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a b s t r a c t

APOBEC3G (A3G) is an intrinsic antiretroviral factor which can inhibit Hepatitis B virus (HBV) replication.
This antiviral activity mainly depends on A3G incorporation into viral particles. However, the mechanisms
of A3G packaging into HBV particles have not been well characterized. In this paper, we demonstrated
that A3G interacted with the HBV core protein (HBc) directly in co-transfected HepG2 cells using the
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fluorescence resonance energy transfer (FRET) approach. In addition, we further found that this interac-
tion did not require other factors in vitro using surface plasmon resonance (SPR) technology on BIAcore
3000. While cellular RNA or viral RNA was added to A3G protein solution before flow through the BIA-
core chip, the interaction was not affected. In conclusion, these results suggest the possibility that A3G
is incorporated into HBV viral particles via direct binding with HBc protein.
urface plasmon resonance
NA

. Introduction

Hepatitis B virus (HBV) afflicts more than 350 million individuals
orld-wide, and causes acute and chronic viral hepatitis that in
any cases lead to subsequent liver cirrhosis and emergence of

epatocellular carcinoma (Kao and Chen, 2002). To date, interferon
nd nucleotide analogues are the approved treatments for chronic
BV infection, but the side effects and drug resistance limit the use
f these available options. The further development of potential
ntiviral therapy is still required.

Cellular APOBEC (apolipoprotein B mRNA-editing enzyme
atalytic polypeptide 1-like) is a family of cellular cytidine
eaminase-editing enzymes, including APOBEC1, APOBEC2, seven
POBEC3 variants and activation-induced deaminase (Aguiar and
eterlin, 2008; Jarmuz et al., 2002; Wedekind et al., 2003).
POBEC3G (A3G) belongs to this family and has potent antiretro-
iral activity (Mangeat et al., 2003; Turelli et al., 2004; Wang
nd Wang, 2009). A3G contains a duplication of the conserved

XEX23–28-CPX2–4C motif, wherein the N-terminal domain prob-
bly has an ability to bind to RNA, while the C-terminal domain
ossesses cytidine deamination activity (Chiu and Greene, 2008).
revious studies have suggested that the deamination of cytidine
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to uridine in nascent minus-strand transcripts during reverse tran-
scription is the most important reason for A3G’s antiviral effects
(Harris et al., 2003; Mangeat et al., 2003). However, recent data
have shown that A3G can inhibit HBV replication in a deaminase-
independent way (Nguyen et al., 2007; Turelli et al., 2004). In the
absence of viral infectivity factor (Vif), A3G is specifically incorpo-
rated into the assembling HIV-1 virions, reducing the infectivity of
the newly produced virus (Alce and Popik, 2004). It is also incor-
porated into murine leukemia viruses and coronaviruses (Wang
and Wang, 2009; Zhang et al., 2008). The mechanism of A3G
incorporating into HIV-1 virons may be through interaction with
HIV-1 Gag (Cen et al., 2004; Douaisi et al., 2004). Recently, some
reports pointed out that A3G virion recruitment by Gag/NC is RNA-
dependent (Burnett and Spearman, 2007; Wang et al., 2008b), while
others believed that it was RNA-independent (Alce and Popik, 2004;
Soros et al., 2007). Whether cellular RNA or viral genomic RNA plays
a role in the virion packaging of A3G remains to be determined.

The HBV genome is a small, circular and partly double-stranded
DNA of about 3.2 kb in length. During HBV infection, the relaxed
circular (RC)-DNA is converted to covalently closed circular DNA
(cccDNA), which acts as the template for transcription of prege-

nomic RNA (pgRNA) and antigen-coding mRNAs. pgRNA is the
template for reverse transcription and specifies the codes for the
HBV core protein (HBc) and the HBV polymerase. HBc is the major
component of the nucleocapsid shell packaging the HBV genome.
Furthermore, it plays an essential role in the formation of HBV

dx.doi.org/10.1016/j.virusres.2010.05.009
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eplication complexes (Guarnieri et al., 2006). Baumert et al. (2007)
entioned that A3G did not affect the early steps of the HBV life

ycle, but it may interfere with the packaging of HBV. However, the
echanism by which A3G is incorporated into HBV viral particles

as not been fully established.
To further explore the relationship between A3G and HBc, flu-

rescence resonance energy transfer (FRET) was performed in
epG2 cells and surface plasmon resonance (SPR) measurement
as carried out in cell free condition. To investigate whether RNA

ffects the A3G–HBc interaction, cellular RNA or virus RNA was
dded to the A3G protein solution before flow through the SPR chip.
e demonstrate that A3G can directly bind to the HBc protein, and

hat the binding is not dependent on RNA.

