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A very frequent missense mutation at codon 97 of human hepatitis B virus (HBV) core antigen (HBcAg) has
been found in chronic carriers worldwide. Functional characterization of this mutant revealed one intracellular
and two extracellular phenotypes in contrast to wild-type HBV: (i) a 6- to 12-fold decrease in the level of the
full-length relaxed circular DNA, a 4- to 5-fold decrease in the plus-strand DNA, and an approximately 1.8-fold
decrease in the minus-strand and overall DNA levels in the intracellular viral core particles; (ii) a 5.7-fold
increase in the immature secretion of Dane particles, containing minus-strand, single-stranded virion DNA;
and (iii) a significant reduction of nonenveloped core particles in the medium. The steady-state levels of mutant
and wild-type core proteins expressed from the same vector appeared to be similar. Using a complementation
assay and gradient centrifugation analysis, we demonstrated that this mutant core protein alone is necessary
and sufficient for immature secretion. The decreased level of intracellular HBV DNA is caused by both the cis
defect of the mutant genome and the frans defect of the mutant core protein. We have dissected further the
relationship between the intracellular and extracellular phenotypes of mutant F97L. The pleiotropic effects of
the HBcAg codon 97 mutation were observed consistently in several different experimental settings. The

mechanism and biological significance of these findings are discussed.

Hepatitis B virus (HBV) is a major human infectious patho-
gen. Worldwide, there are at least 300 million chronic carriers
of HBV. Chronic active hepatitis associated with HBV infec-
tion often leads to the development of cirrhosis, liver failure,
and highly malignant liver cancer (8, 42, 43). Because the
reverse transcriptase of HBV is error prone, the fidelity of
HBV DNA synthesis is low. Therefore, sequence divergence
within the HBV genome during the long-term carriage of HBV
in patients is expected. However, unless a selective advantage
can be conferred by particular sequence changes, one would
not necessarily expect a particular mutant to emerge and pre-
dominate during the evolution of disease.

Despite the identification of many naturally occurring HBV
variants, most of the variants either have not been character-
ized functionally or, rather disappointingly, have not been
found to exhibit strong aberrant phenotypes in the available
assays. A weak phenotype with a borderline difference from
the wild type is a very common frustration in the research of
variants. Part of the difficulty is due to the lack of a priori
knowledge about which functional assay will be more informa-
tive for different variants.

A good example to illustrate this problem in the functional
characterization of an HBV mutant is the study of naturally
occurring mutations in the HBV core antigen (HBcAg).
HBcAg is a 22-kDa protein with multiple functions, including
interactions with the pregenomic RNA and polymerase during
encapsidation (32), with itself to polymerize into a core particle
(4), and with viral DNA during reverse transcription and DNA
elongation (19); import of relaxed circular (RC) DNA to the
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nucleus (49); and targeting to the endoplasmic reticulum for
envelope formation (6, 34). In addition to serving as a struc-
tural component of nucleocapsid particles, HBcAg has been
hypothesized to serve as a signal transducer which can sense
and transmit the signal of genomic DNA maturation inside the
core particle to the machinery of envelope formation for se-
cretion (44). It is thus conceivable that the functional signifi-
cance associated with a naturally occurring core antigen mu-
tation could be complex and unpredictable. For example, a
naturally occurring core internal deletion variant (1, 33, 53) has
been shown to contain all of the functional features of defec-
tive interfering particles and may play a role in chronicity and
pathogenesis in HBV natural infection (58, 59).

In addition to the deletion mutation of the HBcAg gene,
a naturally occurring missense mutation at codon 97 of the
HBcAg gene was first reported by Ehata et al. in 1992 (12). In
the past 5 years, more than 20 papers have reported mutations
at the same position (see, e.g., references 2, 5, 10-13, 16-18, 21,
22,24, 26, 30, 35-37, 50-52). As shown in Fig. 1, the codon 97
mutation occurs in a hot-spot mutational domain (10, 11, 21),
within HBcAg amino acids 80 to 120, with a frequency com-
parable to (or even higher than) that of the e antigen-negative
precore mutation (40). The codon 97 mutation often changes
the wild-type amino acid from phenylalanine (or isoleucine)
into leucine. Because of the similarity in the hydrophobicities
of these amino acids, it is difficult to predict if a major func-
tional difference between the wild type and the codon 97 mu-
tant will occur.

