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The APOBEC3 family of mammalian cytidine deaminases, including APOBEC3G (A3G), has been shown to
function as innate antiviral factors against retroviruses and can also suppress the replication of the hepatitis
B virus (HBV). The mechanism by which A3G inhibits HBV replication remains to be elucidated. In this study,
we show that the inhibitory effect of APOBEC3 proteins on HBV replication was mainly at the DNA level, with
only a minor effect on viral RNA packaging. The anti-HBYV effect of A3G was independent of the DNA-editing
function, and the mode of inhibition was not due to HBV DNA degradation. The editing-independent antiviral
activity of A3G could target DNA-RNA hybrids as well as single-stranded DNA. Finally, we show that there was
a preferential decrease in the accumulation of longer minus-strand DNA by A3G, compared to the shorter
minus-strand DNA, and suggest that A3G exerts its inhibitory effect at very early stages during viral reverse

transcription.

Hepatitis B virus (HBV) is a major cause of acute and
chronic viral hepatitis worldwide (12). An estimated 350 mil-
lion individuals are chronically infected with HBV; many of
these will eventually acquire severe liver diseases, including
liver cirrhosis and hepatocellular carcinoma, one of the most
common forms of human cancer. HBV belongs to the family
Hepadnaviridae, which also includes viruses that infect other
mammalian and avian species (e.g., duck HBV [DHBV]). All
hepadnaviruses contain a small (ca.-3.2-kb), partially double-
stranded (DS), relaxed-circular (RC) DNA genome and rep-
licate this DNA through reverse transcription of an RNA in-
termediate, the pregenomic RNA (pgRNA) (13, 42, 47), and
thus are classified as pararetroviruses. Replication of the DNA
genome begins with the encapsidation of the pgRNA and the
virally encoded reverse transcriptase (RT) into an immature
nucleocapsid formed by the viral core or capsid protein. The
immature nucleocapsid then undergoes a process of matura-
tion whereby the RT catalyzes first the synthesis of the single-
stranded (SS), minus-strand DNA from the pgRNA template
and second the synthesis of the plus-strand DNA from the
minus-strand template, resulting in the formation of the char-
acteristic mature DS, RC DNA.

APOBEC3 is a member of the APOBEC family of cytidine
deaminases that also includes APOBECI and -2 and the acti-
vation-induced deaminase (17, 24). In humans, the APOBEC3
subfamily has been expanded to include eight members,
APOBEC3A to -H, which lie in tandem on chromosome 22
(17, 24). Recently, it was reported that APOBEC3G (A3G)
possesses antiviral activity against a broad range of retroviruses
(17). In particular, it decreases the infectivity of the human
immunodeficiency virus (HIV) (43), and its effect is counter-
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acted by the virion infectivity factor (Vif) (44). In the presence
of Vif, A3G is targeted for degradation (35, 44, 46). However,
in the absence of Vif, A3G was found to be packaged into HIV
virions during viral assembly (1, 28) and to exert its antiviral
effect during reverse transcription. A3G deaminates dC of the
viral minus-strand DNA, resulting in extensive C/G-to-T/A
hypermutation in the viral genome (16, 31). Other members of
the APOBECS3 family, including APOBEC3F (A3F) and, to a
somewhat lesser extent, APOBEC3B, display similar antiviral
activity (57, 59). Moreover, the DNA-editing function of these
deaminases has been shown to block the replication of a broad
range of other retroviruses (8, 33, 57).

The known specificity of A3G on SS DNA suggested that it
might inhibit any virus with an SS DNA intermediate, such as
the pararetrovirus HBV. Indeed, it was recently shown by
Turelli et al. that A3G could block HBV DNA replication (52).
The in vivo significance of this observation was strengthened by
recent reports showing that the normally low expression levels
of A3G, as well as several other APOBEC family members, in
human hepatoma cell lines and primary human hepatocytes
can be strongly enhanced by stimulation with the antiviral
cytokine alpha interferon (3, 51). In addition, evidence has
been presented recently that suggests that the HBV DNA is
edited in vivo during natural infections, albeit at a low level
(37, 48). A surprising result initially obtained with studies of
HBYV was that the inhibition of HBV DNA replication was
independent of the catalytic activity of A3G (52). Subse-
quently, the same editing-independent antiviral function of
A3G has been extended to other retroviruses as well (7, 8, 36).
At present, the mechanism of this deamination-independent
antiviral function of A3G remains an enigma.

