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The most frequent mutation of the human hepatitis B virus (HBV) core antigen occurs at amino acid 97.
Recently, a phenylalanine (F)-to-leucine (L) mutation at this position (mutant F97L) in HBV surface antigen
subtype ayw has been shown to result in an immature secretion phenotype, which is characterized by the
nonselective export of an excessive amount of virions containing minus-strand, single-stranded HBV DNA.
While subtype ayw mutant F97L has been found in Europe, the major reservoir of HBV resides in Asia and
Africa. We report here that the immature secretion phenotype indeed can be found in an HBV strain (subtype
adr) prevalent in Asia, changing from an isoleucine (I) to a leucine (mutant I97L). Despite its immature
secretion phenotype, the adr variant I97L replicates as well as its parental adr wild-type I97I, supporting the
conclusion that the extracellular phenotype of immature secretion is not a consequence of the intracellular
HBV DNA replication defect. Further studies demonstrated that it is the acquisition of a leucine, rather than
the loss of a wild-type amino acid at codon 97, that is important for immature secretion. We conclude that
immature secretion is a subtype-independent phenotype and deficiency in intracellular DNA synthesis is a
subtype-dependent phenotype. The former is caused by the trans-acting effect of a mutant core protein, while
the latter by a cis-acting effect of a mutated nucleotide on the ayw genome. These immature secretion variants
provide an important tool for studying the regulation of HBV virion assembly and secretion.

Human hepatitis B virus (HBV) is the causative agent for
viral hepatitis B (25). There are approximately 300 million
chronic HBV carriers worldwide. Chronic infection with HBV
leads to the development of cirrhosis and liver cancer (27, 28).
Genetic variants of HBV have been found frequently in these
chronic carriers. Due to some unknown selective pressure,
these naturally occurring variants at times exist as a predomi-
nant HBV population in chronic carriers. Demonstration of
the functional significance of these genetic variants has been
difficult since there is no a priori reason to predict what kind of
assays available will yield the most informative results. In gen-
eral, the functional significance of HBV variants has remained
largely unknown, despite their strong association with HBV
chronicity and pathogenesis.

Naturally occurring mutations of HBV core antigen (HBcAg)
gene have been frequently reported (1, 3–6, 8–11, 13, 17, 20,
26, 30, 32–34). Within the core gene, the most frequent muta-
tion occurs at codon 97 (2, 3, 5, 10). To address the functional
significance of HBcAg codon 97 variants in patients, we have
recently characterized a subtype ayw mutant, F97L, which con-
tains a change from phenylalanine (F) to leucine (L) at amino
acid 97 of HBcAg. One characteristic intracellular phenotype
of this mutant is the deficiency in plus-strand DNA synthesis
resulting in the significant loss in the relaxed circular (RC)
DNA form. However, the most surprising is the extracellular
phenotype of ayw mutant F97L, which secretes excessive
amount of virion particles containing immature HBV genome
with a single-stranded (SS) form of DNA (40). In the case of
wild-type (wt) hepadnaviruses, it is well known that more ma-

ture genomes containing the RC form of DNA are preferen-
tially exported as virion particles (29, 35). For example, when
a wt HBV isolate of subtype ayw was assayed in human hepa-
toma Huh7 cells, we obtained an approximate extracellular
RC/SS ratio of 3.82 6 0.79 (40). In the case of ayw mutant
F97L, the extracellular RC/SS ratio is around 0.67 6 0.20 (i.e.,
the extracellular SS form becomes more abundant than the RC
form in ayw mutant F97L), suggesting that the selectivity for
the maturity (or against the immaturity) of the replicating
HBV genome during the process of virion secretion may have
been altered or lost (40). It should be noted that the immature
secretion phenotype, as the term is used here, does not imply
the absence of mature genomes in the secreted virions; rather,
it indicates an excessive amount of immature genome in the
virions relative to the wt HBV. While the mechanism of im-
mature secretion remains to be further investigated, ayw mu-
tant F97L provides a new opportunity to better understand the
regulation of HBV virion morphogenesis and secretion. An
important question to address is whether the intra- or extra-
cellular phenotype of ayw mutant F97L is caused by the loss of
the wt amino acid (F) or by the acquisition of the mutant
amino acid (L).