Here, we report a surprising discovery that the seemingly
subtle missense mutation at codon 97 of HBcAg results in
distinct pleiotropic effects. This mutant not only secretes a
significantly increased amount of Dane particles containing the
immature replicative intermediate of minus-strand DNA but
also has a significantly reduced level of the intracellular viral
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FIG. 1. Mutational hot spots within HBcAg in chronic carriers. A missense mutation at codon 97 appears to be the most frequent HBcAg mutation in natural
infection (10, 11, 21). The sizes of the dots reflect their respective estimated average mutation frequencies found in chronic hepatitis B patients (data are compiled from

references 2, 11, 21, 22, and 24): large dots, more than 45%; medium dots, 20
predominant mutation at this position.

plus-strand DNA and the RC form. Furthermore, we focused
our investigation on the mechanism and relationship between
these two distinct phenotypes caused by a common naturally
occurring mutation at HBcAg codon 97.

MATERIALS AND METHODS

Preparation of HBV intracellular core particles and viral DNA was as de-
scribed previously (57). Gradient analysis of secreted viral particles was as de-
tailed elsewhere (58). Procedures for immunoblot analysis of HBcAg were as
described by Yuan et al. (58).

Plasmid constructs. (i) pWT, pF97L, p1903, pF97L/1903, pSK/O, pF97L/
SK/O, and pECE24. pWT, described as pSV2NeoHBV2x elsewhere (41), is a
replication vector of wild-type HBV with a tandem dimer configuration. Site-
directed mutagenesis was performed to introduce specific mutations into the
HBYV monomer genome, which was subsequently dimerized to mimic the genetic
configuration of HBV (38). The oligonucleotide used to create mutation FO7L is
5'-GGG CCT AAA GCT CAG GCA ACT-3'. The initiation codon of the core
antigen in mutants p1903 and pF97L/1903 was abolished with the oligonucleotide
5'-TTT TGG GGC ATA GAC ATC GAC C-3'. The oligonucleotide used to
eliminate the initiation codon of the surface antigen in pSK/O and pF97L/SK/O
is 5'-CGC TGA ACA CGG AGA ACA TC-3'. The mutated nucleotides are
underlined. The resulting tandem dimers were confirmed by restriction enzyme
digestion and DNA sequencing.

(ii) pSVC, pSVC97, and pECE24. pSVC is a wild-type core antigen expression
vector under the control of the simian virus 40 (SV40) enhancer and early
promoter. The cloning strategy for pSVC has been described previously (58, 59).
The same protocol for constructing pSVC was used for the construction of
pSVCY7, using mutant pF97L as a PCR DNA template. Plasmid pECE24 is an
expression vector for the major surface antigen (34). Except for pECE24 (adw),
all HBV constructs were derived from HBV subtype ayw (14).

DNA and RNA probes. (i) Full-length HBV DNA probe. The full-length 3.1-kb
HBYV DNA fragment was purified from pWT by EcoRI digestion. Approximately
25 ng of the 3.1-kb DNA fragment was radiolabelled by using a random-primed
DNA labelling kit (Boehringer Mannheim Co.). Standard procedures for South-
ern blot analysis were used in this study.

(ii) Plus-strand-specific riboprobe. pGEM-4Z-HBV was constructed to pro-
duce plus- or minus-strand-specific RNA probes. pPGEM-4Z-HBYV contains one
copy of the HBV monomer genome in the pPGEM-4Z vector (Promega, Madison,
Wis.). Use of the T7 or SP6 promoter at either end of the HBV monomer
produces either plus-strand- or minus-strand-specific probes, respectively. In
vitro transcription of Xhol-linearized pGEM-4Z-HBV DNA with T7 polymerase
produces a 3.1-kb RNA fragment which specifically hybridizes with the plus-
strand HBV DNA. In vitro transcription to make the 3*P-labelled RNA probes
was performed by the procedure recommended by the manufacturer (Amer-
sham).

(iii) Minus-strand-specific riboprobe. The minus-strand-specific RNA probe
was synthesized by using HindIII-linearized pGEM-4Z-HBV DNA and SP6
polymerase for in vitro transcription.

Quantitative measurement of different replicative intermediates of HBV
DNAs. Quantitative comparisons of plus-strand-, minus-strand-, and double-
strand (ds)-specific signals were made by measuring the images from X-ray film,
counting the entire lane from the 4.0-kb position to the bottom of the lane. The
banding intensity of the full-length RC form was measured by counting the signal
at the 4.0-kb position. The intensity of the total RC-form population was mea-
sured by counting the signal from the 4.0-kb position to a position right above the
1.5-kb position of single-stranded (ss) DNA, 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 with either a Howtek Scanmaster 3+
machine or a Stratagene Eagle Eye II. The stored image was then analyzed by
using the ONE-DScan computer program (Scanalytics Co., Billerica, Mass.).