. Materials and methods

.1. Plasmids

HBc coding sequence was amplified by PCR from pZ1.3 (1.3
opies HBV genome), while A3G was amplified by PCR using wild-
ype pcDNA-APO3G as the template. HBc or A3G was then inserted
nto HindIII/KpnI restriction sites of pEYFP-N1 or pECFP-N1 (Clon-
ech), resulting in pHBc-YFP and pA3G-CFP. The pECFP–YFP vector
hich contains CFP–15-amino acid-linker–YFP was used as a posi-

ive control. A3G with a haemagglutinin (HA) tag at the C-terminus
A3G-HA) was constructed by cloning A3G into the HindIII and
coRI restriction sites of pcDNA3.1 (+). To construct an assembly
efective mutant of HBc, Y132A mutation was completed using
verlap extension PCR (Hu et al., 2009) and taking pZ1.3 as tem-
late. The final PCR products of HBc-Y132A-HA were digested
ith HindIII/EcoRI and inserted into pcDNA3.1 (+) to yield pHBc-
132A-HA. All recombinant plasmids were extracted using Plasmid
ini-prep kit (Qiagen) and confirmed by sequencing.

.2. Cell culture and transfection

A hepatoma cell line (HepG2) and a human embryonic kid-
ey cell line (HEK-293T) were maintained in DMEM containing
0% fetal bovine serum. The HBV-expressing stable cell line
HepG2.2.15) was cultured in DMEM containing 10% fetal bovine
erum and 200 �g/mL G418. For confocal microscopy and FRET
xperiments, HepG2 cells (2 × 105/well) were seeded on coverslips
n 6-well tissue culture plates, and cultured overnight at 37 ◦C. The
ells were then transfected with the appropriate plasmids using
ipofectamine 2000 (Invitrogen) according to the manufacturer’s
rotocol.

.3. Western blot analysis

Cells were seeded in 6-cm culture dish and obtained 48 h after
ransfection. Cells were washed twice with PBS and resuspended,
hen mixed with an equal volume of cell lysis buffer (20 mM Tris,
H 7.5, 150 mM NaCl, 1% Triton X-100, 2.5 mM sodium pyrophos-
hate, 1 mM EDTA, 1% Na3VO4, 0.5 �g/mL leupeptin, and 1 mM
henylmethanesulfonyl fluoride). The cell lysates were denatured
nd reduced by adding 5× SDS-PAGE sample buffer followed by
oiling at 100 ◦C for 5 min. Protein was resolved by 10% SDS-
AGE and transferred onto nitrocellulose membranes (Amersham
iosciences). CEM15 (A3G) purified mouse monoclonal antibody

SD30806C) was obtained from Abgent Company, USA and HBc

onoclonal antibody (C8A033M) was purchased from Biodesign,
SA. Each protein was detected with a corresponding primary
ntibody. The blotting signal was visualized by enhanced chemi-
uminescence (ECL; Pierce).
h 151 (2010) 213–219

