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Virion release of hepatitis B virus (HBV) from hepatocytes is a tightly regulated event. It is a dogma that only
the mature HBV genome is preferentially allowed to export from the intracellular compartment (J. Summers
and W. S. Mason, Cell 29:403-415, 1982). Recently, an “immature secretion” phenotype of a highly frequent
naturally occurring HBV variant containing a leucine residue at amino acid 97 of the core protein was
identified. Unlike wild-type HBYV, this variant secretes almost equal amounts of mature and immature ge-
nomes. This phenomenon is not caused by any instability of core particles or by any deficiency in viral reverse
transcription (T. T. Yuan, P. C. Tai, and C. Shih, J. Virol. 73:10122-10128, 1999). In this study, our kinetic
analysis of virion secretion of the mutant F97L (phenylalanine to leucine) indicates that the secretion of its
immature genome does not occur earlier than that of its mature genome. In addition, the secretion kinetics of
the mature genomes are comparable between the wild-type HBV and the mutant F97L. Therefore, the immature
secretion phenomenon of mutant F97L is not caused by premature secretion or more efficient secretion.
Previously, we hypothesized that the immature secretion phenotype is probably caused by the aberrant
interaction between its mutant core and wild-type envelope proteins. Here, we further demonstrated that a
pre-S1 envelope mutation at position 119, changing an alanine (A) to a phenylalanine (F), can offset the
immature secretion phenotype of the mutant I97L (isoleucine to leucine) and successfully restore the wild-

type-like selective export of the mature genome of the double mutant pre-S1-A119F/core-197L.

Hepatitis B virus (HBV) is an enveloped DNA virus belong-
ing to the family Hepadnaviridae. As in many other viruses,
virion release of HBV is a regulated process. It is well estab-
lished that mature genomes of hepadnaviruses, which contain
relaxed circular DNA, are preferentially secreted. By contrast,
immature genomes, which contain nascent single-stranded lin-
ear DNA, are preferentially retained within the hepatocytes
(13, 37). It was hypothesized that a genome maturation signal
can become more pronounced as replication takes place inside
the core particles. Recognition of the genome maturation sig-
nal by the envelopment machinery would then lead to virion
release. Under this hypothesis, core particles are not a passive
structural entity. Instead, they can serve as an active signal
transducer to communicate between the genomic DNA repli-
cation and the envelopment machinery.

HBYV encodes three closely related envelope proteins: small
(S), middle (M), and large (L) (16, 28, 36). While the M
protein is dispensable for virion secretion, both S and L enve-
lope proteins are required (2, 43). Functional characterization
via mutagenesis of the S and L genes has mapped two envelope
regions essential for virion secretion (4, 22, 23). One region is
localized in an internal domain of the small S protein (amino
acids 35 to 80). The other region within the large envelope
protein is localized in the C terminus of the pre-S1 domain
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(amino acids 107 to 119 of the adr subtype) and extends into
the adjacent amino acids 1 to 5 of the pre-S2 domain (4, 22,
23). Although these two regions were found to be essential for
virion secretion by a genetic approach, their exact roles in
virion secretion were unclear. An assay of in vitro binding
between core particles and synthetic envelope peptides sug-
gests that these two envelope regions probably directly bind to
the core particles (29). An artificial synthetic peptide of non-
HBYV origin, identified from a random peptide library screen-
ing, was able to bind the tip of the spike region of the core
particles and was found to be inhibitory to virion secretion (9).
To date, it remains unclear if a direct core-envelope interac-
tion in vivo is indeed important for HBV virion secretion.
We reported previously an abnormal virion secretion phe-
notype dubbed “immature secretion.” This phenotype is char-
acterized by nonselective and excessive secretion of virion par-
ticles containing immature genomes with single-stranded
DNA. A frequent naturally occurring mutation, changing ei-
ther isoleucine (I) or phenylalanine (F) to a leucine (L) at
position 97 in the HBV core protein, is both necessary and
sufficient for this rather surprising phenotype (45, 46). The
immature secretion phenotype is not created as a consequence
of any intracellular defect in genome maturation per se (46) or
from any alteration in the stability of the core particles (45).
Furthermore, another frequent core mutation, P130T (proline
to threonine), can be compensatory for the immature secretion
phenotype of the core mutant I97L (47). In addition to imma-
ture secretion, both artificial and frequent naturally occurring
mutations of the core protein were found to result in a low-
secretion phenotype (20, 21). The mechanism(s) behind these
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FIG. 1. Comparison of virion secretion kinetics of WT HBV and core variant F97L via gradient centrifugation analysis. Cell culture media were
collected from day 1 to day 5 posttransfection. After centrifugation through a 20% sucrose cushion, the resuspended pellets of HBV particles were
separated by isopycnic centrifugation through a cesium chloride gradient (20 to 50%). The fractions corresponding to the enveloped Dane particles
(fractions 10, 12, and 14, density = 1.2 g/cm®) were pooled before DNA analysis by Southern blotting with a 3.1-kb HBV double-stranded-DNA

probe.