RESULTS

To investigate the functional significance of the codon 97
mutation in HBcAg, we introduced a mutation at codon 97,

to 35%; and small dots, fewer than 20% of patients are found to have virus with a

changing the amino acid from wild-type (ayw) phenylalanine
(F) to mutant leucine (L) (see Materials and Methods). Plas-
mid DNA of a tandem homodimer of mutant F97L was trans-
fected into the Huh7 human hepatoma cell line via the calcium
phosphate technique. At 5 days posttransfection, intracellular
core particle-associated DNA was analyzed by Southern blot
analysis, while the extracellular viral particles were collected
from the medium and analyzed by CsCl gradient centrifugation
and Southern blot analysis.

Decreased overall DNA synthesis in mutant F97L core par-
ticles. As shown in Fig. 2 (left panel), with the ds probe, the
overall HBV DNA content of mutant FO7L core particles was
decreased by approximately 1.8-fold. However, the most strik-
ing difference (6- to 12-fold) came from the absence of appar-
ent full-length RC form at the 4.0 kb-position. When wild-type
core protein was provided in frans from the plasmid pSVC, this
defect in RC and overall viral DNA synthesis could be partially
rescued (Fig. 2, left panel). Cotransfection of pSVC with wild-
type virus does not increase HBV DNA synthesis in this system
(data not shown).

More severe deficiency in plus-strand DNA synthesis in
mutant F97L core particles. The absence of the full-length
RC-form DNA at the 4.0-kb position and the near-normal
amount of ss DNA at and below the 1.5-kb position (Fig. 2, left
panel), compared to the wild type, imply a specific defect in
plus-strand DNA synthesis in mutant FO97L. To determine if
this is indeed the case, the ds probe in Fig. 2, left panel, was
removed and the same filter was rehybridized with radiola-
belled, strand-specific riboprobes (see Materials and Meth-
ods). The minus-strand-specific riboprobe gave a hybridization
pattern (Fig. 2, right panel) similar to that of the ds probe (left
panel). However, the difference in plus-strand DNA synthesis
between the wild type and mutant F97L was more evident
(approximately four- to fivefold according to densitometer
quantitation) (see Materials and Methods) (Fig. 2, middle pan-
el). Thus, the plus-strand-specific probe appeared to be the
most diagnostic in distinguishing the intracellular phenotype of
decreased DNA synthesis in mutant F97L from that of the wild
type.
Mutant F97L secretes Dane particles containing predom-
inantly immature HBV DNA (minus-strand, ss DNA). It is
known that the replicative intermediates of minus-strand DNA
are precursors to RC DNA. Thus, a loss in the RC form and
plus-strand synthesis (Fig. 2) could result in an accumulation of
minus-strand DNA prior to plus-strand initiation or elonga-
tion. However, we observed no apparent increase or accumu-
lation of minus-strand DNA replicative intermediates in mu-
tant FO97L relative to the wild type (Fig. 2, right panel). This
puzzle prompted us to examine the extracellular DNA profile
of HBV particles in the medium from a mutant F97L-trans-
fected culture.

As shown in Fig. 3A, the HBV surface antigen (HBsAg)
peaks appear at similar positions for both wild-type and mu-
tant FO7L viruses. HBV DNA from odd-numbered fractions
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FIG. 2. One characteristic intracellular phenotype of mutant F97L is the decrease of overall HBV DNA replication, particularly in plus-strand DNA synthesis. This
replication defect of mutant FO7L can be partially rescued by providing wild-type (wt) core protein in frans. Ten micrograms of each plasmid DNA was transfected into
Huh?7 cells. Core particle-associated DNA was harvested 5 days posttransfection and analyzed by Southern blot analysis. Intracellular HBV DNA was then detected
with a 3.1-kb HBV ds DNA probe (left panel), a plus-strand-specific riboprobe (middle panel), and a minus-strand-specific riboprobe (right panel) (see Materials and
Methods). These three different probes were applied to the same nitrocellulose membrane sequentially. Full-length RC-form DNA at 4.0 kb and ss DNA at 1.5 kb are

indicated by arrows.

