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APOBEC3G exerts its antiviral activity by targeting to retroviral particles and inducing viral DNA hyper-
mutations in the absence of Vif. However, the mechanism by which APOBEC3G is packaged into virions
remains unclear. We now report that viral genomic RNA enhances but is not essential for human APOBEC3G
packaging into human immunodeficiency virus type 1 (HIV-1) virions. Packaging of APOBEC3G was also
detected in HIV-1 Gag virus-like particles (VLP) that lacked all the viral genomic RNA packaging signals.
Human APOBEC3G could be packaged efficiently into a divergent subtype HIV-1, as well as simian immuno-
deficiency virus, strain mac, and murine leukemia virus Gag VLP. Cosedimentation of human APOBEC3G and
intracellular Gag complexes was detected by equilibrium density and velocity sucrose gradient analysis. In-
teraction between human APOBEC3G and HIV-1 Gag was also detected by coimmunoprecipitation experi-
ments. This interaction did not require p6, p1, or the C-terminal region of NCp7. However, the N-terminal
region, especially the first 11 amino acids, of HIV-1 NCp7 was critical for HIV-1 Gag and APOBEC3G inter-
action and virion packaging. The linker region flanked by the two active sites of human APOBEC3G was also
important for efficient packaging into HIV-1 Gag VLP. Association of human APOBEC3G with RNA-contain-
ing intracellular complexes was observed. These results suggest that the N-terminal region of HIV-1 NC, which
is critical for binding to RNA and mediating Gag-Gag oligomerization, plays an important role in APOBEC3G
binding and virion packaging.

The Vif protein, which modulates viral infectivity (15, 21–23,
29, 38, 45, 59, 62, 78–80, 82, 84, 88) and pathogenicity (13, 28,
29, 33, 34, 52), is present in nearly all lentiviruses, excluding
equine infectious anemia virus. Recently, it has been shown
that APOBEC3G has antiviral activity and that its activity is
suppressed by Vif (73). APOBEC3G belongs to a family of
proteins that have cytidine deaminase activity (35, 73, 89), and
its cellular function is still unknown (35, 73, 89). Vif mutant,
but not wild-type, human immunodeficiency virus type 1 (HIV-
1) produced in the presence of APOBEC3G undergoes hyper-
mutations in newly synthesized viral DNA (30, 44, 53, 55, 94),
presumably due to C-to-U modification during minus-strand
viral DNA synthesis (30, 44, 53, 55, 94).

HIV-1 Vif can be coimmunoprecipitated with human
APOBEC3G from virus-infected or -transfected cells, suggest-
ing that Vif and APOBEC3G may form a complex (39, 56,
74, 81, 93). However, whether Vif directly interacts with
APOBEC3G is still unclear (57). Amino acids 54 to 124 of
human APOBEC3G have been shown to mediate interaction
with HIV-1 Vif (9). Recent observations indicate that a single
amino acid variation (at position 128) between human and
monkey APOBEC3G determines the species-specific sensitiv-
ity to Vif of primate immunodeficiency viruses (4, 54, 71).
However, whether this position is involved in APOBEC3G in-

teraction with Vif (4, 54, 71, 91) or whether it is involved in
direct interaction between these two molecules is still contro-
versial (4, 54, 71, 91). Expression of HIV-1 Vif reduced the
half-life of human APOBEC3G (9, 56, 57, 74, 81, 93), resulting
in a reduced steady-state level of APOBEC3G (9, 39, 55–57,
74, 81, 93). The stability of human APOBEC3G in the pres-
ence of Vif was significantly increased when proteasome inhib-
itors were applied (9, 56, 57, 74, 81, 93), indicating that Vif
induced-degradation of human APOBEC3G requires protea-
somes. HIV-1 Vif also induces polyubiquitination of human
APOBEC3G (9, 56, 57, 74, 93), which is a prerequisite for
proteasome-mediated protein degradation.

HIV-1 Vif interacts with cellular proteins Cul5, Elongin B,
Elongin C, and Rbx1 to form an E3 ubiquitin ligase complex
(93), similar to the Elongin C-Cul2-SOCS box (ECS). Cullin-
based E3 ligases display striking similarities, which are typified
by SCF complexes (12). In SCF and ECS complexes, Skp1 and
Elongin C bridge the interaction between cullin and the sub-
strate recognition protein (F box and SOCS box proteins, re-
spectively). These adaptors bind substrates through a distinct
protein-protein interaction domain (e.g., WD40 for the F box
protein Cdc4 and the �-domain for VHL). Cullin-containing
E3 ubiquitin ligases represent one of the largest families of
ubiquitin-protein E3 ligases, ubiquitinating a broad range of
proteins involved in cell cycle regulation, signal transduction,
transcription, and other cellular processes (12). The highly
conserved SLQXLA motif in Vif has some similarities with
SOCS box sequences and is required for efficient interaction
between HIV-1 Vif and the Cul5-Elongin B-Elongin C com-
plex (56, 93). It is also required for Vif-induced degradation of
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human APOBEC3G (56, 74, 93). The ability of Vif to suppress
the antiviral activity of APOBEC3G is specifically dependent
on Cul5-Elongin B-Elongin C function. When Cul5 complex
function was inhibited, HIV-1 Vif induced polyubiquitination
and degradation of human APOBEC3G was blocked (93).