virion secretion phenotypes remains unclear. Given the fact
that neither the immature secretion variant I97L nor the low-
secretion variants exhibited any intracellular phenotype in viral
DNA replication, we hypothesized that these secretion-defec-
tive phenotypes could be caused by aberrant core-envelope
interaction rather than by aberrant core-polymerase interac-
tion (46).

Here, we demonstrate the importance and specificity of the
core-envelope interaction in vivo in the control of HBV virion
secretion by creating a pre-S1 mutant, A119F, that can sup-
press the immature secretion phenotype of core variant 197L.

MATERIALS AND METHODS

DNA transfection of the human hepatoma HepG2 cell line was carried out by
the calcium phosphate or FuGENE 6 protocol (Roche, Indianapolis, Ind.). Cell
culture conditions, preparation of HBV viral DNA, Southern blot analysis, and
gradient centrifugation analysis of virion secretion were as detailed elsewhere
(45). Western blot analysis using a monoclonal antibody against the pre-S1
domain (16) was as described by Tai et al. (38).

FuGENE 6 protocol. Transfections with FuGENE 6 reagent were performed
according to the manufacturer’s procedure. Briefly, 2 ug of plasmid DNA was
mixed with 9 pl of FuGENE 6 reagent and 180 pl of serum-free medium. After
a 1-h incubation at room temperature, the mixture was added to a 10-cm dish
with 50 to 70% confluence. Medium was changed 2 days posttransfection.

Mutagenesis. The QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, Calif.) was used to introduce mutations in HBV monomers of the adr
subtype carrying either the wild-type (WT) core or the 197L core gene. Briefly,
plasmids were amplified by Pfu Turbo DNA polymerase using two complemen-
tary oligonucleotides (see Table 1), carrying a mutation in the pre-S1 gene. After
amplification, the PCR product was treated with Dpnl endonuclease, which
digested the input plasmid (the parental plasmid isolated from Escherichia coli is
methylated and therefore susceptible to Dpnl). The amplified DNA was then
transformed into competent E. coli cells, and colonies were screened by DNA
sequencing with the primer AS180 (5'GGGGTCCTAGGAATCCTGATG3')
(nucleotides 170 to 190; numbering according to the ayw subtype [12]). The
mutant HBV monomers were then dimerized in tandem to mimic the circular
genetic configuration of HBV (45). Using these procedures, we created a total of

12 pre-S1 mutants: six in the WT core gene context (see Fig. 3) and another six
in the 197L mutant core gene context (see Fig. 4).

RESULTS

As described in the introduction, it was previously demon-
strated that the loss of selectivity in HBV virion secretion
associated with the variants F97L and I197L is not caused by any
intracellular defect in viral DNA synthesis or instability of core
particles (45, 46; data not shown). Instead, it could be caused
by an aberrant interaction between core and envelope pro-
teins. Such an aberrant interaction could, for example, lead to
premature secretion of immature genome.

Kinetic analysis of virion secretion. To investigate the mech-
anism of immature secretion, we compared the kinetics of
virion secretion between the immature and the mature ge-
nomes in mutant FO97L as well as the secretion of mature
genomes between the WT and the mutant F97L (Fig. 1). For
this purpose, cell culture media were collected from day 1 to
day 5 posttransfection and viral particles were isolated via
cesium chloride gradient centrifugation (see the Fig. 1 legend).
In the case of variant F97L, the immature genome was detect-
able on day 3 whereas the mature genome appeared on day 2
posttransfection. Furthermore, there is no kinetic difference in
the secretion of mature genomes between WT HBV and mu-
tant F97L, both being detectable on day 2. In summary, the
variant F97L does not secrete its mature or immature virions
any earlier or faster than the WT HBV.