was then analyzed by Southern blot analysis with a ds probe
(Fig. 3B, upper panels), a plus-strand-specific probe (Fig. 3B,
middle panels), and a minus-strand-specific probe (Fig. 3B,
lower panels). A striking difference between the wild type and
mutant F97L was evident in the ss DNA-specific region below
the 1.5-kb position in the Dane particle fractions 9, 11, and 13
(1.24 g/em?) (Fig. 3B, upper panels). In the case of the wild
type, the majority of HBV DNA in these fractions always
occurs as the mature RC form above 1.5 kb. In contrast to the
case for the wild type, the majority of mutant FO7L DNA
almost always occurs as the minus-strand, ss DNA at and below
1.5 kb. To be more quantitative, we measured the intensities of
the RC and ss DNAs in Fig. 3B (upper panels) by densitometry
(see Materials and Methods). The average of the extracellular
ratio of the RC to the ss form for the wild type is 3.8, and that
for mutant F97L is 0.67 (Table 1). Therefore, the relative
amount of immature ss DNA compared to the mature RC
DNA has increased by 5.7-fold (3.8/0.67) in mutant F97L com-
pared to the wild type. No apparent difference between the
wild type and mutant F97L was observed when the same filters
were hybridized with the plus-strand-specific riboprobe (Fig.
3B, middle panels). Therefore, in contrast to the case for the
intracellular phenotype, the minus-strand-specific probe ap-
peared to be the most diagnostic in distinguishing between the
extracellular phenotypes of the wild type and mutant FO7L
(Fig. 3B, lower panels).

Mutant F97L appears to release a much-reduced amount of
nonenveloped core particles. In addition to the differences in
the enveloped Dane particles, there is a difference between the
wild type and mutant F97L in the high-density fractions (frac-
tions 1, 3, and 5 [around 1.35 g/cm’]). Nonenveloped core
particles containing predominantly minus-strand DNA have
been detected in the medium from wild-type-hepadnavirus-

producing cell cultures (7, 39, 45, 48), which is also reproduced
in Fig. 3B (upper left panel). However, unlike the case for
wild-type HBV, no appreciable amounts of viral DNA (Fig. 3B,
upper right panel) or core antigen (Fig. 3A) could be detected
in these high-density fractions for mutant F97L.

Comparison of the wild-type and mutant F97L steady-state
core protein levels by immunoblot analysis. The difference in
the intra- and extracellular HBV DNA patterns for the wild
type and mutant F97L could be caused by the difference in
the stabilities of their respective core proteins. We therefore
compared the steady-state levels of each protein produced
by wild-type HBV and mutant F97L in the context of an HBV-
replicating system (i.e., with the tandem homodimeric form of
wild-type and mutant virus DNA in transfection) (Fig. 4). By
immunoblot analysis with a rabbit anticore antibody (3), we
observed an approximately twofold difference in their steady-
state levels of core proteins. This difference appears to be more
related to their difference in replication potential, since the
level of pre-S1 protein, as an internal control measured by
immunoblot analysis (20), was also reduced by about twofold
in the mutant F97L-transfected culture (data not shown). Con-
sistent with the reduced amounts of HBV DNA, pre-S1, and
core proteins in mutant FO97L (Fig. 2 and 4), the 3.5-kb core-
specific mRNA of mutant FO7L was also reduced by about
twofold when measured by both RNase protection assay and
Northern blot analysis (data not shown). To determine if the
difference in DNA replication results in the apparent differ-
ence in core protein levels seen in Fig. 4, both wild-type and
mutant FO7L core proteins were expressed from the same
SV40 enhancer-promoter vectors. As shown in Fig. 4, we found
no apparent difference in the steady-state levels of these two
different core proteins expressed from the same expression
system without concomittant HBV DNA replication. There-
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FIG. 3. Gradient centrifugation analysis of extracellular viral particles reveals the secretion of immature minus-strand, ss DNA forms in the Dane particle fractions
(1.24 g/em?) for mutant F97L. Conditioned media were collected on days 3 and 5 posttransfection. Viral particles were first purified from the media through a 20%
sucrose cushion; this was followed by isopycnic centrifugation in a gradient of 20 to 50% (wt/vol) cesium chloride. (A) Fractions were separated according to their
buoyant densities; this was followed by dialysis and enzyme immunoassay for HBsAg and HBcAg (see Materials and Methods). WT, wild type. (B) The extracellular
HBV DNA in each fraction was analyzed by Southern blot analysis with a ds-specific 3.1-kb HBV DNA probe (upper panels), a plus-strand-specific riboprobe (middle

panels), and a minus-strand-specific riboprobe (lower panels).

fore, the small difference in the core protein level between the
wild type and mutant F97L appears to be the result, rather
than the cause, of their difference in DNA replication (Fig. 2).