We have analyzed the mechanisms of suppression of HBV
replication by A3G. We show that the deamination-inde-
pendent inhibition of HBV DNA by A3G was not a result of
enhanced viral DNA degradation. Rather, A3G seemed to
inhibit very early steps in viral reverse transcription and to
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block DNA strand elongation. Furthermore, in contrast to the
strict editing specificity for SS DNA by A3G, we show that its
deamination-independent antiviral function can also target a
DNA-RNA hybrid.

MATERIALS AND METHODS

Cell culture. The human hepatoblastoma cell line HepG2 was cultured in
RPMI. Huh7, a human heptatocelluar carcinoma cell line; 293T, a human em-
bryonic kidney cell line; and LMH, a chicken hepatoma cell line, were cultured
in Dulbecco modified Eagle medium-F-12 medium. All cells were maintained at
37°C in complete medium supplemented with 10% fetal bovine serum.

Plasmids. pPCMV-HBV contains the wild-type (WT) HBV 1.1-mer overlength
genomic sequence driven by the cytomegalovirus (CMV) promoter (11). pPCMV-
Y63D, a derivative of pCMV-HBYV, harbors a mutation (Y63D) (30) within the
terminal protein domain of the RT that abolishes viral DNA synthesis without
affecting pgRNA packaging. pCMV-HBV RH™ is derived from pCMV-HBV
and contains a singe point mutation within the RNase H (RH) domain (D737V)
of the RT gene that prevents the degradation of RNA during reverse transcrip-
tion, leading to the synthesis of DNA-RNA hybrids (39). pPCMV-DHBYV encodes
the entire DHBV pgRNA sequences under the control of the CMV promoter
(55). pA3G-Flag is an SRa-driven expression vector carrying the human A3G
gene fused to the Flag epitope tag at its amino terminus. The V5-tagged human
A3C-, A3F-, A3G-, murine ABOBEC3 (mA3)-, and human APO1-expressing
plasmids (59) were obtained through the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH. The A3G mutant-expressing
plasmids (E259Q, C288S, and C291S) (36) were kindly provided by Ann Sheehy
and Michael Malim (King’s College London, London, United Kingdom).

Transient transfection. HepG2 cells were seeded in 60-mm dishes and trans-
fected at 30 to 40% confluency with 4 pg of DNA plasmids using FuGENEG6
(Roche). Huh7, LMH, and 293T cells were seeded in 60-mm dishes and trans-
fected at 70% confluency with 10 wg of DNA plasmids using the CalPhos
Mammalian Transfection kit (Clontech). Cells were harvested on day 5 post-
transfection for DNA analysis and RNA packaging assay.

Southern and Western analyses. Extraction of HBV DNA replicative inter-
mediates and Southern blotting were performed as previously described (19, 55)
with the following modification. Cellular lysates were treated with 60 U of
micrococcal nuclease and 5 mM CaCl, at 37°C for 30 min. Subsequently, an
additional 60 U of micrococcal nuclease was added and the mixture was incu-
bated further for another 30 min. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting were conducted using a
portion of the cytoplasmic extract that was used for core DNA isolation (19, 55).
The rabbit anti-HBV core was from DAKO, rabbit anti-A3G was from the NIH
(27, 34, 46), and the rabbit anti-V5 and mouse anti-Flag were from Sigma.

RNA packaging assay by native agarose gel analysis of HBV nucleocapsids.
HBYV RNA in cytoplasmic core particles, obtained from the postnuclease lysates
(above), was detected by resolving the nucleocapsid particles on agarose gels
followed by Southern blot analysis using a 3*P-labeled antisense riboprobe (cov-
ering nucleotides 1991 to 1803) to detect specifically the packaged pgRNA (18,
55, 56). However, a short DNA probe was used in the packaging assay shown in
Fig. 3, as described in its legend. The amount of assembled capsid particles was
determined by subsequent reprobing of the same membrane using the anti-HBV
core antibody.