To date, numerous reports have documented the frequent
mutation at codon 97 of HBcAg in adr and adw subtypes (1,
3–6, 8–11, 13, 17, 20, 26, 30, 32–34), which changes from an
isoleucine (I) to a leucine (L) or phenylalanine (F) (Fig. 1). It
remains unclear if the immature secretion phenotype of ayw
mutant F97L in Europe (23, 24) can be found universally, such
as in the subtype adr or adw mutant 97 prevalent in Asia (1,
3–6, 8–11, 13, 17, 20, 26, 30, 32–34). As shown in Fig. 1, there
are at least a total of eight commonly observed amino acid
differences in the 183 amino acids of HBcAg between adr and
ayw subtypes. Because of the sequence divergence of HBcAg
between these different HBV strains, it is difficult to predict if
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a phenotype observed in one subtype can necessarily be ob-
served in another subtype.

In this study, we have attempted to address the aforemen-
tioned issues. Our results indicate that in the context of sub-
type adr, in contrast to subtype ayw, no intracellular viral DNA
replication deficiency can be found in adr mutant I97L. Thus,
the intracellular viral DNA replication defect of codon 97
mutation appears to be a subtype ayw-dependent phenotype.
In contrast, immature secretion appears to be a global and
subtype-independent phenotype, resulting solely from the mu-
tant leucine residue at position 97 of HBcAg.

MATERIALS AND METHODS

Plasmid constructs of HBV tandem dimer. (i) pI97I(wt, adr), pI97L (mutant,
adr), pI97F (mutant, adr), pF97F(wt, ayw), pF97L(mutant, ayw), and pF97I
(mutant, ayw). Plasmid pI97I, a wt adr HBV tandem dimer construct, is derived
from the HBV clone described by Yaginuma et al. (36). Mutagenesis was per-
formed to introduce site-specific mutations by using a commercial kit (Altered
Sites II in vitro mutagenesis systems; Promega Co.). The 3.2-kb HBV monomer
DNA (adr) was cloned into the BamHI site of pAlter vector, resulting in pAlter-
HBVADR, which was subsequently used as a mutagenesis template. The oligo-
nucleotides used to create mutations I97L and I97F (underlined) are 59-GGG
CCT AAA ACT CAG ACA ACT-39 and 59-GGG CCT AAA ATT CAG ACA
ACT-39, respectively. Plasmid pF97F, a wt ayw HBV tandem dimer construct,
was described as pWT elsewhere (40). The ayw mutant plasmid pF97L was
described by Yuan et al. (40). The oligonucleotide used to create mutation F97I
is 59-GGG CCT AAA GAT CAG GCA ACT-39. Mutant HBV monomers were
subsequently dimerized in tandem to mimic the circular configuration of HBV,
using a BamHI (for adr) or EcoRI (for ayw) site. All HBV dimer constructs were
based on the same vector, pSV2neo. The resulting tandem dimers were con-
firmed by restriction digestion and DNA sequencing.

(ii) HBV core protein expression vectors. Plasmids pSVCF97F(wt, ayw),
pSVCF97L (mutant, ayw), pSVCF97I (mutant, ayw), pSVCI97I (wt, adr),
pSVCI97L (mutant, adr), and pSVCI97F (mutant, adr) are wt and mutant core
antigen expression vectors using a simian virus 40 early enhancer and promoter.
These vectors were constructed by PCR amplification of the core genes from
their corresponding HBV genotypes as described above. The cloning strategy is
as described elsewhere (40). Plasmid pSVCF97F was described as pSVC by Yuan
et al. (40).