The mutant F97L core protein product contributes to the
intracellular phenotype of plus-strand deficiency. As seen ear-
lier (Fig. 2), the deficiency in synthesis of the plus-strand and
RC forms of mutant F97L can be partially rescued by cotrans-
fection with the wild-type core protein expression plasmid
pSVC. This suggests that at least part of the intracellular plus-

strand deficiency of mutant F97L is caused by the mutant core
protein itself. Indeed, as shown in Fig. 5 (middle panel), a
reproducible difference in plus-strand synthesis, albeit only
twofold or so, was observed when the same HBV dimer con-
struct with the core AUG abolished (p1903) (with the wild-
type sequence for codon 97) was rescued either by wild-type
(pSVC) or by mutant F97L (pSVC97) core protein. Consistent
with this difference in plus-strand synthesis (Fig. 5, middle
panel), a small and reproducible difference in overall DNA
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TABLE 1. Summary of the intracellular and extracellular ratios
between RC and minus-strand, ss DNA in different
experimental settings”

RC/ss DNA ratio (mean = SD)”

Expt setting Source of data

Intracellular Extracellular

(figurefs])
Wild-type HBV dimer 0.71 = 0.09 3.82 +0.79 2,3
Mutant F97L dimer 0.44 = 0.07 0.67 = 0.20 2,3
p1903 plus SVC 0.70 4.0 5,6
p1903 plus SVC-97 0.64 1.0 5,6
SK/O plus pECE 0.35 4.50 8,9
F97L/SK/O plus pECE 0.30 0.71 8,9
SK/O 0.43 8
F97L/SK/O 0.30 8

“ RC DNA, signals above the 1.5-kb position; ss DNA, signals at and below the
1.5-kb position. Quantitation of the images of RC and ss DNAs was as described
in Materials and Methods.

® Standard deviations were calculated from three to five independent experi-
mental results with ds-specific probes. Values without standard deviations are
averages of at least two independent experimental results.

synthesis (left panel) and minus-strand DNA synthesis (right
panel) was also observed.

The core protein of mutant F97L is necessary and sufficient
for the extracellular phenotype of immature secretion. To de-
termine whether the mutant core protein contributes to the
extracellular phenotype of immature secretion, we compared
the gradient profiles of viruses produced by cotransfection of
p1903 plus pSVC or p1903 plus pSVC97. As shown in Fig. 6,
mutant core from pSVC97 (lower panel), but not wild-type
core from pSVC (middle panel), can reproduce the immature
secretion phenotype of mutant F97L as seen in Fig. 3B (upper
panel). Therefore, mutant F97L core protein alone is neces-
sary and sufficient for the immature secretion. We also noted
that the naked core particles in the higher-density fractions 1
and 3 were greatly diminished when mutant 1903 with the core
AUG abolished was rescued with the mutant F97L core pro-
tein (SVC97) (lower panel), compared to the rescue with wild-
type core protein (middle panel).

The cis effect of mutation F97L also contributes to the in-
tracellular phenotype of plus-strand deficiency. In addition to
the trans defect of a mutant core protein (Fig. 5 and 6), another
potential consequence of mutation F97L is to create a cis
defect in the mutant genome. To examine this possibility, we
compared the replication activities of the single mutant 1903
and the double mutant 1903/F97L in the presence of the same
wild-type core protein expressed from pSVC. Any difference in
their replication activities will be due to the cis effect of the
F97L nucleotide change, since the core protein used in both
cotransfections is the same (wild type). As shown in Fig. 7,
although the cis effect of mutation FO7L is only a 1.8-fold
reduction in overall DNA synthesis (left panel), its effect on
intracellular plus-strand synthesis in this complementation as-
say is a decrease of close to 10-fold (middle panel) and its
effect on minus-strand synthesis is a decrease of about 2.4-fold
(right panel), compared to its wild type counterpart. Taken
together, the results in Fig. 2, 5, and 7 suggest that the intra-
cellular plus-strand deficiency is in part due to the cis defect of
the mutant genome. In addition to its effect on plus-strand
synthesis, mutation FO7L seems to affect minus-strand synthe-
sis in this experimental setting. Dane particles produced from
cotransfecting mutant 1903/F97L and pSVC exhibited a gradi-
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ent profile similar to that for wild-type HBV, albeit at a sig-
nificantly reduced level, and did not have the immature secre-
tion phenotype (56). Therefore, while there is some cis effect
on the intracellular plus-strand DNA level, there is no appar-
ent cis effect on the immature secretion phenotype.
Dissection of the relationship between the intracellular
plus-strand deficiency and extracellular immature secretion
phenotype by blockage of secretion. HBsAg is known to be
required for secretion of Dane particles. To dissect the poten-
tial cause-effect relationship between the intra- and extracel-
lular phenotypes of mutant F97L, we blocked the secretion of
Dane particles by abolishing (knockout) the AUG initiation
codon of the mutant F97L HBsAg gene (pF97L/SK/O). As
shown in Fig. 8 (upper panel), we observed a significant accu-
mulation of both RC and plus-strand DNAs in the single mu-
tant SK/O and the double mutant F97L/SK/O relative to their
parental counterparts (wild type and mutant F97L, respective-
ly). Furthermore, the effect of mutation SK/O can be reversed
by cotransfection with an HBsAg expression vector, pECE24
(34). The result that the amount of accumulated RC form of
the double mutant F97L/SK/O is about twofold less than that
for the single mutant SK/O suggests that the intracellular plus-
strand deficiency of mutant F97L cannot be caused entirely, if
at all, by immature secretion (Fig. 8, upper panel). In other
words, the results support the possibility that there is an in-
trinsic deficiency in plus-strand synthesis of mutant F97L, ir-
respective of secretion status (Fig. 8, middle panel).
Dissection of the relationship between the intracellular mi-
nus-strand deficiency and the extracellular immature secre-
tion phenotype by reversing the blockage of secretion. As
shown in the lower panel of Fig. 8, mutant SK/O and mutant
F97L/SK/O accumulated similar levels of minus-strand DNA
in the absence of secretion. However, when HBsAg was pro-
vided from pECE24 to allow secretion, mutant F97L/SK/O
accumulated an approximately twofold-reduced level of minus-
strand DNA relative to that in mutant SK/O. Thus, a substan-
tial part of the minus-strand DNA of mutant FO7L/SK/O was
lost when secretion was made possible (see Discussion).
Reappearance of extracellular nonenveloped core particles
in the absence of HBsAg synthesis in double mutant F97L/
SK/O. The extracellular HBV particles collected from six dif-
ferent transfections from Fig. 8 were further compared by
gradient centrifugation analysis (Fig. 9). As expected, the se-
cretion of both wild-type and mutant F97L Dane particles is
dependent on HBsAg. However, to our surprise, the high-
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FIG. 4. Similar steady-state levels of core protein were observed by immu-
noblot analysis in cells transfected with pSVC and pSVC97 (see Materials and
Methods). The small but reproducible difference in the steady-state level of core
protein expressed from tandem dimers of wild-type (wt) and mutant F97L par-
allels production of pre-S1 protein (an internal control) (data not shown) and
viral DNA replication (Fig. 2).
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FIG. 5. Complementation assay for the trans defect of mutant F97L core protein in the intracellular phenotype of plus-strand deficiency. The mutant core protein
results in a less-than-twofold decrease in overall DNA synthesis (left panel) as well as a reproducible twofold decrease in plus-strand synthesis (middle panel). The
experimental procedures were as described in the legend to Fig. 2. Specific probes used in each experiment are indicated below each panel. wt, wild type.