2.4. FRET imaging

HepG2 cells were transfected with plasmids encoding CFP and
YFP fusion proteins and observed in extracellular medium which
was composed of: 150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, and 10 mM glucose at pH 7.3 with Tris base.
The three-cube FRET measurement has been described previously
(Gao et al., 2007). Images were obtained with an inverted micro-
scope Nikon TE2000 equipped with a mercury lamp light source
(100 W), Dual-View (Optical Insights, LLC, Santa Fe, NM) and a
SNAP-HQ-cooled CCD camera. Three-cube FRET filter cubes were
listed as follows (excitation, dichroic, emission): CFP (S430/25 nm;
455dclp; S470/30 nm), YFP (S500/20 nm, Q515lp, S535/30 nm), and
FRET (S430/25 nm, 455dclp, S535/30 nm). We used binning 2 × 2
modes and 200 ms of exposure time. Average background signal
was determined as the mean fluorescence intensity from a blank
area and was subtracted from the raw images before carrying
out FRET calculations. The following equation was used to calcu-
late the FRET ratio (FR): FR = [FRET − (b × CFP)]/(a × YFP), in which
parameters a and b represent the fractions of bleed-through of YFP
and CFP fluorescence through the FRET filter channel, respectively
(Takanishi et al., 2006). MetaMorph5.0 software (Universal Imag-
ing, West Chester, PA) was used to control the imaging setup and
analyze the cell image data.

2.5. Imaging and acceptor photobleaching

Cells were cultured on glass coverslips for 2 days after trans-
fection. The cells were then rinsed three times in PBS and fixed
for 15 min in freshly prepared 4% formaldehyde (Sigma) at room
temperature. After washing three more times with PBS, the cells
were mounted on slides with 75% glycerol–PBS. Images were
obtained with 40× NA 1.0 oil immersion objective lens of a confo-
cal microscopy (FV1000, Olympus). CFP and YFP fluorophore were
excited by 458- and 514-nm laser lines at 25-mW argon laser. Band
pass filters of 462–484 and 580–612 nm were used in collecting
emission from CFP and YFP, respectively. For acceptor photobleach-
ing, images were obtained in the CFP and YFP channels; then a
region of cell was selected and the intensity of the signal was cal-
culated. YFP was then selectively photobleached in the defined
region of the cell. A second set of images was then obtained using
the same conditions prior to photobleaching. The increase in CFP
fluorescence after YFP photobleaching corresponds to the original
amount of energy transferred from CFP to YFP; thus, the difference
in CFP fluorescence before and after photobleaching corresponds
to the level of FRET. Effective FRET ratio (EEFF) between CFP (donor)
and YFP (acceptor) was quantified with acceptor photobleach-
ing methods (Karpova et al., 2003) using the following equation:
EEFF = ((A1 − A0)/A0) × 100%, in which A0 and A1 are the intensities
of CFP in the photobleached region before and after photobleaching,
respectively.

2.6. Purification of recombinant protein A3G-HA and
HBc-Y132A-HA

HEK-293T cells were grown in 10-cm dishes and transfected
with pA3G-HA or pHBc-Y132A-HA plasmids by Lipofectamine 2000
(Invitrogen). After 48 h, cells were harvested and HA-fusion pro-
teins were purified by EZviewä Red Anti-HA Affinity Gel (Sigma,
E6779) according to the instructions. In brief, cells were lysed in
750 �L lysis buffer (25 mmol/L Tris, 225 mmol/L NaCl, 1% Triton X-

100, 1 mmol/L DTT, 10% glycerol, 10 mmol/L NaF, 1 mmol/L Na2VO4
and protease inhibitor) and mixed with Anti-HA Affinity Gel beads.
Vortex briefly and incubate with thorough, gentle mixing for 1 h
at 4 ◦C. Wash the beads pellet three times by 750 �L lysis buffer.
The bound protein was eluted with 100 �g/mL solution of HA-
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ig. 1. Co-localization of A3G and HBc in HepG2 cells. (A) Proteins were visualized b
onfocal fluorescence imaging of HepG2 cells transfected with A3G-CFP (left), HBc-

eptide (Sigma, I2149) in 50 �L lysis buffer. The eluting protein was
etected by western blot with HA-Tag (6E2) Mouse mAb (Cell Sig-
aling, #2367). The remainder was stored at −70 ◦C for subsequent
rotein–protein interaction experiments.