EPR. The endogenous polymerase reaction (EPR) was performed using nu-
cleocapsids that were precipitated with polyethylene glycol from transfected
cellular lysate (15, 55). Each sample (10 pl of capsid) was treated with a final
concentration of 15 U micrococcal nuclease and 5 mM CaCl, for 30 min at 37°C
in a total volume of 21.2 pl. To the nuclease-treated capsids, 8.8 pl reaction mix
was added, which contained 3 wl 10X endogenous polymerase buffer (500 mM
Tris-HCI, pH 7.5, 100 mM MgCl,, 1% NP-40, 1% B-mercaptoethanol), 1.5 pl 200
mM EGTA, 0.3 pl deoxynucleoside triphosphate-dCTP stock (10 mM each
dATP, dGTP, and TTP), 3 pl distilled water, and 1 pl [**P]JdCTP (3,000
Ci/mmol; 10 mCi/ml). The reaction mixtures were incubated at 37°C for 30 min
followed by the addition of 1 uM cold dCTP. The reaction mixtures were further
incubated for the indicated amount of time. At each time point, 5 mM phos-
phonoformic acid (PFA) was added to arrest further DNA synthesis and the
reaction mixtures were incubated at 37°C for an additional 0, 6, and 12 h to allow
for DNA degradation. To isolate viral DNA from the core particles, the reactions
were treated with 10 mM EDTA, 0.5% SDS, and 0.5 pg/ul proteinase K for 2 h
at 50°C. The viral DNA was passed through a Sephadex G-50 QuickSpin column
(Roche) to purify the radiolabeled DNA, which was then separated on a 1.5%
agarose gel. The gel was washed twice in 2X SSC (1X SSC is 0.15 M NaCl plus
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FIG. 1. Inhibition of HBV replication by APOBEC3 proteins in
HepG2 cells. (A) HepG2 cells were cotransfected with HBV- and
APOBEC-expressing plasmids. HBV replicative intermediates were
isolated from cytoplasmic nucleocapsids and analyzed by Southern
blotting using a radiolabeled HBV DNA (top). The APOBECI1
(APO1)-V5 and Flag plasmids were used as a control for the V5-
tagged and Flag-tagged APOBEC3 constructs, respectively. SDS-
PAGE and Western blot analysis were used to detect expression of
HBYV core protein (middle) and APOBEC proteins (bottom). The
presence of APOBEC proteins was detected using either anti-V5
epitope (lanes 1 to 5) or anti-A3G antibody (lanes 6 and 7). (B) The
HBYV polymerase mutant Y63D, which is able to package pgRNA but
unable to synthesize DNA, was cotransfected into HepG2 cells along
with APOBEC3-expressing plasmids. Cytoplasmic nucleocapsids were
extracted from transfected cells, and capsid-associated RNA levels
were determined by native agarose gel analysis. pgRNA was detected
by using a riboprobe specific for the 5’ end of the plus strand (top).
Capsids were detected by probing the same membrane with anti-HBV
core protein antibody (bottom). (C) Normalization of HBV DNA
(black bars) or RNA (dotted bars) levels to core protein expression or
capsid assembly, respectively. Error bars show standard deviations.

0.015 M sodium citrate) for 15 min and dried at 70°C for 1.5 h, and the labeled
DNA products were then detected by autoradiography.

In vivo time course of HBV DNA synthesis and degradation. HepG2 cells were
cotransfected with pCMV-HBV and the A3G-expressing plasmid. Six hours
posttransfection, the culture medium was replaced with fresh medium containing
a final concentration of 5 mM PFA. The transfected cells were treated with PFA
for a total of 3 days with the PFA-containing medium being replaced daily. PFA
was then washed off the cells, and fresh medium without PFA was added. The
cells were then incubated at 37°C for various times as indicated to allow DNA
synthesis. Subsequently, PFA was added back to arrest further DNA synthesis
and the cells were cultured for another period of time to allow for the degrada-
tion (degradation period) of the presynthesized DNA. The cells were then
harvested for core DNA isolation as described above.

RESULTS

Multiple APOBEC3 proteins decreased the levels of HBV
core DNA. To determine which members of the APOBEC3
family can inhibit HBV replication, the human hepatoma cell
line HepG2 was cotransfected with HBV- and APOBEC3-
expressing plasmids and HBV DNA levels in the cytoplasmic
nucleocapsids were analyzed by Southern blotting. Cells ex-
pressing the human A3G and A3F and, to a lesser extent, A3C
and mA3 had decreased levels of HBV DNA (Fig. 1A). When
normalized to the core protein levels, HBV DNA levels in the
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FIG. 2. Inhibition of HBV replication by A3G in Huh7 cells.
(A) Huh7 cells were cotransfected with HBV- and A3G-expressing
plasmids. HBV replicative intermediates were isolated and analyzed by
Southern hybridization (top). HBV core protein (middle) and A3G
protein (bottom) expression was analyzed by SDS-PAGE and Western
blotting with HBV core-specific and A3G-specific antibody, respec-
tively. (B) Huh7 cells were cotransfected with Y63D- and A3G-ex-
pressing plasmids. Extraction of cytoplasmic nucleocapsids and analy-
sis of capsid-associated RNA levels were performed as described for
Fig. 1. (C) Normalization of HBV DNA (black bars) or RNA (dotted
bars) levels to core protein expression or capsid assembly, respectively.
Error bars show standard deviations. Ctrl, control.