Experimental design to look for an intermolecular suppres-
sor mutation. If an aberrant core-envelope interaction is in-
deed responsible for the immature virion secretion phenotype
created by the core mutation 197L, one might be able to re-
verse the mutant phenotype by creating a suppressor mutation
at the putative core-interacting domains of the envelope pro-
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FIG. 2. Site-directed missense mutations were introduced into the
pre-S1 domain of the large envelope protein at positions 108, 112, and
119 (HBV subtype adr). The amino acid sequences from positions 107
to 119 of the pre-S1 domain of natural HBV isolates are highly con-
served. For example, only 2 of 243 occurrences available in GenBank
are different from the consensus residue at position 119 (data not
shown). Functional consequences of these pre-S1 mutations on virion
secretion were analyzed in WT (Fig. 3) and mutant (Fig. 4) core gene
contexts.

teins (e.g., amino acids 107 to 119 of the pre-S1 domain).
However, unless we could create a feasible number of muta-
tions at the right positions with the right amino acid substitu-
tions, we would not be able to handle the astronomical number
of arbitrary mutations within amino acids 107 to 119 (13
possibilities). We reasoned that since amino acid 97 of HBV
core protein is always a hydrophobic residue (isoleucine in the
WT adr subtype, phenylalanine in the WT ayw subtype, and a
leucine in mutant 97L), it is most likely that this amino acid will
interact with another hydrophobic residue(s) in the envelope
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proteins. Using this rationale, we created six mutations at po-
sitions 108, 112, and 119, changing from one hydrophobic res-
idue to another (Fig. 2). The remaining 10 amino acids within
pre-S1 107 to 119 are not as hydrophobic and thus were not
tested further.

It was shown previously that an excessive amount of the L
envelope protein could interfere with small envelope protein
secretion (7, 26, 27). Furthermore, as mentioned earlier,
proper levels of the S and L envelope proteins have been
shown to be required for virion secretion (2, 43). If we chose a
strategy to analyze the aforementioned pre-S1 mutations by
complementation assay between an L envelope-deficient HBV
and an expression vector containing various mutant L envelope
genes under a heterologous enhancer/promoter, we would
then need to consider the complication of improper stoichi-
ometry between envelope proteins for virion secretion. To
preserve the natural stoichiometry between the L, M, and S
envelope proteins, these six pre-S1 mutations were analyzed in
the context of a tandem dimer configuration. As a control for
the effect of pre-S1 mutations in the context of core mutant
I97L, we have also examined the effect of these six pre-S1
mutations in the WT core gene context. It should also be noted
that, because of the overlapping open reading frames, these
pre-S1 mutations overlap with the spacer region of the poly-
merase protein. The spacer region of polymerase is well known
to be very tolerant to drastic mutations, including insertions
and deletions of short peptides (32, 38). To be on the cautious
side, whenever possible, we designed pre-S1 mutations by min-
imizing the number of concurrent amino acid changes within
the spacer region of the polymerase (Table 1).

PreS1 mutations in the context of the WT core gene. As
shown in Fig. 3a, the intracellular viral DNA replication of all
six pre-S1 mutants (I108F, L112F, L1121, A119F, A1191, and
A119L), in the context of the WT core gene, appears to be
more or less similar. Except in pre-S1 mutants A119F and
A1191, stronger overall replication was observed. Similar
steady-state levels of HBV large envelope proteins were ob-
served between WT and all the mutant viruses by Western blot

TABLE 1. Nucleotide sequences of the primers used for mutagenesis in the pre-S1 region

Pre-S1 mutant®

Oligonucleotide sequence (5’ to 3")”

Change(s) in polymerase
spacer region

I108F (S) CAG CCT ACT CCC TTC TCT CCA CCT CTA H288L
1108F (AS) TAG AGG TGG AGA GAA GGG AGT AGG CTG

L112F (S) C ATC TCT CCA CCT TTC AGA GAC AGT CAT C S292F and K293Q
L112F (AS) G ATG ACT GTC TCT GAA AGG TGG AGA GAT G

L1121 (S) C ATC TCT CCA CCT ATA AGA GAC AGT CAT C S292Y
L1121 (AS) G ATG ACT GTC TCT TAT AGG TGG AGA GAT G

A119F (S) GAC AGT CAT CCT CAG TTC ATG CAG TGG AAC TCC G299V
A119F (AS) GGA GTT CCA CTG CAT GAA CTG AGG ATG ACT GTC

A1191 (S) GAC AGT CAT CCT CAG ATC ATG CAG TGG AAC TCC G299D
A1191 (AS) GGA GTT CCA CTG CAT GAT CTG AGG ATG ACT GTC

A119L (S) GAC AGT CAT CCT CAG CTC ATG CAG TGG AAC TCC G299A
A119L (AS) GGA GTT CCA CTG CAT GAG CTG AGG ATG ACT GTC

“ S, sense; AS, antisense.
> The mutated codons are underlined, and the mutation sites are in bold.
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FIG. 3. Functional analysis of the six pre-S1 mutations in the same
WT core gene context via assays for both intracellular HBV DNA
replication (a) and extracellular virion secretion (b). The low-secretion
phenotype was observed in both mutants L112F and A119F. Briefly, 2
ng of each plasmid DNA was transfected into a human hepatoma cell
line HepG2 using the FuGENE 6 reagent and protocol (Roche).
Intracellular core particles were harvested 5 days posttransfection, and
the core particle-associated HBV DNA was analyzed by Southern blot
with a 3.1-kb HBV double-stranded DNA probe. The virion secretion
assay was as described for Fig. 1. The full-length RC-form DNA at 4.0
kb and the SS-form DNA at 1.5 kb are indicated. The tandem dimer of
WT HBV DNA was included as a control.