(iii) HBV core protein AUG knockout mutant. ayw mutant 1903 bears an
ablated AUG initiation codon in both copies of the tandem HBV genome and is
thus replication defective due to the absence of core protein production (40).
Mutant 1903 can be rescued to replicate if core protein is provided by trans
complementation.

DNA and RNA probes. HBV double-strand-, plus-strand-, and minus-strand-
specific probes of ayw subtype were prepared as described elsewhere (40). adr-
specific probes were prepared as follows.

(i) Double-strand-specific probe. The full-length 3.1-kb HBV DNA fragment
was purified from pAlter-HBV ADR by BamHI digestion. Approximately 25 ng
of the 3.1-kb DNA fragment was radiolabeled by using a random-primed DNA
labeling kit (Boehringer Mannheim Co.).

(ii) Plus-strand-specific riboprobe. pAlter-HBV ADR contains a copy of HBV
genome of adr subtype. The plus-strand-specific RNA probe was synthesized by
using EcoRI-linearized pAlter-HBV ADR DNA and T7 polymerase according to
the in vitro transcription procedure recommended by the manufacturer (Amer-
sham Co.).

(iii) Minus-strand-specific riboprobe. The minus-strand-specific RNA probe
was synthesized by using HindIII-linearized pAlter-HBV ADR DNA and SP6
polymerase for in vitro transcription.

Transfection and cell lines. For DNA transfection, briefly, 10 mg of HBV
plasmid DNA was adjusted to a total of 35 mg of DNA with carrier and trans-
fected to human hepatoma cell lines HepG2 and Huh7. Although the experi-
mental results from these two cell lines are qualitatively consistent, we often
chose to use HepG2 cell line for the adr experiment simply because we can
obtain better adr HBV-specific signal in HepG2 cells than in Huh7 cells. How-
ever, in general the degree of HBV genome maturity appears to be higher in
adr-HepG2 than in ayw-Huh7 combinations. Preparation of intracellular core
particles and viral DNA, and gradient centrifugation analysis of secreted viral
particles are detailed elsewhere (38, 39).

Quantitation of the relative abundance of HBV replicative intermediates. The
banding intensity of HBV replicative intermediates in the autoradiogram of
Southern blot analysis was measured as described previously (40). Briefly, the
images from X-ray film of the RC form population was measured by counting the
signal from the 4.0-kb position to a position right above the 1.5-kb position of
the SS form, while the intensity of the SS form was measured by counting the
signals at and below the 1.5-kb position. The image was acquired from X-ray film
using either a Howtek Scanmaster 31 machine or a Stratagene Eagle Eye II. The
stored image was then analyzed with the ONE-DScan computer program (Scana-
lytics Co., Billerica, Mass.).

RESULTS

The immature secretion phenotype is observed in ayw mu-
tant F97L and adr mutant I97L but not in wt HBV, ayw mutant
F97I, and adr mutant I97F. To see if immature secretion is a
truly universal phenomenon among HBV subtypes found in
different parts of the world, we have constructed site-directed
mutants from wt HBV of both subtypes adr and ayw (Materials
and Methods). The media were collected from each transfec-
tion of a total of six different naturally occurring genotypes:
two wt (adr wt I97I and ayw wt F97F), two adr mutants (I97L
and I97F), and two ayw mutants (F97L and F97I). Viral par-
ticles in the medium were analyzed by gradient centrifugation
and Southern blot analysis (40). As shown in Fig. 2, mature
genomes with the RC DNA form are predominant in the virion
particle fractions (fractions 10 to 14) in ayw wt F97F and adr wt
I97I as well as ayw mutant F97I and adr mutant I97F. The
extracellular RC/SS ratio for adr wt in HepG2 cells is about
9.3 6 2.4, based on four independent transfection experiments
(Materials and Methods). This relative abundance between
mature RC and immature SS forms in the virion population is
consistent with the finding that mature viral genomes are pref-
erentially exported in wt hepadnaviruses (29, 35, 40). In con-
trast to the wt viruses, ayw mutant F97I, and adr mutant I97F,
interestingly, both ayw mutant F97L and adr mutant I97L con-
tain highly abundant immature genomes with the SS form of
DNA at equivalent-density fractions. The extracellular RC/SS
ratio of adr mutant I97L in HepG2 cells is about 1.5 6 0.4 (i.e.,
the RC form is slightly more abundant than the SS form).
Therefore, immature genomes with the SS form DNA in adr
mutant I97L appear to be enveloped and secreted nonselec-
tively or less selectively than wt (i.e., the export of immature
genome in these two mutants is at a surprisingly high efficiency