A3G- and A3F-expressing cells were decreased about sixfold
compared to the control cells, while cells expressing A3C and
mA3 had somewhat lower effects, inhibiting replication by
about threefold (Fig. 1C). In contrast, human APOBECI,
which does not inhibit retrovirus replication (2, 9, 59), also had
no effect on HBV replication (Fig. 1 and data not shown) and
was used as a negative control.

The inhibitory effect of A3G on HBV DNA levels was not
restricted to HepG2, since it could also be seen in another
human hepatoma cell line, Huh7 (Fig. 2A), and the human
embryonic kidney cell line 293T (data not shown). The more
dramatic reduction (by 18-fold) of HBV DNA by A3G in Huh7
cells (Fig. 2C) compared to HepG2 cells was correlated with a
higher expression level of A3G in Huh7 cells (data not shown),
consistent with a dose-dependent effect of A3G in both cell
lines as also reported recently (41).

APOBEC3 proteins had little effect on pgRNA packaging.
To clarify the effect of A3G on RNA packaging without the
complication of viral DNA, we used an HBV polymerase mu-
tant, Y63D, which is able to package pgRNA but incapable of
viral DNA synthesis (30). We cotransfected HepG2 and Huh7
cells with the Y63D-expressing HBV plasmid along with the
APOBEC3-expressing plasmids. Cytoplasmic nucleocapsids
were isolated from transfected cells, and core-associated RNA
levels were determined by a native agarose gel-based RNA
packaging assay, which can measure the levels of assembled
nucleocapsids, as well as the amount of pgRNA packaged in
the nucleocapsids on the same blot (18, 56). Under conditions
where intracellular HBV DNA levels were significantly re-
duced in HepG2 cells that expressed the APOBEC3 proteins
(Fig. 1A and C), pgRNA encapsidation was not or only slightly
inhibited (less-than-twofold decrease) (Fig. 1B and C). In
Huh7 cells, A3G had a somewhat greater inhibitory effect on
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FIG. 3. APOBEC3 proteins did not inhibit packaging of unspliced
pgRNA. (A) Structures of the unspliced and spliced HBV pgRNA. ¢,
RNA packaging signal (20, 25); AAA, poly(A) tail. (B to D) The HBV
Y63D polymerase mutant was cotransfected into HepG2 (B and C)
and Huh7 (D) cells with APOBEC-expressing plasmids. Cells were
lysed, and pgRNA packaging into nucleocapsids was measured by
native agarose gel analysis as described for Fig. 2, using a probe (as
depicted in panel A) that recognizes the region (nucleotides 2426 to
2840) of the pgRNA that is absent from the spliced pgRNAs. In panel
C, nucleocapsids in the HepG2 cell lysate were treated with (lanes 3
and 4) or without (lanes 1 and 2) micrococcal nuclease (MNase) before
analysis of pgRNA packaging. Levels of RNA packaging were normal-
ized to the corresponding amount of assembled nucleocapsids, and the
average normalized RNA packaging levels (RNA/Capsid) are re-
ported.

RNA packaging but the decrease was still only about 2.5-fold
(Fig. 2B and C). This minor effect of A3G on RNA packaging
could not account for the dramatic (18-fold) reduction in HBV
DNA levels observed in Huh7 cells.

Similar to our findings, a recent report also suggested that
A3G does not reduce the levels of pgRNA packaged but rather
somehow induces nuclease sensitivity of the full-length, but not
a spliced, pgRNA packaged into nucleocapsids (41). To ascer-
tain whether the packaging of the full-length pgRNA was in
fact reduced by A3G, we used a probe corresponding to the
spliced-out region of the pgRNA, in our packaging assay, to
specifically detect the full-length, but not the spliced, pgRNA
associated with the nucleocapsids. As shown in Fig. 3, the
pgRNA packaging signals detected with this specific probe
were also not significantly affected by A3G in either HepG2
(Fig. 3B) or Huh7 (Fig. 3D) cells. Furthermore, the levels of
full-length pgRNA packaged, as detected using this probe,
were not affected by nuclease digestion of the nucleocapsids,
either in the presence or in the absence of A3G. Taken to-
gether, these data indicate that the slight inhibition of pgRNA
packaging contributed little to the overall decrease in the
amount of HBV DNA and that A3G and other APOBEC3
family members mainly act at the viral DNA level, i.e., result-
ing in either a decrease in viral DNA synthesis or an increase
in its degradation.