density nonenveloped core particles, which were much reduced
in mutant FO7L (Fig. 3B and Fig. 9, upper panels), reappeared
in the absence of HBsAg synthesis in double mutant FO7L/
SK/O (Fig. 9, middle panels). When HBsAg was provided to
this double mutant F97L/SK/O, the signal intensity of the na-
ked core particle fractions was severely diminished, while the
Dane particle fractions reappeared, containing a majority of
the immature minus-strand HBV DNA (Fig. 9, lower panels).
We also noted that cotransfection of pECE with SK/O ap-
peared to result in a decrease in the naked core particles (Fig.
9, bottom left panel).

DISCUSSION

We have observed characteristic intracellular and extracel-
lular phenotypes associated with the frequent naturally occur-
ring mutation at HBcAg codon 97 (Fig. 1, 2, and 3). The
intracellular phenotype has been observed consistently in four
different experimental settings (Fig. 2, 5, 7, and 8), and the
extracellular phenotypes have been observed consistently in
three different experimental settings (Fig. 3, 6, and 9). The very
abrupt disappearance of the full-length RC signals in mutant
F97L (Fig. 2) suggests that it would be interesting to examine
the DNA priming specificity of mutant F97L in the future (32).
It should be noted that the term immature secretion, instead of
premature secretion, was used for the description of the extra-
cellular phenotype of mutant FO7L Dane particles; whether
such Dane particles with mutant core protein actually are se-
creted earlier (kinetically faster) than those of wild-type virus
remains to be investigated in the future.

Genome maturation signal and envelope formation. Sum-
mers and Mason (44) proposed that duck hepatitis B virus
(DHBV) DNA replication inside the core particles can trans-
mit a genome maturation signal to the surface of core particles,
which in turn recruit the envelopment machinery. Recent stud-
ies using a DHBV polymerase mutant supported this hypoth-
esis (54). On the other hand, studies using artificially created
human HBYV core or polymerase mutants demonstrated that a
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FIG. 6. Complementation assay for the trans defect of mutant FO7L core
protein in the extracellular phenotype of immature secretion. Cotransfection of
the FO97L mutant core protein alone is necessary and sufficient to result in the se-
cretion of Dane particles containing predominantly the immature form of minus-
strand ss DNA. The experimental procedures for the replication assay and gradient
centrifugation analysis were as described in the legend to Fig. 3. wt, wild type.
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genome maturation signal may not always be required for
envelopment and secretion (15, 31). The immature secretion of
the naturally occurring mutant FO7L (Fig. 3) and an artificially
created core deletion mutant (31) suggests that such a genome
maturation signal, while necessary in the wild-type duck sys-
tem, either is not required or can be bypassed for human HBV
mutants. Alternatively, while the preferential export of the RC
form in wild-type HBV could reflect a mechanism of positive
selection for more-mature capsids, our preliminary studies
here are also consistent with a mechanism of negative selection
against the export of the immature capsids in wild-type HBV.