L112F
L1121
A119F
Al1191
Al119L

1108F

mature
genome

analysis using a monoclonal antibody specific for the pre-S1
domain (data not shown) (16). Virion secretion analysis of
these mutants revealed several interesting features. While mu-
tants I1108F, L112I, and A1191 behaved like WT HBYV, with a
normal level of virion secretion, mutants L112F and A119F
exhibited a low-secretion phenotype, with almost undetectable
extracellular HBV DNA (Fig. 3b). In addition, mutant A119L
displayed a reduced level of virion secretion, with very weak
signals of extracellular HBV DNA.

PreS1 mutations in the context of the mutant I97L core
gene. As shown in Fig. 4a, all six pre-S1 mutants in the context
of the mutant core 197L are replication competent, although
their respective replication efficiencies are somewhat variable,
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about twofold. In the virion secretion assay, the double mutant
L112F/197L (Fig. 4b) displayed the same low-secretion pheno-
type as the single mutant L112F/WT core (Fig. 3b). Most
strikingly, the double mutant A119F/I97L behaved like a WT
HBYV and did not have any detectable virion-associated imma-
ture genomes (Fig. 4b). Previously, we measured quantitatively
the degree of immature secretion by comparing the signal
intensities between the virion-associated mature genomes (re-
laxed-circle DNA [RC form]) and immature genomes (single-
stranded DNA [SS form]). Based on more precise quantita-
tion, the RC/SS ratio for adr-WT HBV in HepG2 cells is
usually around 9.30 = 2.40, and that for mutants F97L and
I97L is usually around 0.87 = 0.18 (45, 46). Here, the RC/SS
ratio for the double mutant A119F/197L, averaged from four
independent experiments, is around 5.94 = 2.60 (data not
shown), a value that would be expected from a WT HBV with
normal control of virion secretion. While the overall level of
virion-associated mature genomes secreted by double mutant
A119F/197L is reduced relative to the WT HBV or the single
mutant I97L, it is clearly much higher than the almost unde-
tectable secretion for the single mutant A119F (Fig. 3b). In
summary, neither the low-secretion phenotype of the pre-S1
mutant A119F nor the immature secretion phenotype of the
core mutant I97L was observed for the WT-like double mutant
A119F/197L.

DISCUSSION

Control of HBV virion secretion has been studied by intro-
ducing mutations into the envelope or core genes. In all cases,
loss of either viral DNA replication or virion secretion was
observed (4, 20, 21). The present study differs from previous
ones in several important aspects. First, the core mutation at
amino acid 97 is not an artificial mutation. In fact, I97L is the
most frequent clinical mutation within the core gene (1, 8, 10,
17, 24) and has been found in chronic HBV carriers worldwide
(5, 6, 11, 14, 15, 18, 19, 25, 33-35, 39-42, 44). Second, in
contrast to more drastic deletions or insertional mutagenesis,
immature secretion is a unique and intriguing phenotype cre-
ated by a very subtle amino acid change at position 97, from a
hydrophobic phenylalanine or isoleucine to another hydropho-
bic leucine residue (45, 46). Third, immature secretion is a
loss-of-specificity phenotype, rather than a loss-of-competency
phenotype, as is commonly found in low-secretion core or
envelope mutants (4, 20-22). Fourth, to our knowledge, pre-S1
mutant A119F is the first example of an intermolecular com-
pensatory mutation between HBV core and envelope proteins.
It lends strong support to the general hypothesis that the reg-
ulation of virion secretion is mediated via specific core-enve-
lope interactions.