The ability of HIV-1 Vif to degrade human APOBEC3G
(9, 56, 57, 74, 81, 93) and to exclude APOBEC3G from re-
leased virions is compromised in the presence of a protea-
some inhibitor (51, 93), suggesting that degradation of human
APOBEC3G by the proteasome, rather than competition for
binding by HIV-1 Vif during virus assembly, is the main mech-
anism by which APOBEC3G is excluded from released virions.
When proteasome activity was compromised, more molecules
of Vif than of APOBEC3G were packaged into the released
virions (51). However, the net effect of increased packaging of
Vif and APOBEC3G in the presence of MG132 was reduced
virus infectivity (51, 93). Treatment with MG132 in the absence
of APOBEC3G under the same conditions had only a minor
effect on virus infectivity (93). Therefore, a low concentration
of MG132 selectively blocks virus infectivity in the presence of
APOBEC3G. The mere presence of Vif in virions is not suf-
ficient to overcome the APOBEC3G activity (51, 93).

It is conceivable that APOBEC3G exerts its antiviral activity
by interacting with certain viral components and that targeting
to retroviral particles induces viral DNA hypermutations in the
absence of Vif. The mechanism of APOBEC3G packaging re-
mains elusive. In this study, we report that, although the effi-
ciency of virion packaging of human APOBEC3G could be in-
fluenced by the level of viral genomic RNA, a major determinant
for APOBEC3G packaging is the Gag molecule. Virus-like par-
ticles (VLP) containing Gag molecules of diverse HIV-1 sub-
types, simian immunodeficiency virus, strain mac (SIVmac),
and murine leukemia virus (MuLV) could efficiently package
human APOBEC3G. Interaction between human APOBEC3G
and HIV-1 Gag was detected by cosedimentation experiments
and coimmunoprecipitation analysis. The N-terminal region of
NCp7, especially the first 11 amino acids, played an important
role in mediating this interaction. The first linker region in
APOBEC3G was also required for efficient interaction be-
tween Gag and APOBEC3G and virion packaging.

MATERIALS AND METHODS

Plasmid construction. pNL4-3 was obtained from the AIDS Research Re-
agents Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases (NIAID), National Institutes of Health (NIH) (catalog no. 114). pNC2/2
has been described previously (25). pEF-HIV-myc expressing HIV-1 Gag with a
Myc tag and pEF-MuLV-Myc expressing MuLV Gag with a Myc tag were gifts
from Jeremy Luban (27). p�Pol�Env was constructed by inserting a 2.1-kb frag-
ment digested with SalI and BamHI from HXB2�Bgl (15) into the same restric-
tion sites in HXB2�Pol (47). Based on the Gag-Pol amino acid sequence of
97CNGX-6F (64), a new gene, termed GagPol INS, was synthesized. By remov-
ing the inhibitory sequences (INS) from the original gene, GagPol INS was highly
expressed in a mammalian expression system independent of HIV-1 Rev.
pGPCINS was constructed by cloning GagPol INS into VR1012 with XbaI and
BamHI sites. The same method was used to clone pGagCINS into VR1012. The
VR1012 vector was generously provided by Vical Inc. (San Diego, Calif.).
pGagINS was constructed as previously described (66). pNC11S and pNC34S
were made from pGagINS by generating stop codons after codons for K11 and
K34 of the nucleocapsid (NC) protein, respectively. pP2S was made from the
same plasmid by introducing a stop codon before the sequence encoding the NC
protein. In order to clone the coding sequence for the leucine zipper domain
(LZ) of the yeast transcription factor GCN4 into pNCS, a NotI site was intro-
duced between p2 and p7 by the mutagenesis method. After the LZ coding
sequence was amplified by primers 5�-ATAAGAATGCGGCCGCCCTCCAAC