FIG. 1. Differences in amino acid sequences of HBcAg (or nucleocapsid) between HBV subtypes adr and ayw. The numbers indicate the positions of the diverged
amino acids of HBcAg. The most frequent naturally occurring mutation of HBcAg occurs at amino acid 97(p), changing from isoleucine (I) to leucine (L) in subtype
adr and from phenylalanine (F) to leucine in subtype ayw. The sequences of subtypes ayw and adr used in this study are from references 7 and 14, respectively.
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similar to that of the mature genomes with the RC form of
DNA). It should also be mentioned here that the HBV DNA
signals in fractions 2 to 6 (Fig. 2) represent nonenveloped (or
naked) core particles in the medium. Since these naked core
particles have never been observed in the sera of patients, the
biological significance or relevance of their presence in the
tissue culture system remains unclear. In this report, we will
focus only on the enveloped virions at fractions 10 to 14.
Finally, we noted that ayw mutant F97I secretes a significantly
reduced level of virions containing mature genomes (fraction
10 to 14) and does not have the immature secretion phenotype.

Quantitative comparisons among these six different geno-
types are made possible because of two internal controls: (i)
for example, the intracellular HBV DNA replication activities
among adr wt I97I and adr variant I97L are more or less equal
(Fig. 3, right); (ii) as mentioned above, immature secretion can
be defined quantitatively by the RC/SS ratio. Therefore, within
each experiment, each value of the RC/SS ratio in different
genotypes is internally controlled by itself, and thus the RC/SS
value should be independent from experimental variations,
such as transfection efficiency.

No defect in DNA replication in adr mutants I97L and I97F.
Previously, we reported pleiotropic effects of mutation F97L in
ayw HBV: in addition to the extracellular immature secretion
phenotype, we also detected the reduction of the intracellular
HBV DNA, particularly the RC form and plus-strand DNA

synthesis (40). Since immature secretion was now observed in
adr mutant I97L (Fig. 2), we tested whether any similar intra-
cellular deficiency could also be detected in adr mutant I97L by
Southern blot analysis. As shown in Fig. 3 (upper and lower
right), to our surprise, there was no apparent difference in the
intracellular HBV DNA synthesis between adr mutants (I97L
and I97F) and the parental wt isolate (I97I). In contrast, both
ayw mutants (F97L and F97I) displayed a significant reduction
in RC form and plus-strand DNA synthesis (Fig. 3, lower and
upper left), and minor reduction in minus-strand DNA synthe-
sis (Fig. 3, lower left), relative to the ayw parental wt isolate
(F97F). Previously, some duck hepatitis B virus core antigen
mutants exhibited intracellular DNA deficiency, which is actu-
ally created by in vitro nuclease digestion during the prepara-
tion of viral DNA from physically unstable mutant core parti-
cles (15). As shown in Fig. 3 (middle), ayw mutants F97L and
F97I exhibited a reduced level of HBV DNA even in the
absence of nuclease treatment. Therefore, the intracellular
DNA deficiency of ayw mutants F97L and F97I is not primarily
caused by the same combined effects of a structurally unstable
mutant core particles and the in vitro nuclease digestion.