Inhibition of HBV replication was independent of A3G
deaminase activity. To further examine the mechanism of in-
hibition by A3G of HBV DNA synthesis, we tested the require-
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FIG. 4. Inhibition of HBV replication by catalytic A3G mutants.
HepG2 (A) and Huh7 (B) cells were cotransfected with HBV- and
catalytically inactive mutant A3G-expressing plasmids. HBV replica-
tive intermediates were isolated from cytoplasmic nucleocapsids and
were analyzed by Southern blotting using a radiolabeled HBV DNA
(top). HBV core protein (middle) and A3G protein (bottom) expres-
sion was analyzed by SDS-PAGE and Western blotting with HBV
core-specific antibody and A3G-specific antibody, respectively. Ctrl,
control.

ment for its deaminase function. It has been shown that the
C-terminal domain of A3G harbors the deamination catalytic
center (22). As with the other cytidine deaminases, conserved
Zn*" coordinating Cys residues and a catalytic Glu residue are
essential for deaminase activity (22, 32, 38). Three A3G mu-
tants were chosen to test the role of deamination in suppress-
ing HBV replication. The C288S and C291S mutations elimi-
nated the conserved Cys residues required for Zn>" coordination

J. VIROL.

while the E259Q mutation eliminated the catalytic Glu residue.
These mutants have been shown previously to be catalytically
inactive and display no cytidine deamination activity in vitro or
in vivo but remain competent for nucleic acid binding and viral
incorporation (23, 36). In agreement with the previous report
(52), HBV DNA replication was still suppressed by all three
catalytically inactive A3G mutants to the same extent as the
WT A3G, in both HepG2 and Huh7 cells (Fig. 4). Again, the
levels of RNA packaged were not significantly affected by
the A3G mutants, as was the case with the WT A3G (data not
shown). These results thus clearly indicated that the antiviral
effect of A3G on HBV replication functioned independently of
its deaminase activity.

A3G did not enhance HBV DNA degradation or block late
stages of DNA synthesis. To determine if A3G enhanced the
degradation of HBV DNA, we first allowed viral DNA synthe-
sis and then looked for evidence of degradation of the different
species of DNA that had been already synthesized, in the
absence of further DNA synthesis. Thus, transfected HepG2
cells were treated with PFA, a reversible inhibitor of reverse
transcription, immediately after transfection. Since PFA blocked
reverse transcription without affecting pgRNA packaging, imma-
ture, pgRNA-containing nucleocapsids accumulated, with no viral
DNA synthesis (21). Three days later, PFA was removed to
allow for DNA synthesis. After a period of DNA synthesis for
accumulation of increasingly mature viral DNA, PFA was then
added back to arrest further DNA synthesis. The cells were
cultured for an additional period of time to allow for the
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FIG. 5. A3G did not enhance HBV DNA degradation or block late DNA synthesis in vivo. (A) In vivo time course. Transfected HepG2 cells
were treated with 5 mM PFA for a period of 3 days to allow for the accumulation of pgRNA-containing nucleocapsids. Cells were then washed
free of PFA, and DNA synthesis within the nucleocapsids was allowed to proceed for 3 or 24 h. DNA degradation was determined by the readdition
of PFA for 0, 6, and 12 h. (B) Southern blot analysis of HBV intracellular nucleocapsid DNA from the in vivo time course. Viral DNA was extracted
from nucleocapsids that had synthesized viral DNA for 3 or 24 h (DNA synthesis) or after the second PFA treatment period (DNA degradation)
and was detected by Southern blot analysis. Fivefold-more DNA from the A3G samples was used than from the control (Ctrl). Syn, synthesis; Deg,

degradation.



VoL. 81, 2007

Syn. _1h 3h 9h 12h 1h 3h 9h 12h

=1 = = = = =
Des. s 58558558 558558558858
RC -~ i -

12346567 89101112 1314151617181920212223 24

ctrl (1x)

FIG. 6. A3G did not enhance DNA degradation or block late HBV
DNA synthesis in vitro. Polyethylene glycol-precipitated HBV nucleo-
capsids were used in an EPR to examine in vitro DNA synthesis in the
presence of A3G. Potential DNA degradation of already-synthesized
DNA by A3G was determined by the addition of 5 mM PFA to inhibit
further HBV DNA synthesis, and nucleocapsids were incubated for an
additional 0, 6, and 12 h. Viral DNA was then extracted from the
nucleocapsids and separated on an agarose gel, and labeled DNA
products were then detected by autoradiography. Fivefold-more DNA
from the A3G samples was used than from the control (Ctrl). Syn,
synthesis; Deg, degradation.