Nonselective or less selective export of minus-strand DNA
and core-envelope interaction. When HBsAg is not provided,
mutant SK/O and mutant F97L/SK/O accumulate similar levels
of intracellular minus-strand DNA (Fig. 8, lower panel). How-
ever, when secretion was made possible by providing HBsAg
from pECE24 to mutant SK/O and mutant F97L/SK/O, about
40% of the minus-strand DNA in mutant FO7L/SK/O was lost
(Fig. 8, lower panel). It is therefore tempting to hypothesize
that the mutant core particles probably can interact with the
envelope machinery in a way that leads to the export of mutant
core particles. The less selective or nonselective export of the
intracellular minus-strand DNA can explain the distorted dis-
tribution between the mature RC form and the less mature
minus-strand DNA in the Dane particle population of mutant
F97L.

Dissecting the complicated relationships between the intra-
cellular and extracellular phenotypes. Due to the undefined
nature of the released naked or nonenveloped core particles,
we will focus our discussion only on the relationship between
the intracellular phenotype and the immature secretion of
Dane particles. As shown in Fig. 8 (upper panel), abrogating
HBsAg synthesis in mutant F97L (F97L/SK/O) can signifi-
cantly restore the intracellular pattern of HBV DNA synthesis.
This result indicates that mutant F97L retains the potential to

make the full-length RC DNA. The difference in the RC form
and replication activity between mutant SK/O and mutant
F97L/SK/O suggests that mutation F97L creates an intrinsic
defect in the intracellular plus-strand DNA synthesis regard-
less of secretion status (Fig. 8, middle panel). This result is
entirely consistent with the cis defect demonstrated in Fig. 7. In
theory, the twofold frans defect of the mutant core protein in
plus-strand synthesis (Fig. 5) could be caused indirectly by
immature secretion leading to a diminishing intracellular HBV
DNA pool. Alternatively, the trans defect of F97L core protein
could be manifested through its direct effect on the polymerase
activity in HBV DNA synthesis. The preliminary results in Fig.
9 appear to support the former possibility (see below).

Quantitative aspects of plus-strand deficiency. As shown in
Fig. 2 (middle panel), plus-strand DNA synthesis of the mutant
F97L tandem dimer is approximately four- to fivefold lower
than that of wild-type virus. Based on the complementation
assay (Fig. 5, middle panel), the mutant core protein alone
contributes to approximately a twofold decrease in the plus-
strand DNA level. Indeed, when wild-type core protein was
provided to mutant F97L, the deficiency in plus-strand synthe-
sis could be partially restored (Fig. 2). Taken together, by
subtracting these differences, one would expect that the cis
defect of the FO7L mutant genome by itself would contribute
to only a two- to threefold decrease in plus-strand synthesis. It
is therefore puzzling that there is a close-to-10-fold difference
in plus-strand synthesis between p1903 and p1903/F97L after
complementation with pSVC (Fig. 7, middle panel). It is pos-
sible, though, that the cis defect in both plus- and minus-strand
DNA synthesis could be amplified out of proportion in this
particular experimental setting of trans complementation. The
cis effect of the F97L mutation does not necessarily prove the
existence of a cis element for DNA synthesis in this portion of
the HBV core gene, however. Such speculation about a cis
element requires more careful examination.
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persists when secretion is blocked by abrogating the initiation codon of HBsAg
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legend to Fig. 2. In contrast to the plus-strand deficiency phenotype (middle
panel), the intracellular minus-strand DNA levels are similar in mutant FO7L/
SK/O and mutant SK/O (lower panel). The intracellular minus-strand deficiency
is seen only when the virus is secretion competent (lower panel; compare lanes
F97L/SK/O+pECE24 and SK/O+pECE24).
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Intracellular and extracellular ratios between RC and sin-
gle-strand DNAs. As discussed above, it is difficult to have
perfectly consistent quantitative data from different experi-
mental settings, particularly when different figures with differ-
ent probes and exposure times of X-ray film are compared with
each other. However, quantitative comparisons can be better
attempted with reference to an internal control. As shown in
Table 1, we compared the ratio of the RC form to the ss form
intra- and extracellularly. The intracellular RC/ss DNA ratio in
mutant F97L is about 1.6-fold lower than that in wild-type