A cis defect but no trans defect in plus-strand synthesis
caused by ayw mutation F97I. Our recent study of ayw mutant
F97L indicates that its intracellular DNA deficiency is caused
by both the trans effect of the mutant core protein and the cis
effect of a mutant genome (40). Since both ayw mutants F97L

FIG. 2. Immature and mature secretions of Dane particles in HBV variants and wt of different subtypes in gradient centrifugation analysis. Ten micrograms of
subtype adr or ayw plasmid DNA was transfected into human hepatoma HepG2 or Huh7cells, respectively. The media were collected on days 5 and 7 posttransfection.
Viral particles were then purified from the media through a 20% sucrose cushion and subjected to isopycnic centrifugation in a gradient of 20 to 50% (wt/vol) cesium
chloride. Fractions were separated according to their buoyant density and then submitted to HBsAg assay using an AbbottAuszyme EIA kit and HBeAg assay using
an Abbott HBe (rDNA) EIA kit (data not shown). The enveloped virions, which are HBsAg positive, band at a density near 1.24 g/cm3 around fractions 10 to 14, while
the nonenveloped core particles, which are HBsAg negative and HBcAg positive, band at a density near 1.35 g/cm3 around fractions 2 to 6. The focus of this study is
on enveloped virion fractions. Extracellular HBV DNA in every other fraction was detected by a 3.1-kb HBV ayw subtype (upper panel) or adr subtype (lower panel)
DNA probe. To reveal the weak HBV DNA signals at fractions 10 and 12 of ayw mutant F97I (upper right panel), prolonged exposure of the X-ray film was necessary,
which resulted in the background noise at fractions 16, 18, and 20. RC, full-length relaxed-circle HBV DNA replicative intermediates at 4.0 kb; SS, full-length
single-stranded HBV DNA replicative intermediates at 1.5 kb. Based on four independent transfection experiments, the RC/SS ratio of adr mutant I97L in HepG2 cells
is close to 1.5 6 0.4, while the RC/SS ratio of adr wt I97I in HepG2 cells is close to 9.3 6 2.4. These RC/SS ratios are approximately twofold higher than the previously
reported RC/SS ratios of ayw wt F97F and ayw mutant F97L in Huh7 cells (see Discussion).
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and F97I contain a similar intracellular phenotype of RC form
and plus-strand deficiency (Fig. 3, upper and lower left), we
predicted that the intracellular DNA deficiency of ayw mutant
F97I, like that of ayw mutant F97L, is probably caused by both
cis and trans effects of the codon 97 mutation. To our surprise,
the ayw mutant F97I core protein (SVCF97I), when provided
in trans to a core-defective and replication-defective ayw mu-
tant 1903, can rescue the mutant 1903 to a replication level
comparable to the rescue by the wt core protein (SVCF97F)
(Fig. 4). Therefore, unlike ayw mutant F97L core protein, ayw
mutant F97I core protein has no trans effect on HBV RC form
and plus-strand DNA synthesis (Fig. 4). Taken together, the
results in Fig. 3 and 4 imply only a cis defect in RC form and
plus-strand DNA synthesis caused by ayw HBcAg mutation
F97I.

Both adr and ayw mutant core proteins containing a leucine
residue at amino acid 97 are necessary and sufficient for the
immature secretion phenotype. As shown in Fig. 2, we have
demonstrated that mutant genotypes F97L (ayw) and I97L
(adr), when they exist in an HBV tandem dimer form, exhibit
the immature secretion phenotype. In contrast, ayw mutant
F97I and adr mutant I97F secrete virions with mature genome
in a way qualitatively similar to that of their parental wt viruses.
To rigorously prove that the immature secretion is indeed
caused by the acquisition of a leucine residue at amino acid 97
of HBcAg in ayw mutant F97L and adr mutant I97L, we
needed to dissociate the potential cis effect of a mutant 97
DNA genome (or RNA pregenome) from the potential trans