Premature versus immature virion secretion. Following the
general hypothesis mentioned above, a more specific hypoth-
esis assumes that the core-envelope interaction in mutant 971
is somehow more efficient than in WT HBV. Therefore, mu-
tant 97L would have less intracellular retention time for mat-
uration to occur than WT, thus leading to the secretion of
virions containing immature genomes. A comparison of the
time course of virion release between WT and mutant FO7L is
shown in Fig. 1. We detected no kinetic difference in virion
release between WT and mutant F97L or between immature
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FIG. 4. Functional analysis of the six pre-S1 mutations in the same mutant I97L core gene context via assays for both intracellular HBY DNA
replication (a) and extracellular virion secretion (b). While the double mutant L112F/I97L continues to exhibit a low-secretion phenotype, the
double mutant A119F/I97L behaves like a WT HBV, with a highly selective virion secretion of mature genome. The assays were as described for
Fig. 1 and 3. The tandem dimer of core mutant I97L was included as a control.

genomes and mature genomes. Therefore, premature secre-
tion or more efficient secretion cannot be a reason for the
immature secretion phenomenon of mutant FO7L. Finally, it
should be noted that the results in Fig. 1 do not necessarily rule

out the importance of core-envelope interaction in immature
virion of mutant 97L. For example, a different, less efficient,
core-envelope interaction could lead to the loss of selectivity in
virion secretion. Interestingly, it has been shown that the ex-
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FIG. 5. Summary of the various HBV virion secretion phenotypes associated with various core and envelope contexts. The N-terminal part of
the pre-S1 domain of the large envelope protein has been hypothesized to adopt two distinct membrane topologies: exposed on either the lumen
side or the cytoplasmic side of the endoplasmic reticulum (ER) (3, 30). The latter topology was illustrated here to describe its highly specific

interactions with the core particles.

tracellular duck hepatitis B virus core proteins are more de-
phosphorylated than the core proteins purified from the intra-
cellular origin (31). At present, we have no evidence that the
phosphorylation status of the core proteins is different between
the WT and mutant F97L or between the mature and imma-
ture core particles in the WT or mutant HBV. Further study
will be needed to address this issue.

Low-secretion pre-S1 mutant L112F. The leucine residue at
amino acid 112 of the WT pre-S1 domain seems to be impor-
tant for virion secretion. For example, the mutation changing a
leucine to a phenylalanine dramatically reduced the virion
secretion, whereas the change to an isoleucine at the same
position had only a modest effect on virion secretion. This
result is consistent with a previous study using alanine substi-
tutions at positions 113 and 114 (4). Taken together, amino
acids 112 to 114 of the pre-S1 domain seem to play an impor-
tant role in the control of virion secretion. It should be noted
that the low-secretion phenotype of our mutant L112F is in-
dependent from the contexts of the core gene (Fig. 3b and 4b).
It will be interesting to see if the low-secretion pre-S1 variants
and the low-secretion core variants are arrested at the same
step along their virion morphogenesis pathway (21).

Does low secretion plus immature secretion equal WT se-
cretion? We have previously identified a naturally occurring
intramolecular compensatory mutation, P130T, for the imma-
ture secretion phenotype of mutant 197L (47). When the core
protein contains both mutations 197L and P130T, the imma-
ture secretion phenotype reverts to a WT-like phenotype with
normal virion secretion. Similarly, the present study of the
double mutant pre-S1-A119F/core-197L demonstrates the im-
portance of a highly precise intermolecular interaction be-
tween core and envelope proteins in virion secretion (Fig. 4b).
Although HBV core mutant P130T is a naturally occurring
variant (5, 6, 11, 14, 15, 18, 19, 25, 33-35, 39-42, 44), we have
not found any naturally occurring pre-S1-A119F variants in the
GenBank database (Fig. 2).

As illustrated in Fig. 5, the fact that the pre-S1-A119F mu-
tation alone exhibits a low-secretion phenotype and the core-
I97L mutation alone exhibits an immature secretion phenotype
suggests that simply by combining these two mutations, one
can generate a WT-like phenotype. However, unlike pre-S1
mutant A119F, another pre-S1 low-secretion mutant, L112F,
in combination with core mutant 1971, cannot revert to the
WT phenotype. Instead, the double mutant (pre-S1-L112F/
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core-197L) continues to exhibit a low- or no-secretion pheno-
type (Fig. 4b). Furthermore, we have checked several muta-
tions within the putative core-interacting domain of the small
envelope protein and have not found any compensatory mu-
tations (unpublished results). Taken together, these data sug-
gest that there is a high degree of specificity in such an inter-
molecular suppression of immature secretion. Further insights
about this putative molecular interaction between HBV core
and envelope proteins may be gained when the high-resolution
three-dimensional structure of the HBV envelope proteins be-
comes available.

Finally, current therapy for hepatitis B patients includes
alpha interferon and nucleoside analogues (e.g., lamivudine).
Our study on the regulation of HBV virion secretion could
identify new targets for future therapeutic interventions.
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