that had
been raised against HBV particles (7). Until it is experimen-
tally examined, the overall topology of the S-HBsAg carboxyl
terminus remains unclear. The two topologies (external and
internal on viral particles) might coexist, or the external local-
ization might arise as a consequence of a translocation phe-
nomenon. Within CYL-II, Trp-196, -199, and -201 are critical
to HDV maturation while dispensable for SVP assembly and
secretion (22). Interestingly, the fact that this tryptophan clus-

ter and numerous aromatic residues are conserved in the car-
boxyl termini of all orthohepadnavirus envelope proteins sug-
gests that they might fulfill an essential function in the HBV
life cycle. Yet as demonstrated here and in a previous study
(22), Trp-196, -199, and -201 appear dispensable to the HBV
life cycle, since their mutation to alanine is permissive to SVP
secretion, virion formation, and infectivity. This observation
thus raises the possibility that the Trp motif is conserved as a
consequence of essential HBV polymerase (Pol) domains be-
ing encoded by the same DNA sequence in the minus-one
reading frame. As previously reported, this is in fact the case
for Trp-196, whose codon is included in the DNA sequence for
the YMDD motif of the Pol catalytic domain. The strict re-
quirement for the presence of a YMDD motif in Pol offers no
possibility other than Trp at position 196 in S-HBsAg (22, 47,
48). Therefore, it is reasonable to assume that a few S-HBsAg
residues, in addition to Trp-196, might be conserved solely
because they share a DNA coding sequence with Pol. To test
this hypothesis, a precise mapping of the Pol functional do-
mains in the region that shares a coding sequence with S-
HBsAg should be carried out.

The studies presented here, taken together with previous
observations (3), indicate that assembly of HDV or HBV viri-
ons does not depend on specific CYL-I motifs. HBV virion
formation relies mostly on the pre-S matrix domain of L-
HBsAg (3), and the contribution of S-HBsAg or that of the S
domain of M- or L-HBsAg appears limited (10, 39). In con-
trast, HDV assembly depends on a CYL-II tryptophan cluster
in the carboxyl terminus of the envelope proteins (22). Hence,
HDV RNP would not compete with the HBV nucleocapsid for
a matrix domain on the envelope proteins during morphogen-
esis. In addition, the fact that mutations in CYL-I or CYL-II
did not affect infectivity suggests that these regions do not
directly participate in viral entry, in particular in a receptor
binding activity, and they are unlikely to modulate the func-
tions of surface-exposed domains associated with viral entry.
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