GTATGAAGCAGCTC-3� and 5�-CGGAATTCTTACTCACCCACAAGCTTT
TTC-3�, it was inserted into pNCS by NotI and EcoRI sites. Human APO
BEC3G-hemagglutinin (HA) was amplified by reverse transcription-PCT (RT-
PCR) using mRNA from H9 cells with the forward primer 5�-CTCGAGACC
ATGAAGCCTCACTT-3� and reverse primer 5�-GAATTCTCACGCGTAA
TCTGGGACGTCGTAAGGGTAGTTTTCCTGATTCTGGAG-3�,
containing XhoI and EcoRI sites, respectively. APOBEC3G mutants were
constructed by PCR using wild-type APOBEC3G-HA as the template. The
following primers were used: Apo-3G�N (�2-46), forward primer 5�-CTCGAG
ACCATGCCCCCTTTGGACGCAAAG-3� and reverse primer 5�-GAATTCTC
ACGCGTAATCTGGGACGTCGTAAGGGTAGTTTTCCTGATTCTGGAG-
3�; Apo-3G�A1 (�65-100), forward primer 5�-CAGGTGTATTCCGAACTTA
AGTACACAAGGGATATGGCCACG-3� and reverse primer 5�-CGTGGCCA
TATCCCTTGTGTACTTAAGTTCGGAATACACCTG-3�; Apo-3G�L1
(�108-161), forward primer 5�-GATATGGCCACGTTCCTGAGCAAGTTCGT
GTACAGCCA-3� and reverse primer 5�-TGGCTGTACACGAACTTGCTCA
GGAACGTGGCCATATC-3�; Apo-3G�PA (�162-256), forward primer 5�-AC
GAATTTCAGCACTGTTGGCATGCAGAGCTGTGCTTCCT-3� and reverse
primer 5�-AGGAAGCACAGCTCTGCATGCCAACAGTGCTGAAATTCGT-
3�; Apo-3G�A2 (�255-292), forward primer 5�-ACATAAACACGGTTTTCTT
GAACAGGAAATGGCTAAATTCATT-3� and reverse primer 5�-AATGAAT
TTAGCCATTTCCTGTTCAAGAAAACCGTGTTTATGT-3�; Apo-3G�C
(�301-384), forward primer 5�-CTCGAGACCATGAAGCCTCACTT-3� and re-
verse primer 5�-GAATTCTCACGCGTAATCTGGGACGTCGTAAGGGTAT
GAAATGAATTTAGCCATT-3�.

Antibodies and cell lines. The following antibodies were used for this study:
anti-p24 monoclonal antibody (MAb) (AIDS Research Reagents Program, Di-
vision of AIDS, NIAID, NIH; catalog no. 1513) (7), anti-c-Myc MAb (Sigma;
catalog no. M5546), anti-HA MAb (Covance; catalog no. MMS-101R-10000).
293 cells (AIDS Research Reagents Program, Division of AIDS, NIAID, NIH;
catalog no. 3522) (6) were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) with 10% fetal bovine serum and penicillin-streptomycin (D-10
medium) and passaged upon confluence.

Transfection and virus purification. DNA transfection was carried out with
Lipofectamine 2000 (Invitrogen) as described by the manufacturer. To obtain
293/Apo-3G cells, the pABOBEC3G-HA plasmid was transfected into 293
cells and selected with 1 mg of G418 (Invitrogen)/ml for 2 weeks. Expression of
APOBEC3G was detected by immunoblotting with the anti-HA MAb. Virion-
associated viral proteins were prepared from cell culture supernatants and sep-
arated from cellular debris by centrifugation at 3,000 rpm for 30 min in a Sorvall
RT 6000B centrifuge and filtration through a 0.2-�m-pore-size membrane. Virus
particles were concentrated by centrifugation through a 30% sucrose cushion at
100,000 � g for 2 h in a Sorvall Ultra80 ultracentrifuge.

Immunoblot analysis. Cells were collected 48 h after transfection. Cell and
viral lysates were prepared as previously described (16). Cells (105) were lysed in
1� loading buffer (0.08 M Tris [pH 6.8], 2.0% sodium dodecyl sulfate [SDS],
10% glycerol, 0.1 M dithiothreitol, 0.2% bromophenol blue). The samples were
boiled for 10 min, and proteins were separated by SDS-polyacrylamide gel
electrophoresis. For virion lysates, cell culture supernatants were collected 72 h
after transfection by removal of cellular debris through centrifugation at 3,000
rpm for 10 min in a Sorvall RT 6000B and filtration through a 0.2-�m-pore-size
membrane. Virus particles were concentrated by centrifugation through a 30%
sucrose cushion at 100,000 � g for 2 h in a Sorvall Ultra80 ultracentrifuge. Pro-
teins were transferred onto two separate nitrocellulose membranes by passive
diffusion for 16 h, producing identical mirror image blots. Membranes were
probed with various primary antibodies against proteins of interest. Secondary
antibodies were alkaline phosphatase-conjugated anti-human and anti-mouse
antibodies (Jackson Immunoresearch, Inc.), and staining was carried out with
5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium solu-
tions prepared from chemicals obtained from Sigma. The staining of HA- tagged
APOBEC3G in virion samples was performed with the ECL Plus kit (Amer-
sham; RPN2132) using a mouse anti-HA MAb as the primary antibody and
horseradish peroxidase-conjugated anti-mouse immunoglobulin G as the second-
ary antibody.