effect of a mutant core protein with a leucine at amino acid 97.
To this end, we performed a functional complementation and
gradient centrifugation analysis (Fig. 5 and 6). When the core
gene AUG knockout mutant 1903 is rescued by cotransfection
with different simian virus 40 expression vectors containing
various versions of HBV core protein (F97F, F97L, F97I, I97I,
I97L, and I97F), only the core protein from ayw mutant F97L
(Fig. 5) and adr mutant I97L (Fig. 6) can cause the immature
secretion phenotype. In summary, this experiment provides
direct evidence that it is the mutant HBcAg with a leucine at
amino acid 97, rather than the mutant nucleotide or ribonu-
cleotide at codon 97 of the HBV genome, that is primarily
responsible for the immature secretion of enveloped Dane
particles.

DISCUSSION

The immature secretion phenotype was first observed in the
gradient centrifugation analysis of Dane particles from an ayw
HBcAg mutant F97L (40). Here, we demonstrate further that
immature secretion is not restricted to the ayw mutant F97L
but in fact can be extended to the adr mutant I97L (Fig. 2),
suggesting a universal phenomenon among different HBV sub-
types.

Subtype-dependent DNA replication deficiency. In contrast
to the aforementioned immature secretion phenotype, the
plus-strand deficiency of ayw mutants F97L and F97I is subtype
dependent since no similar defect is observed in their counter-
parts adr mutant I97L and adr wt I97I (Fig. 3; Table 1). HBV
genotypes or subtypes have approximately 10% nucleic acid
sequence divergence (21). In the case of the ayw and adr
plasmids used in this study (7, 14), there are about 300 nucle-
otide differences between these two different HBV strains
(data not shown). Perhaps one general and practical lesson
that we have learned here is that the context effect should
always be carefully examined in the study of viral variants.
When the same mutation at the same position is introduced
into two closely related genetic backgrounds, the outcomes in

FIG. 3. Deficiency of intracellular HBV DNA synthesis is found in the ayw
codon 97 mutants but not in the adr counterparts. HBV subtype adr or ayw core
particle-associated DNA was harvested 7 days after transfection of human hep-
atoma Huh7 or HepG2 cells, respectively, and analyzed by Southern blot analysis
using a plus-strand-specific riboprobe (upper panel). Following removal of the
plus strand-specific riboprobe, the same filter was rehybridized with a minus-
strand-specific riboprobe (lower panel). Intracellular core particle-associated
HBV DNA was purified with or without micrococcal nuclease or restriction
enzyme DpnI treatment (1MN/2DpnI versus 2MN/1DpnI). The DpnI treat-
ment can selectively digest the methylated input plasmid DNA originated from
bacteria but not the de novo-synthesized HBV DNA originated from transfected
hepatoma cells. DpnI-digested plasmid DNA is indicated by p.

FIG. 4. The deficiency of ayw mutant F97I in intracellular viral DNA syn-
thesis is not caused by a trans defect of its mutant F97I core protein. The ayw
mutant F97I core protein was used to trans complement a core gene AUG
knockout ayw mutant 1903 (Materials and Methods) via cotransfection into
human hepatoma Huh7 cells, and the rescue effect on intracellular HBV DNA
synthesis was compared with those for ayw wt or ayw mutant F97L core protein.
The ayw wt and ayw mutant F97L and F97I core proteins have been shown to be
equally stable in vivo in immunoblot analysis (reference 40 and data not shown).
The same filter of intracellular HBV DNA was detected sequentially with three
different probes: a minus strand-specific riboprobe, a plus-strand-specific ribo-
probe, and a 3.1-kb HBV double-strand-specific probe.
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the same functional assay could be surprisingly different. A
similar example can be cited in the case of the HBV e-antigen-
negative, precore TAG-28 mutation, which occurs more fre-
quently in French patients carrying genotype D than in those
carrying genotype A (16). This is probably because the selec-
tive pressure against the occurrence of a deleterious TAG-28
mutation within the stem-loop RNA structure of the encapsi-
dation signal is more stringent in genotype A than in genotype
D (16, 22, 37).