.7. RNA extraction

HepG2.2.15 can produce not only all of the particles but also a
umber of replicative intermediates that probably represent recir-
ularized, cccDNA, and single-stranded HBV DNA (Sells et al., 1987).
ere these cells were used as a source of viral RNA. Total cellular
NA was extracted from HepG2 and HepG2.2.15 cells, respectively,
sing the RNeasy RNA extraction kit (QIAGEN, Valencia, CA). The
NAs were quantified by spectrophotometric A260 readings.

.8. Surface plasmon resonance (SPR) analysis

In our experiments, all analyses of interaction between A3G and
Bc in cell free systems were performed on BIAcore 3000 optical
iosensors equipped with research-grade CM5 sensor chips (BIA-
ore AB, Uppsala, Sweden). The chip was pretreated with three
njections of 5 �L 50 mM NaOH at a flow rate of 30 �L/min. The
ensor surface was activated with a freshly mixed solution of 0.2 M
-ethyl-3-(3′-dimethylamino-propyl) carbodiimide hydrochloride
nd 0.05 M N-hydroxysuccinimide for 7 min at a flow rate of
�L/min. For immobilization of proteins, the purified HBc-Y132A-
A protein was injected in 100 �L of 10 mM sodium acetate (flow

ate: 10 �L/min). After immobilization, each surface was blocked
y 1 M ethanolamine at pH 8.5 for 6 min. In order to continuously

onitor the non-specific background binding of samples to the car-

oxymethyl dextran substrate, a control flow cell was pre-activated
nd immediately blocked with ethanolamine without exposure to
Bc-Y132A-HA protein. Then purified A3G protein (140.8 �M) was

njected using the KINJECT at a flow rate of 10 �L/min for 180 s,
stern blotting using CEM15 monoclonal antibody or HBc antibody, respectively. (B)
iddle) and merged (right).

regenerated for 10 s using 50 mM NaOH at a flow rate of 30 �L/min,
and then stabilized for 5 min before the next injection. To eliminate
the influence of HA-peptide, 100 �g/mL HA-peptide was injected.
Progranulin (PGRN, 0.5 �g/�L) was injected as a negative control
in the same condition. The interaction analyses were carried out
in PBS buffer at 25 ◦C. Data were analyzed with BIA evaluation 3.1
software (BIAcore).

3. Results

3.1. Co-localization of A3G and HBc in HepG2 cells

The genes encoding A3G and HBc were cloned into pECFP-N1
and pEYFP-N1 expression vectors, named as pA3G-CFP and pHBc-
YFP respectively. Plasmids expressing fluorescent fusion proteins
were prepared and transiently transfected into HepG2 cells. A3G-
CFP and HBc-YFP fusion proteins can be specifically identified by
monoclonal antibodies (Fig. 1A).

Next, the localization of the A3G-CFP and HBc-YFP fusion pro-
teins was detected in co-transfected HepG2 cells by confocal
fluorescence microscopy. As shown in Fig. 1B, very bright and punc-
tuated A3G-CFP was observed in the cytoplasm while HBc-YFP was
not only distributed evenly in the cytoplasm, but also in the nucleus.
240 cells were counted, about 63.3% of the transfected cells were
stained positive for HBc predominantly in the cytoplasm, while
about 37.7% of the transfected cells displaying both in the nuclei and
cytoplasm. This result was consistent with previous reports (Liao

and Ou, 1995; Ning and Shih, 2004; Sureau et al., 1986; Wichroski
et al., 2006). Meanwhile, about 85.2% of cells co-expressed A3G
and HBc, and in a number of co-expressing cells, extensive co-
localization was observed. The co-localization raises the intriguing
possibility that there is interaction between them.
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ig. 2. Three-cube FRET revealed A3G and HBc interaction in living cells. (A) FRET im
FP and YFP fusion proteins were expressed in HepG2 cells. Images were measured
olumn). (B) FRET efficiency was measured in the HepG2 cells co-expressing CFP an
.2. FRET revealed A3G and HBc interaction in living cells