Immunoprecipitation. For APOBEC3G-HA immunoprecipitation, transfect-
ed 293 cells were harvested and washed twice with cold phosphate-buffered
saline (PBS) and then lysed with PBS containing 0.5% Triton X-100 and a
protease inhibitor cocktail (Roche, Basel, Switzerland) at 4°C for 1 h. Cell lysates
were clarified by centrifugation at 10,000 � g for 30 min at 4°C. Anti-HA–
agarose (Roche) was mixed with the precleared cell lysates and incubated at 4°C
for 3 h. The reaction mixture was then washed three times with cold PBS and
eluted with 0.1 M glycine-HCl buffer, pH 2.0. The eluted materials were subse-
quently analyzed by immunoblotting.

11842 LUO ET AL. J. VIROL.



Sucrose gradient analysis. 293/Apo-3G-HA cells were transfected with HXB2
DNA. Forty-eight hours after transfection cells were collected and lysed with 1%
Triton X-100 lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1% Triton
X-100 plus a protease inhibitor cocktail; Roche). Cell lysates were subjected to
5 to 40% sucrose (in PBS) gradient ultracentrifugation at 260,800 � g for 4 h.
Twenty-five fractions were collected for Western blotting analysis by using an-
ti-HA for detection of APOBEC3G-HA and anti-P24 for detection of the HIV-1
Gag protein. For RNase treatment, the cell lysate was divided into two aliquots,
one to which RNase A was added to a final concentration of 100 �g/ml and one
to which an RNasin inhibitor was added to a final concentration of 1 U/�l; both
aliquots were incubated at RT for 30 min and then subjected to 5 to 40% sucrose
(in PBS) gradient ultracentrifugation at 260,800 � g for 4 h. Equilibrium density
gradient analysis was performed as previously described (47).

RESULTS

Virion packaging of human APOBEC3G was reduced in
HIV-1 genomic RNA packaging mutant viruses. APOBEC3G
is potentially an RNA-binding protein (35), or, as is the case
for APOBEC1, it may associate with other RNA-binding pro-
teins (35, 89). Consistent with this idea, we observed that hu-
man APOBEC3G was associated with high-molecular-weight
complexes in 293/Apo-3G cell lysates when analyzed through a

sucrose velocity gradient (Fig. 1A, top panel, fractions 5, 7, and
9). In the presence of RNase, human APOBEC3G was largely
detected in fraction 3 of the sucrose velocity gradient (Fig. 1A,
bottom panel). These results suggest that human APOBEC3G
is associated with a cellular complex(es) that contains RNA.

To address the question of whether viral genomic RNA
plays a role in human APOBEC3G packaging into HIV-1 viri-
ons, we compared the levels of virion-associated APOBEC3G in
wild-type pNL4-3 and the viral genomic RNA packaging mu-
tant pNC2/2 (25) in the presence of functional Vif or nonfunc-
tional Vif. pNC2/2 (Fig. 1B) contains five amino acid substitu-
tions in the N-terminal zinc finger of the HIV-1 NC region and
packages only approximately 15% of the viral genomic RNA
(25). Consistent with previous reports (9, 39, 55–57, 74, 81, 93),
in the presence of functional Vif, little APOBEC3G was de-
tected in either the pNL4-3 or pNC2/2 virions (Fig. 1B, lanes 8
and 9). When Vif function was blocked by the mutant Cul5
(pCul5�Nedd8) as previously described (93), a significant level
of APOBEC3G was detected in the pNL4-3 virions (Fig. 1B,
lane 11); however, a reduced level of APOBEC3G was de-

FIG. 1. Influence of HIV-1 NC on APOBEC3G packaging. (A) Sedimentation of human APOBEC3G in sucrose gradients. 293/Apo-3G cells
were lysed, and cell debris was removed by centrifugation at 10,000 � g for 30 min. Supernatants were treated with RNAse A or RNasin and
centrifuged at 260,800 � g for 4 h. Different fractions were analyzed by immunoblotting with a MAb against the HA tag for the detection of
APOBEC3G-HA. (B) Packaging of human APOBEC3G into wild-type and NC mutant HIV-1 virions. pNL4-3 and pNL2/2 were transfected with
control vector or pCul5�Nedd8 into 293/Apo-3G cells as indicated. Cell lysates and virion pellets were prepared and analyzed by immunoblotting
with a MAb against p24 for the detection of viral Gag proteins and a MAb against the HA tag for the detection of APOBEC3G-HA.
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tected in the pNC2/2 mutant virions (Fig. 1B, lane 12) com-
pared to the level detected in the pNL4-3 virions (lane 11). The
reduced packaging of APOBEC3G into pNC2/2 mutant virions
could be related to reduced viral genomic RNA packaging
or to amino acid substitutions in NC that affected the
APOBEC3G interaction.