A3G (5x)

putative degradation, if any, of the presynthesized DNA (Fig.
5A). As shown in Fig. 5B, the amounts of viral DNA, either the
SS intermediate or the mature RC DNA, were similar at 0, 6,
and 12 h after the start of the second PFA treatment (degra-
dation period), in either control (lanes 1 to 6) or A3G-trans-
fected (lanes 7 to 12) cells, indicating that A3G did not en-
hance HBV DNA degradation.

It was also apparent from Fig. 5 that the amount of the
mature RC DNA relative to that of the SS intermediate was
not affected by A3G, suggesting that plus-strand DNA synthe-
sis was not preferentially inhibited by A3G. Instead, A3G may
have blocked an earlier step in DNA synthesis (see below). To
further analyze the step of HBV DNA synthesis that might be
affected by A3G, we isolated immature nucleocapsids, contain-
ing mostly SS DNA (viral DNA synthesis in the cell was al-
lowed for 3 h before the nucleocapsids were harvested [Fig. 5]),
and subjected them to an EPR, in order to determine if their
ability to synthesize viral DNA in vitro was affected by A3G
packaged into the capsids (48). In agreement with the in vivo
results, A3G did not inhibit the synthesis of mature RC DNA
from the SS DNA by these isolated nucleocapsids (Fig. 6, lane
22 versus lane 10). In addition, we also measured any potential
degradation of viral DNA in vitro by arresting viral DNA
synthesis with PFA, as described above, following the EPR. As
observed above in the cells, A3G did not enhance viral DNA
degradation in vitro, either during the 6-h period or during the
12-hour period (Fig. 6, particularly lanes 23 and 24 versus lanes
11 and 12).

A3G blocked early steps in viral minus-strand DNA synthe-
sis. The lack of an effect by A3G on either HBV DNA degra-
dation or the late stages of DNA synthesis suggested that A3G
might inhibit viral DNA replication by blocking an early step in
viral reverse transcription. Attempts to determine the effect of
A3G on the early stage of minus-strand DNA synthesis in vitro
using the EPR were inconclusive due to the low efficiency of
early viral minus-strand DNA synthesis by the isolated nucleo-
capsids. As an alternative, we sought to determine if A3G
could block an early step in viral minus-strand DNA synthesis
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FIG. 7. A3G inhibited synthesis of DNA-RNA hybrids. (A) Viral
DNA isolated from WT or RH ™ nucleocapsids, harvested from trans-
fected HepG2 cells, was either mock treated (M), RH treated (R), or
heat denatured (D) at 95°C prior to separation on an agarose gel and
transferred onto a nylon membrane. The membrane was then probed
with a riboprobe specific for minus-strand (top) or plus-strand (bot-
tom) HBV DNA. Note that the RH digestion converted the minus-
strand DNA-RNA hybrids (migrating between SS and RC DNA, lane
4) to nascent minus-strand DNA (lane 5) and that there is a complete
absence of plus-strand DNA in the RH™ mutant. (B) Southern blot
analysis of HBV DNA from HepG2 cells transfected with WT or
RH-defective (RH™) polymerase mutant together with control (Ctrl)
or A3G-expressing plasmid. Viral DNA was extracted from nucleo-
capsids 5 days posttransfection and analyzed by Southern blotting
(top). Shown below are immunoblot assays to detect HBV core protein
(middle) and A3G (bottom).