To determine whether A3G interacted with HBc in living cells,
he FRET approach was used. It is a sensitive and convenient way
o report protein-folding mechanisms in living cells. To measure
was used to visualize the interaction of A3G with HBc in living cells. The indicated
e CFP channel (left column), YFP channel (middle column), and FRET channel (right
or A3G and YFP (negative control), A3G and HBc, and CFP − YFP (positive control).
the steady-state of three-cube FRET, CFP or YFP was imaged using
an epifluorescence microscopy through CFP, YFP and FRET filter
channels. As expected, neither CFP nor YFP can be excited by 500
or 430 nm wavelength lights, but there was some signal in the
FRET filter set (due to bleed-through of CFP/YFP). We removed this
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Fig. 3. FRET signal between A3G and HBc was detected using acceptor photobleaching. (A) Confocal fluorescence imaging of HepG2 cells co-transfected with A3G-CFP and
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Bc-YFP. Images in YFP (left) and CFP (right) channel were taken respectively before
reen outlined box. (B) Average FRET efficiency (%) was measured in CFP + YFP group
roup. FRET ratio was determined for the photobleached region in cytoplasm, whe
nterpretation of the references to color in this figure legend, the reader is referred

art of the signal in carrying out FRET calculations. To ensure the
eliability of our recording system, we carried out some control
xperiments. First, cells co-expressing CFP and YFP that served as a
egative control, and no FRET signal was observed (FR = 0.97 ± 0.02,
= 32). On the other hand, cells expressing the CFP–YFP concate-
er, which served as a positive control, showed a significant FRET

ignal (FR = 5.47 ± 0.05, n = 49) (Fig. 2). Therefore, these control
xperiments verified that three-cube FRET provides sensitive and
elective detection of FRET. Then we tested the interaction between
3G and HBc using the same system described above. We found that

he FRET signal was produced from co-expression of A3G-CFP and

Bc-YFP (FR = 1.68 ± 0.04, n = 52). We also co-transfected pA3G-CFP
ith pEYFP-N1 in HepG2 cells as a negative control. The FR value
as 0.99 ± 0.01 (n = 61), similar to the result from the negative con-

rol. These results suggested that there was an interaction between
3G and HBc in living cells.
nd after (bottom) photobleaching YFP. The region of photobleach is indicated by the
tive control), A3G + YFP, CFP − YFP group (positive control) and A3G-CFP + HBc-YFP

esults showed the percentage of change in CFP after the photobleaching step. (For
web version of the article.)

Acceptor photobleaching is another method of three-cube FRET
measurement. When pECFP-N1 and pEYFP-N1 were co-transfected,
the intensity of CFP was also reduced after bleaching YFP, so we
were not able to measure any FRET. However, we measured a FRET
efficiency (EEFF, %) of 18.5 ± 2.4 (n = 28) in cytoplasm when A3G-CFP
and HBc-YFP were co-expressed in HepG2 cells. In addition, FRET
efficiencies (EEFF, %) of 30.1 ± 1.4 (n = 18) were detected in pCFP–YFP
transfected cells (positive control). No signal was detected in pA3G-
CFP and pEYFP-N1 co-transfected group (Fig. 3).

3.3. BIAcore analysis of A3G/HBc interaction independent of RNA
Despite our FRET data indicated that A3G can interact with the
HBc protein in HepG2 cells, the question of whether this interaction
is dependent on either the presence of other proteins or post-
translational modifications in cells is still unexplained. In order to
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Fig. 4. BIAcore analysis of A3G/HBc interaction independent on RNA. (A) The binding of A3G and HBc was detected by Biacore assay. Curves a (red), b (blue), c (black)
respectively represent the binding affinity of A3G, PGRN and HA-peptide with HBc. (B) The interaction of A3G and HBc was not enhanced by RNA. Total RNA of HepG2 or
HepG2.2.15 cells was added to A3G protein solution before flow through the SPR chip, while the final concentration of RNA was 0.125 and 0.25 �g/�L, respectively. Curves d
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nswer this question, the direct interaction between A3G and HBc
as first tested by SPR assay. Usually, HBc assembles into small

nd large icosahedral particles, so here we constructed an assembly
efective mutant (pHBc-Y132A-HA) (Bourne et al., 2009). Proteins
3G-HA and HBc-Y132A-HA were purified by anti-HA antibody-
onjugated agarose beads. As shown in Fig. 4A, there were no
ignificant signals generated between the HBc-Y132A-HA and HA-
eptide or the PGRN protein, while the interaction between A3G
rotein and HBc-Y132A-HA was detected. In order to examine the
ole of RNA in the interaction between them, we added the total
NA of HepG2 cells or HepG2.2.15 cells to the A3G protein solution
efore SPR analysis. As shown in Fig. 4B, the signal obtained from
3G and HBc-Y132A-HA was not affected when RNA of HepG2 or
epG2.2.15 cells was added. This suggested that RNA did not play
role in stabilizing the interaction.