To address more directly whether viral genomic RNA plays
a role in virion packaging of APOBEC3G, we next compared
the levels of virion-associated APOBEC3G in p�Pol�Env viri-
ons and in VLP containing only Gag molecules, pGagINS. The
p�Pol�Env construct contains all the 5� RNA sequences up-
stream of the gag coding sequence, including TAR, polyA,
PBS, DIS, SD, and the packaging signal (Fig. 2A). p�Pol�Env
does not express Pol, Env, Vif, Vpr, Vpu, or Nef. The Gag
amino acid sequence encoded by pGagINS is identical to that
of the Gag encoded by p�Pol�Env. However, pGagINS lacks
all the 5� viral RNA sequences, including the viral RNA pack-
aging sequences upstream of the Gag coding region (Fig. 2A).
Both constructs lacked the vif coding sequence and should
produce VLP consisting only of Gag proteins of viral origin.
The levels of expression of APOBEC3G in all the transfect-
ed cells were comparable (Fig. 2B, lanes 1 to 3). Gag VLP
were produced from p�Pol�Env- and pGagINS-transfected
293/Apo-3G cells (Fig. 2B, lanes 4 and 5). VLP-associated
APOBEC3G was reduced in Gag VLP from pGagINS-trans-
fected cells (Fig. 2B, lane 5) compared to that in Gag VLP
produced from p�Pol�Env-transfected cells (Fig. 2B, lane 4).
As expected, no APOBEC3G was detected in the supernatant
of control vector-transfected cells, which did not generate VLP
(Fig. 2B, lane 6). Collectively, these results suggest that viral

genomic RNA enhanced packaging and/or virion retention of
human APOBEC3G in HIV-1 particles. However, VLP con-
taining only the Gag molecules could still efficiently package
human APOBEC3G, suggesting that the Gag molecule con-
tains a major determinant for the packaging of APOBEC3G.

Gag proteins from a divergent HIV-1 subtype as well as
SIVmac and MuLV could package human APOBEC3G into
VLP. We next examined whether Gag from a divergent HIV-1
subtype and SIVmac alone could package human APOBEC3G.
The SIVmac Gag expression vector, V1R-SIVgag, has been
previously described (19). The modified SIVmac gag coding se-
quence is flanked by the cytomegalovirus promoter and BGHpA
signal sequences. The HIV-1 B/C recombinant CRF-08 gag
sequence was modified to remove INS sequences and cloned
into VR1012 to generate pGagCINS. The gag sequence of
CRF-08 is largely subtype C with a small amount of subtype
B sequence in the p24 region (64). Both V1R-SIVgag and
pGagCINS lack the viral RNA packaging signal upstream of
the gag coding sequences. VLP were produced from pGagCINS
(Fig. 3A, lane 5)- and V1R-SIVgag (Fig. 3B, lane 3)-trans-
fected 293/Apo-3G cells, as detected by the anti-p24 antibody
or SIV� monkey serum, respectively. We were able to detect
packaging of human APOBEC3G into Gag VLP produced
from pGagCINS-transfected 293/Apo-3G cells (Fig. 3A, lane
5). In contrast, no APOBEC3G was detected in the superna-
tant of control vector-transfected 293/Apo-3G cells, which
did not generate VLP (Fig. 3A, lane 6). Packaging of human
APOBEC3G into SIVmac Gag VLP produced from V1R-
SIVgag-transfected cells (Fig. 3B, lane 3) but not from control

FIG. 2. Packaging of human APOBEC3G into Gag VLP. (A) Diagrams of p�Pol�Env and pGagINS vectors. p�Pol�Env contains all the 5�
HIV-1 sequences upstream from the gag coding region that are important for RNA packaging. All the 5� HIV-1 sequences upstream from the gag
coding region were missing in pGagINS. (B) Packaging of human APOBEC3G into p�Pol�Env and pGagINS Gag VLP. p�Pol�Env and
pGagINS were transfected into 293/Apo-3G cells. Cell lysates and virion pellets were prepared and analyzed by immunoblotting with a MAb
against p24 for the detection of Pr55Gag and a MAb against the HA tag for the detection of APOBEC3G-HA. LTR, long terminal repeat; CMV,
cytomegalovirus promoter.
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vector (Fig. 3B, lane 4)-transfected 293/Apo-3G cells was also
detected.

Packaging of human APOBEC3G into MuLV particles has
been reported (30, 53, 55). However, it is not clear whether
MuLV Gag alone can package human APOBEC3G. There-
fore, we examined the efficiency of human APOBEC3G pack-
aging into HIV-1 Gag and MuLV Gag VLP. HIV-1 Gag and
MuLV Gag were both tagged with the c-Myc epitope (27) so
that the amounts of released HIV-1 Gag and MuLV particles
could be compared. Efficient production of HIV-1 Gag or
MuLV Gag VLP from transfected 293/Apo-3G cells was de-
tected (Fig. 3C). Compared to HIV-1 Gag (Fig. 3C, lane 4),
MuLV Gag was also able to efficiently package human
APOBEC3G (Fig. 3C, lane 5). Thus, human APOBEC3G was
able to be packaged into VLP formed by divergent retroviral
Gag molecules that have little primary sequence homology.