Subtype-independent immature secretion. Among the six
different genotypes studied in Fig. 2, 5, and 6, only the ayw
mutant F97L and adr mutant I97L displayed similar immature
secretion phenotypes, despite their differences in genomic nu-
cleotide sequence context (data not shown). The genome mat-
uration signal hypothesis (29), which was proposed to explain

the selective export of the more mature wt duck DHBV ge-
nome, is not readily applicable to the core antigen leucine-97
mutants of HBV. In conclusion, as summarized in Table 1,
immature secretion is a subtype-independent, HBcAg-depen-
dent, and leucine 97-dependent phenotype.

Replication deficiency of ayw mutant F97I is caused by a cis
defect. Although ayw mutant F97I does not have an immature
secretion phenotype (Fig. 2), it does exhibit very weak repli-
cation activity (Fig. 3, upper left). However, when the core
gene AUG knockout mutant 1903 was rescued by cotransfec-
tion with ayw mutant F97I core protein (SVCF97I), the res-
cued mutant 1903 exhibited both normal level and normal
pattern of HBV DNA replicative intermediates, both intracel-
lularly (Fig. 4) and extracellularly (Fig. 5, bottom). Therefore,
the barely detectable level of extracellular Dane particles of
ayw mutant F97I (Fig. 2, upper right) most likely reflects the
significantly reduced intracellular pool size of HBV DNA rep-
licative intermediates (Fig. 3, left). We conclude that the rep-
lication defect of ayw mutant F97I is not caused by its mutant
core protein and instead is caused by a cis defect of the ge-
nome.

Dissociation between the intracellular and extracellular
pleiotropic phenotypes of ayw mutant F97L. Although the in-
tracellular and extracellular levels of HBV DNA could be
closely related in the case of ayw mutant F97I, it is unclear if
the intracellular profile of plus-strand deficiency of ayw mutant
F97L is caused by the highly efficient export (thus leading to
depletion) of the intracellular pool of RC form DNA or, con-
versely, the extracellular Dane particles containing immature
genomes are a direct consequence of the intracellular ineffi-
cient synthesis of RC form of DNA within the mutant core
particles (40) (Fig. 2 and 3). Our unexpected findings that adr
mutant I97L has no intracellular DNA synthesis deficiency
(Fig. 3) yet maintains the extracellular immature secretion
phenotype (Fig. 2 and 5) lend support for an independent,
rather than cause-effect, relationship between the intra- and
extracellular phenotypes of ayw mutant F97L.

Absolute and relative degree of genome maturity in virions
of different HBV subtypes in different cell lines. The absolute
degree of genome maturity of ayw wt virions can be defined by
an extracellular RC/SS ratio of around 3.82 6 0.79, while ayw
mutant F97L has an extracellular RC/SS ratio of around
0.67 6 0.20 in Huh7 cells (40) (Fig. 2). Therefore, one can
conclude that the relative degree of genome maturity in ayw
mutant F97L is about sixfold lower than that of ayw wt HBV
(3.82/0.67). Based on four independent transfection experi-
ments (one of which is shown in Fig. 2), the extracellular
RC/SS ratio of adr mutant I97L is 1.5 6 0.4, while that of adr
wt I97I is 9.3 6 2.4, in HepG2 cells. Therefore, the relative
degree of genome maturity in adr mutant I97L virions is also
about sixfold lower than that of adr wt I97I (9.3/1.5). Generally

FIG. 5. The reduced amount of secreted virions from ayw mutant F97I (con-
taining predominantly mature genomes) is not caused by a trans defect of its
mutant core protein. The ayw mutant F97I core protein was used to trans
complement ayw core-defective mutant 1903 via cotransfection into human hep-
atoma Huh7 cells, and the rescue effect on virion secretion was compared with
those for wt or ayw mutant F97L core protein. The experimental procedures for
the gradient centrifugation analysis were as described for Fig. 2. Part of the
naked core particle fractions in this particular experiment rescued by wt core
protein (SVCF97F) (upper panel) was accidentally lost during the dialysis pro-
cedure.