. Discussion

To the present, studies have detected that A3G can reduce the
evel of HBV transcripts and proteins and suppress HBV replication
Nguyen et al., 2007; Turelli et al., 2004). Also, some have shown
hat the anti-HBV activity of A3G may depend on its incorpora-
ion into the virus particle to inhibit reverse transcription (Baumert
t al., 2007; Nguyen and Hu, 2008). However, how A3G is specif-
cally packaged into HBV particle requires further investigation.
y confocal fluorescence microscopy, we detected that A3G and
Bc extensively co-localized in HepG2 cells. This suggested that
3G may interact with HBc in cytoplasm. To directly determine the

nteraction between them, we used both three-cube FRET measure-
ent and acceptor photobleaching. The FRET signal was observed

etween A3G-CFP and HBc-YFP in HepG2 cells, and our findings
trongly demonstrated that A3G can bind to HBc in the cytoplasm.

Recent studies have suggested that A3G can bind with cellu-

ar 7SL RNA, which promotes the interaction between A3G and
AG for viral incorporation (Bach et al., 2008; Wang et al., 2008a).
hether other cellular factors are required for the interaction

etween A3G and HBc protein remains unknown. The SPR approach
s ideally suitable to study the protein–protein interaction in vitro
h A3G, A3G that was added to HepG2 RNA, and A3G that was added to HepG2.2.15
red to the web version of the article.)

and the possible effects of other cellular components can be elim-
inated (Nakajima et al., 2005). In this study, we first used the SPR
approach and found direct physical interaction between HBc and
A3G proteins in cell free systems. Cen et al. (2004) demonstrated
that A3G binds to the HIV-1 Gag, but they also demonstrated that
Gag/APOBEC3G complex is immunoprecipitated from cell lysate
after RNase treatment. So we questioned whether HBV RNA or cel-
lular RNA benefited from the interaction between A3G and HBc.
We again used SPR to detect this relationship and certified that
this binding was enhanced by neither the HepG2 cell RNA nor the
HepG2.2.15 cell RNA. A possibility exists that the interaction is not
dependent on RNA. These results are consistent with reports that
the interaction between A3G and HIV-1 Gag is RNA-independent
(Soros et al., 2007).

HBc is present in the nucleus and cytoplasm of infected hep-
atocytes. HBc can directly incorporate into the viral core that
becomes the nucleus for reverse transcription upon infection of
a cell. Schlicht et al. (1989) reported that the deletion of 36 amino
acids from the carboxy terminus of the duck HBc abolished genome
replication, although mutant cores formed capsid particles compe-
tent for genome packaging. Mutant proteins truncated to amino
acid 163 or 164 packaged RNA but drastically reduced DNA syn-
thesis (Nassal, 1992). These observations suggest that interactions
with the HBc proteins can affect several steps in genome replica-
tion. Here we used different methods and certified that A3G can
directly interact with HBc. This reveals that one of the mechanisms
of A3G suppressing HBV DNA synthesis may be through binding
core proteins directly.

In conclusion, we detected that A3G can bind HBc in both living
cells and cell free systems. Our findings define a mechanism that
A3G is incorporated into HBV nucleocapsids through binding the
HBc protein. However, further studies are necessary to determine
the interaction domains of A3G and HBc. Taken together, our results

provide further insights into the inhibition of HBV replication by
A3G. The binding sites in A3G proteins or HBc are attractive topics
for the development of new antiretroviral agents. This investigation
may facilitate the lead to progress in the making of a new approach
for controlling HBV infection.
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