VLP containing Gag and Gag-Pol proteins did not enhance
human APOBEC3G packaging. A previous study has reported
an enhanced interaction between the Gag domain in Gag-Pol
precursor molecules and HIV-1 Vif, compared to that between
Gag and HIV-1 Vif (32). Therefore, we next examined whether
VLP containing both Gag and Gag-Pol precursor molecules
might enhance human APOBEC3G packaging. The construct
pGPCINS contained gag and pol sequences modified to re-
move INS, but the amino acid sequences in Gag and Pol that
it encoded were identical to those in the parental CRF08 Gag
and Pol, with the exception of the protease active site Asp
being changed to Ala. The frameshifting signal and surround-
ing 506 nucleotides were not altered, so that the expression of
Gag-Pol would not be affected. The Pr160Gag-Pol precursor

was expressed from pGPCINS and incorporated into released
VLP (Fig. 3A, lane 4). The level of APOBEC3G in VLP con-
taining both Gag and Gag-Pol precursors (Fig. 3A, lane 4) was
not significantly higher than that in VLP containing Gag alone
(Fig. 3A, lane 5). These results suggest that, at least in the Gag
VLP system, the presence of Gag-Pol molecules did not sig-
nificantly influence APOBEC3G packaging.

APOBEC3G cosediments with detergent-resistant intracel-
lular Gag complexes. We (46, 47) and others (50, 76) have pre-
viously shown that HIV-1 Gag forms detergent-resistant cyto-
plasmic complexes. Incorporation of APOBEC3G into Gag
VLP suggested that APOBEC3G and Gag colocalize at the site
of virus assembly. To examine whether Gag and APOBEC3G
indeed colocalize intracellularly, cell lysates from HXB2-trans-
fected 293/Apo-3G cells were prepared as previously described
(47) and centrifuged through a 20 to 60% sucrose equilibrium
density gradient. Fractions were collected, pelleted by ultra-
centrifugation, and analyzed by immunoblotting with anti-p24
to detect Pr55Gag and anti-HA to detect APOBEC3G-HA.
Detergent-resistant Gag complexes were detected in fractions
7 to 9 (from top to bottom of the gradient) with a density of
1.10 to 1.13 g/ml (Fig. 4A), as previously described (46). Co-
sedimentation of APOBEC3G with Pr55Gag was detected in
fractions 7 to 9 in the same gradient (Fig. 4A). Cofractionation
of APOBEC3G and HIV-1 Gag was also detected by velocity
gradient analysis. Cell lysates were prepared from HXB2-
transfected 293/Apo-3G cells as previously described (47),
loaded onto a 5 to 40% sucrose gradient, and centrifuged at
260,800 � g for 4 h. Fractions were collected and analyzed by
immunoblotting with anti-p24 to detect Pr55Gag and anti-HA

FIG. 3. Packaging of human APOBEC3G into divergent HIV-1, SIVmac, and MuLV Gag VLP. Various constructs were transfected into
293/Apo-3G cells. Cell lysates and virion pellets were prepared and analyzed by immunoblotting with a MAb against the HA tag for the detection
of APOBEC3G-HA and a MAb against p24 for the detection of Pr55Gag and Pr160Gag-Pol (A), with SIVmac-infected monkey sera for the
detection of SIVmac Pr55Gag (B), or with a MAb against the c-Myc tag for the detection of HIV-1 Pr55Gag-Myc and MuLV Pr65Gag-Myc (C).
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to detect APOBEC3G-HA. Peaks of HIV-1 Gag were de-
tected at fractions 8 to 10 and 2 to 4. Cosedimentation of
APOBEC3G with Pr55Gag was detected in fractions 8 to 10
(Fig. 4B). However, APOBEC3G did not colocalize with all
HIV-1 Gag, as indicated by the relative lack of APOBEC3G in
fractions 2 to 4 (Fig. 4B).