TABLE 1. Summary of the subtype-dependent and -independent
phenotypes associated with the same mutation at codon 97 of

human HBV core gene

Subtype Phenotype
Intracellular subtype-
dependent plus-strand

DNA deficiency?

Extracellular subtype-
independent

immature secretion?

ayw F97F (wt) No No
F97L Yes Yes
F97I Yes No

adr I97I (wt) No No
I97L No Yes
I97F No No
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speaking, we noted that virion-associated HBV genomes tend
to be more mature (higher molecular weight) in HepG2 than
in Huh7 cells. In addition, if we compare the middle panels of
Fig. 5 and 6, adr-subtype core protein seems to yield more
mature virions than ayw subtype protein in the same host cells,
at least in the experimental setting of trans complementation.
However, in the experimental setting of HBV tandem dimers
(Fig. 2), because of the overexposure of this specific X-ray film,
the adr-HepG2 combination does not appear to be appreciably
more mature than the ayw-Huh7 combination. While the ab-
solute degree of genome maturity of HBV virions depends on
multiple parameters, such as the subtypes and cell lines, the
relative degrees of genome maturity between adr mutant I97L-
HepG2 and ayw mutant F97L-Huh7 are quantitatively similar
(both are about sixfold less mature than their parental wt
HBV). It should also be mentioned that compared to adr wt
I97I and adr mutant I97L, mutant I97F appears to have an
intermediate relative degree of genome maturity (about 2.5
fold more mature than adr mutant I97L).

Naked (nonenveloped) core particles. As shown in Fig. 2,
naked core particles at the high-density fractions (fraction 2 to
6) from the CsCl gradient of ayw wt F97F and ayw mutant F97I
are more abundant than those of ayw mutant F97L, as mea-
sured by the enzyme-linked immunosorbent assay (data not
shown). However, in the case of the adr subtype, both wt and
mutants I97L and I97F produced naked core particles at a
much lower level than the wt ayw. It is possible that these
naked core particles are not always physically stable in CsCl
gradient centrifugation, and a different gradient system might
be better for preserving the integrity of these naked core par-
ticles. Since naked core particles have never been observed in
the sera of patients, it remains possible that they are released
into the media as a result of cell lysis from a small proportion
of the transfected cell culture. The biological significance of
naked core particles in tissue culture remains to be further
investigated.

Biological significance of mutants 97 in patients. Preferen-
tial occurrence of mutations at the so-called domain IV of
HBcAg (amino acids 79 to 121) has been found in HBV DNA
isolated from liver samples with HBV-related hepatocellular
carcinomas (10). In our previous study using a small sampling
size (n 5 9), approximately 83% of liver samples containing
active HBV replication also contain mutations within domain
IV. The most frequent missense mutation within domain IV is
the substitution at amino acid 97. We noted that this domain
IV overlaps with potent T-cell epitopes (12, 18, 19, 31). It
should also be mentioned that the emergence of mutant 97
over the wt HBV has been reported in one longitudinal study

of a chronic HBV carrier (3). Whether mutant 97 in general is
an immune escape variant remains to be tested experimentally.
Here, we hypothesize that intracellular DNA deficiency and/or
immature secretion of mutant 97 could reduce the total infec-
tious virus titer, leading to the decreased level of HBV-specific
target antigens, which consequently could favor the mainte-
nance of chronic infection by lowering the intensity of immune
attack.
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