J. VIROL.

HBYV. However, the extracellular RC/ss DNA ratio in mutant
F97L is about 5.7-fold (3.8/0.67) lower than that of wild-type
HBV. By comparing the intracellular and extracellular RC/ss
DNA ratios in wild-type HBYV, it appears that the RC form is
generally enriched by 5.3-fold (3.8/0.71) in the secreted Dane
particles. However, only minor enrichment for the RC form in
Dane particles with mutation F97L was seen in all of the
different experimental settings (0.67/0.44, 1.0/0.64, and 0.71/
0.30) (Table 1). Similar ratios were obtained in different ex-
perimental settings (Table 1). These findings are consistent
with the nonselective or less selective export of minus-strand
DNA for mutant F97L virus.

DNase sensitivity and the structural integrity of intracellu-
lar core particles and extracellular Dane particles. We con-
sider it highly unlikely that the decreased level of the intracel-
lular HBV DNA of mutant F97L is caused by the instability of
core particles and the exogenous nuclease digestion during the
viral DNA preparation (25, 31, 55), for the following reasons.
(i) In complementation experiments with core AUG knockout
mutants 1903 and 1903/F97L (Fig. 7), both mutants were res-
cued with the same wild-type core protein from the same SV40
expression vector. Thus, the integrity of the core particles in
both cotransfections should be the same. Contrary to this pre-
diction, we observed significant differences in both plus-strand
and minus-strand DNA synthesis between mutant 1903 and
mutant 1903/F97L. (ii) If the plus-strand and RC-form defi-
ciency is caused by nuclease degradation, which should not
discriminate between plus- and minus-strand DNAs, one
would expect to have detected a significant amount of de-
graded plus-strand signal lower than the 1.5-kb region. Con-
trary to prediction, despite the abundant presence of the mi-
nus-strand DNA lower than the 1.5-kb region in mutant F97L,
there is no significant plus-strand signal in this region (Fig. 2
and 5). (iii) A similar intracellular phenotype has been ob-
served in an HBV RNase H mutant (15), where the core
particle structure was unlikely to be affected.

One major difference between the hepadnavirus core gene
insertion mutants described by Kock et al. (25); the deletion
mutants described by Yu and Summers (55), Beames and Lan-
ford (3), and Nassal (31); and our naturally occurring HBcAg
missense mutant F97L is the degree of perturbation of the
native structure of the core protein molecules and their assem-
bled particles. The insertion and deletion mutations are gen-
erally considered to have more drastic effects, while the mis-
sense mutation in the case of mutant FO7L is likely to be more
subtle. In this regard, our results and the results of Kock et al.
(25) are not necessarily contradictory.

When DNase treatment was not included in the preparation
of extracellular Dane particles of mutant FO7L, we observed
reproducibly in several independent experiments the same
phenotype of immature secretion in gradient centrifugation
analysis (data not shown). Therefore, unlike the case for the
class II core deletion-insertion mutants, immature secretion of
the naturally occurring mutant F97L is not a phenotype de-
pendent on DNase treatment (25).

Biological significance of viral attenuation with HBcAg co-
don 97 mutation. Secretion of immature forms of woodchuck
hepatitis virus DNA has been observed in one of three natu-
rally infected woodchucks treated experimentally with acyclo-
vir (46). It remains to be seen if the immature secretion phe-
notype of the HBV codon 97 mutant can be found in the sera
of patients with chronic HBV infection. The fact that the
codon 97 mutation is very often found in natural infection (Fig.
1) suggests that it is most likely to be infectious in vivo. It is also
worth noting that codon 97 happens to fall within a potent
T-cell epitope (23, 27, 29, 47), suggesting an immune escape
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FIG. 9. Reappearance of extracellular nonenveloped core particles in the absence of HBsAg synthesis in mutant FO7L/SK/O in gradient analysis. Secretion of
wild-type (wt) and mutant F97L Dane particles is dependent on HBsAg. The ds-specific HBV probe was used for Southern hybridization.

nature of the codon 97 mutation. One major outcome of plus-
strand deficiency and immature secretion is the attenuation of
the total yield of mutant virus production. While the putative
immune escape mutation could change the quality of core
antigen, the pleiotropic effects of mutation F97L could provide
the mutant virus a mechanism to control the quantity of all of
the HBV-specific antigens. In summary, we hypothesize that
codon 97 mutation, by lowering the quantity of antigen pre-
sentation, could dampen the immune response (9, 28), leading
to a more successful maintenance of chronic infection in hu-
man HBV carriers.
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