The N-terminal region of HIV-1 NC is important for inter-
action with APOBEC3G. The intracellular interaction between
Gag and APOBEC3G was further examined by coimmunopre-
cipitation experiments. Full-length HIV-1 Gag was expressed
in 293/Apo-3G cells, and interaction of HIV-1 Gag with human
APOBEC3G-HA was detected by immunoprecipitation with
anti-HA followed by immunoblotting with the anti-p24 anti-
body (Fig. 5B, lane 5). Interaction between HIV-1 Gag and
human APOBEC3G apparently did not require p6, p1, or the
C-terminal region of NCp7, since an NCp7-truncated Gag
molecule (NC34S) could still be coimmunoprecipitated with
APOBEC3G-HA (Fig. 5B, lane 7). On the other hand, inter-
action between a truncated Gag containing only MAp17,
CAp24, and p2 (P2S) and APOBEC3G was not detected under
the same experimental conditions (Fig. 5B, lane 6), suggesting
that the N-terminal region of NCp7 plays an important role in
mediating Gag-APOBEC3G interactions. As for HIV-1 Gag,
interaction between MuLV Gag and human APOBEC3G was
also detected by the similar coimmunoprecipitation experi-
ments (Fig. 5C, lane 5). The construct P2S lacked NC and
released VLP inefficiently (data not shown). It has been re-
ported that HIV-1 virus assembly mediated through NC can be
replaced by that mediated by protein motifs that promote

dimer formation (1, 37, 96). When the NC of HIV-1 Gag was
replaced with the LZ domain of the yeast GCN4 (1), virion
packaging of APOBEC3G was not detected (Fig. 5D, lane 6),
unlike what was found for VLP containing HIV-1 NC (Fig. 5D,
lane 5). These data suggest that formation of VLP alone is not
sufficient for APOBEC3G packaging.

To further map the region in NCp7 that is required for
APOBEC3G interaction (Fig. 6A), a stop codon was intro-
duced after the first 11 amino acids (NC11S) of NCp7. As
shown in Fig. 6B, C-terminally truncated Gag molecules con-
taining the first 11 amino acids (lane 5) were still able to in-
teract with human APOBEC3G. Deletion of the first zinc fin-
ger of NCp7 did not affect the interaction of HIV-1 Gag with
APOBEC3G (data not shown), suggesting that the defect in
APOBEC3G packaging of mutant NC2/2 (Fig. 1) is unlikely to
be due to amino acid substitutions in the first zinc finger of
NCp7. Consistent with the ability of NC34S and NC11S to in-
teract with APOBEC3G intracellularly, VLP formed by these
mutant Gag molecules also packaged human APOBEC3G
(Fig. 6C). Previous work has identified the C-terminal regions
of NCp7 and p1 and the N-terminal region of p6 as being
important for the interaction between HIV-1 Gag and Vif (32).
Since packaging of APOBEC3G was detected with the full-
length as well as the NC Gag truncation mutant VLP (Fig.
6C), it appears that the C-terminal region of NCp7, the P1
space peptide, and p6, which were important for interaction
with HIV-1 Vif, are not essential for interaction with human
APOBEC3G.

FIG. 4. Cosedimentation of human APOBEC3G with HIV-1 Gag. (A) Cell lysates from HXB2Vif-transfected 293/Apo-3G cells were prepared
and analyzed by 15 to 60% sucrose equilibrium density gradients as previously described (46, 47). Eighteen fractions were collected, and fractions
5 to 10, which represent peak fractions of Gag intracellular complexes, were analyzed by immunoblotting with a MAb against p24 for the detection
of Pr55Gag and a MAb against the HA tag for the detection of APOBEC3G-HA. (B) Cell lysates from HXB2Vif-transfected 293/Apo-3G cells
were prepared and analyzed by 5 to 40% sucrose velocity gradients as described in Materials and Methods. Twenty fractions were collected, and
fractions 2 to 20, which represent several peak fractions of Gag intracellular complexes, were analyzed by immunoblotting with a MAb against p24
for the detection of Pr55Gag and a MAb against the HA tag for the detection of APOBEC3G-HA.
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The first linker region of APOBEC3G is required for virion
packaging. By analogy to APOBEC1, the functional domains
of APOBEC3G (Fig. 7A) could be separated into an N-termi-
nal domain, a first active site, a first linker region, a pseudo-
active site, a second active site, a second linker region, and a
C-terminal domain (35). Human APOBEC3G deletion mutant

constructs were generated to identify regions important for
APOBEC3G virion packaging (Fig. 7A). Mutant APOBEC3G
with a deletion of the N-terminal domain (Apo-3G�N), the
first active site (Apo-3G�A1), the pseudoactive site (Apo-
3G�PA), the second active site (Apo-3G�A2), or the second
linker region plus the C-terminal domain (Apo-3G�C) could