in cells. To accumulate nascent viral minus-strand DNA, we
elected to use an RH-defective HBV mutant, which contains a
single point mutation within the RH domain of the RT gene
that prevents RNA degradation during reverse transcription,
resulting in a decreased processivity in minus-strand DNA
synthesis and accumulation of nascent minus-strand DNA, as
well as the absence of any plus-strand DNA (6, 14, 39) (Fig.
7A). Since this mutant synthesized DS DNA-RNA hybrids, it
also allowed us to determine if the deaminase-independent
antiviral function of A3G would target these hybrids or was
strictly dependent on the presence of SS DNA, as is the case
with its deaminase activity (4, 23, 49, 58). Intriguingly, A3G
could indeed inhibit viral DNA synthesis even in the context of
the DNA-RNA hybrids (Fig. 7B). Furthermore, a closer ex-
amination of the short nascent minus-strand DNA accumulat-
ing in the RH mutant (detected also as minor species in the
WT [Fig. 7B]) suggested that A3G might have a smaller effect
on these short DNA species, despite the fact that it dramati-
cally reduced the levels of the more mature DNA species in the
same cells. To further analyze the nascent minus-strand DNA
species, the RNA-DNA hybrids were heat denatured and an-
alyzed by Southern blotting. The results showed that there was
indeed a greater reduction by A3G of the levels of longer
minus-strand DNA (those longer than approximately 2.0 kb)
than of levels of the shorter minus-strand DNA (Fig. 8A and
B). Thus, while the longer species V and VI were reduced
progressively by A3G (the full-length minus-strand DNA, spe-
cies VI, was reduced by more than 33-fold), the levels of the
short species I to IV were reduced on average by about five-
fold. However, the latter results also suggested that there was
an even earlier block in viral reverse transcription by A3G,
since even the shortest minus strands detected by our assays
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FIG. 8. A3G blocked early HBV minus-strand DNA synthesis.
(A) HBV DNA isolated from nucleocapsids present in HepG2 cells
transfected with RH™ HBV and A3G or control (Ctrl). Viral DNA was
heat denatured prior to Southern blot analysis and was detected using
a minus-strand-specific HBV riboprobe. (B) The relative amounts of
minus-strand intermediates, designated I to VI, after normalization to
control (percentage of control) are shown. Error bars show standard
deviations.

(ca. 400 bp [Fig. 8, species 1]) were already reduced. The same
results were obtained with the catalytically inactive A3G mu-
tants (data not shown). In addition, similar results were also
obtained with the WT HBYV, albeit the levels of the short
minus-strand DNA were much lower than those with the RH™
mutant. Again, there was an overall reduction in the DNA
level, with a preferential inhibition of more mature DNA (data
not shown). Thus, these results indicated that (i) A3G could
target the DS DNA-RNA hybrids and (ii) A3G may prevent
HBYV DNA synthesis by inducing early blocks in minus-strand
DNA synthesis.

DISCUSSION

The APOBEC3 family of cytidine deaminases has been
shown to target a wide range of retroviruses, as well as the
pararetrovirus human HBV. In the present study, the effects of
the APOBEC3 proteins, in particular A3G, on HBV replica-
tion were examined. Our findings showed that A3G, A3F,
A3C, and mA3 proteins were able to inhibit HBV DNA rep-
lication in two different hepatoma cell lines. Furthermore, the
inhibitory effect of APOBEC3 proteins on HBV replication
was mainly at the level of viral DNA, with only a minor effect
on RNA packaging. The effect of A3G on HBV DNA was
clearly independent of its DNA-editing function. Furthermore,
the reduction of HBV DNA by A3G was due not to acceler-
ated degradation but rather to very early blocks in viral reverse
transcription. Finally, our results showed that the deamination-
independent inhibition of HBV DNA synthesis by A3G could
also target the DS DNA-RNA hybrid, in contrast to the strict
SS DNA specificity of its deaminase activity.

An initial report on the effects of A3G on HBV replication
suggested that A3G decreased viral DNA levels by inhibiting
pgRNA packaging (52). Subsequently, it was reported that
A3G did not block viral RNA packaging per se; rather, the
full-length pgRNA packaged in the presence of A3G was
somehow rendered sensitive to exogenous nuclease whereas a
packaged spliced pgRNA was not affected by A3G (41). In
agreement with the latter report, our results showed that A3G,
as well as several other APOBECS3 proteins, had only a minor
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effect or none on pgRNA packaging, which is unlikely to ex-
plain its dramatic effect at the DNA level. In an attempt to test
the nuclease sensitivity of the packaged viral RNA, we titrated
the concentrations of the micrococcal nuclease (over a range of
20-fold) used to digest the cytoplasmic lysate before analysis of
pgRNA packaging efficiency (D. H. Nguyen and J. Hu, un-
published results). However, we were unable to confirm the
A3G-induced nuclease sensitivity of the packaged full-length
pgRNA with any nuclease concentration tested. It remains
possible that subtle differences in the exact conditions of nu-
clease digestion and nucleocapsid isolation might have been
responsible for this apparent discrepancy.

Although some evidence has been reported that A3G may
induce HBV DNA editing in a small fraction of viral DNA (37,
41, 48), it is clear from our results, as well as those of others
(41, 52), that the inhibitory effect of A3G on HBV DNA
replication is largely independent of its deaminase activity.
Although the DNA deamination function of the APOBEC
proteins is well understood, the mechanism of this deamina-
tion-independent antiviral function, which also works on other
retroviruses and retrotransposons (7, 36, 45), is not yet clear. In
principle, the decrease in HBV DNA could result from either
an accelerated DNA degradation or a decreased synthesis. It
has been suggested that the reduction in retroviral DNA levels
by A3G results from the recognition and degradation of the
edited (uracil-containing) reverse transcripts by host cellular
repair enzymes, such as the uracil DNA glycosylase (UNG),
which removes uracil from DNA to generate an abasic site that
is subsequently cleaved by the host apurinic/apyrimidinic en-
donuclease. However, a recent study showed that the loss of
UNG did not rescue the levels of viral reverse transcripts that
were decreased by A3G (26). We also obtained preliminary
results suggesting that UNG activity is not required for the
decrease in HBV DNA induced by A3G, since there was no
rescue of HBV DNA levels by a bacteriophage UNG inhibitor
(Ugi) (10, 26) (Nguyen and Hu, unpublished). Furthermore,
attempts to look for enhanced DNA degradation by A3G,
either in vivo or in vitro, did not reveal any such effect.

On the other hand, we were able to obtain evidence indi-
cating that A3G may block early stages in viral reverse tran-
scription. While our in vivo and in vitro DNA synthesis assays
indicated that A3G did not block the synthesis of late DNA
intermediates, as was also reported recently (41), our studies
using the RH mutant, which allowed the accumulation of early
minus-strand DNA intermediates, demonstrated that A3G
showed a stronger inhibitory effect on longer minus-strand
DNA than on shorter DNA. This preferential inhibition of
longer minus-strand DNA intermediates by A3G was also ev-
ident sometimes even with the WT HBYV, but it could not be as
readily demonstrated because these early intermediates failed
to accumulate in the WT virus. An early block in viral DNA
synthesis would explain how A3G could reduce HBV DNA
without accelerating DNA degradation or its deaminase
activity.

The exact mechanism of A3G inhibition of minus-strand
DNA synthesis is not yet clear. A3G could block DNA synthe-
sis by inhibiting the polymerase function, or alternatively, it
could affect the template function of the pgRNA, e.g., by
associating with the viral RNA (4, 50). The reported nuclease
sensitivity of the packaged HBV pgRNA induced by A3G (41)
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would be consistent with the notion that A3G may affect the
structure of the pgRNA and, thus, its template function during
reverse transcription. The apparent specificity for the synthesis
of viral minus-strand, but not plus-strand, DNA by A3G also
supports the view that A3G may interfere with the template
function of the pgRNA, rather than the polymerase activity per
se. The very early block in minus-strand DNA synthesis may
suggest that A3G could inhibit the initiation step of minus-
strand DNA synthesis, which is primed by the RT protein itself
(protein priming) (29, 54), or block minus-strand primer trans-
location following protein priming (40, 53).

In contrast to the DNA-editing function of A3G, which acts
strictly on SS DNA (4, 23, 58), we have shown here that the
editing-independent inhibition of viral reverse transcription by
A3G could also act on a DS HBV RNA-DNA hybrid. Similar
results were obtained with WT and an RH-defective DHBV
mutant (S. H. Basagoudanavar and J. Hu, unpublished results).
This reinforces the idea that the editing-dependent and -inde-
pendent antiviral functions of the APOBEC proteins are fun-
damentally different mechanisms of cellular antiviral defense.
Interestingly, A3G did not appear to significantly block HBV
second-strand DNA synthesis from the small amounts of mi-
nus-strand DNA that escaped A3G inhibition. This suggests
that A3G may not be able to function in the context of a DS
DNA. In support of this notion, it has recently been shown that
certain APOBEC proteins can target SS, but not DS, DNA
viruses (5).

In conclusion, our results provide further insights into the
antiviral function of A3G. In particular, we have shown that
the editing-independent inhibition of HBV replication was not
due to viral DNA degradation. Rather, A3G appeared to in-
hibit very early steps of viral reverse transcription. Addition-
ally, we have shown that A3G clearly inhibited the synthesis of
DNA-RNA hybrids as well as SS DNA. The relative ease in
detecting and analyzing various reverse transcription interme-
diates during HBV replication makes it a convenient model
system to dissect further the detailed mechanism of A3G-
mediated inhibition of reverse transcription.
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