FIG. 5. Coimmunoprecipitation of human APOBEC3G and HIV-1 Gag. (A) Diagrams of HIV-1 full-length Gag, NC34S, and P2S Gag
constructs. (B) Various Gag constructs were transfected into 293/Apo-3G cells. Cell lysates were prepared and immunoprecipitated with anti-HA
beads, and precipitated samples were analyzed by immunoblotting with a MAb against the HA tag for the detection of APOBEC3G-HA and a
MAb against p24 for the detection of HIV-1 full-length Gag and truncated NC34S and P2S Gag molecules. (C) pEF-HIV-Myc expressing HIV-1
Gag with a Myc tag and pEF-MuLV-Myc expressing MuLV Gag with a Myc tag were transfected into 293/Apo-3G cells. Cell lysates were prepared
and immunoprecipitated with anti-HA beads. Precipitated samples were analyzed by immunoblotting with a MAb against the HA tag for the
detection of APOBEC3G-HA or a MAb against the c-Myc tag for the detection of HIV-1 Pr55Gag-Myc and MuLV Pr65Gag-Myc. (D) NCS and
P2SLZ constructs were transfected into 293/Apo-3G cells. Cell lysates and virion pellets were prepared and analyzed by immunoblotting with a
MAb against the HA tag for the detection of APOBEC3G-HA and a MAb against p24 for the detection of NCS and P2SLZ Gag molecules.
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still be packaged into HIV-1 Gag VLP (Fig. 7B). However, the
packaging of a mutant APOBEC3G with a deletion of the first
linker region (Apo-3G�L1) was significantly reduced (Fig. 7B,
lane 12) compared to that of other mutant APOBEC3G con-
structs.

DISCUSSION

APOBEC3G is a major cellular antiviral factor that needs to
be neutralized by HIV-1 Vif if successful virus production is to
occur (30, 39, 44, 53, 55, 56, 73, 74, 81, 93, 94). Virion-packaged
APOBEC3G may negatively influence the reverse transcrip-
tion complex through its RNA components and/or protein
components. It may also induce instability in the newly synthe-
sized viral DNA by causing a C-to-U modification in the mi-
nus-strand viral DNA (30, 44, 53, 55, 94). Finally, base substi-
tutions in the viral DNA (30, 44, 53, 55, 94) may also alter
translation (e.g., through premature stop codons) and the
functions of translated proteins (e.g., through amino acid sub-
stitutions). Therefore, interaction between APOBEC3G and
one or more viral components and packaging into released
virions are critical for the antiviral activity of APOBEC3G.

Results presented here indicate that interaction between
human APOBEC3G and HIV-1 Gag either directly or indi-
rectly occurs during virus assembly and is likely to be a major
driving force for APOBEC3G virion packaging. HIV-1 Gag
VLP lacking all the upstream RNA packaging sequences were
still able to package human APOBEC3G, albeit less efficiently
than Gag VLP that contained all the RNA packaging se-
quences. These results suggest that viral genomic RNA can
enhance human APOBEC3G virion packaging and/or reten-
tion. However, viral genomic RNA was not essential for
APOBEC3G packaging.

An interaction between human APOBEC3G and HIV-1
Gag was demonstrated by cosedimentation of these two mol-
ecules in sucrose gradients (velocity and equilibrium density)
and by coimmunoprecipitation analysis. The N-terminal region
of HIV-1 NCp7, especially the first 11 amino acids in NCp7, is
critical for mediating this interaction. It is interesting that this
region of NCp7 has previously been identified as the I domain
of HIV-1 Gag (11). The I domain of retroviral Gag plays
important roles in mediating Gag-Gag interaction, particle as-
sembly, and the formation of dense particles (83). It is believed
that the I domain, by binding to nucleic acids of either viral
genomic or nonspecific cellular RNA, facilitates Gag-Gag
dimerization and subsequently Gag oligomerization (83). The
role of NC in virus assembly can also be performed by protein
interaction motifs that mediate dimer formation (1, 37, 96).

Efficient packaging of human APOBEC3G could be de-
tected in VLP formed by Gag molecules from divergent ret-
roviruses that include HIV-1, SIVmac, and MuLV. The amino
acid sequences of these retroviral Gag molecules have a very
low degree of sequence homology. Therefore, it is difficult to
imagine a direct interaction between human APOBEC3G and
linear conserved domains of the various Gag molecules. A
common feature of these Gag VLP is the packaging of non-
specific RNA molecules during virus assembly. It is therefore
possible that the packaging of human APOBEC3G into diverse
retroviral Gag VLP is mediated through a nonspecific interac-
tion of APOBEC3G with RNA. Consistent with this idea, we
found that at least a fraction of the intracellular APOBEC3G
appeared to be associated with RNA-containing complexes
(Fig. 1). In vitro binding of APOBEC3G to RNA has also been
reported previously (35). Furthermore, the N-terminal region
of HIV-1 NC, especially positively charged amino acids in the

FIG. 6. The N-terminal region of HIV-1 NCp7 is required for interaction with human APOBEC3G and virion packaging. (A) Diagrams of
NC34S and NC11S constructs. (B) NC34S and NC11S constructs were transfected into 293/Apo-3G cells. Cell lysates were prepared and
immunoprecipitated with anti-HA beads, and precipitated samples were analyzed by immunoblotting with a MAb against the HA tag for the
detection of APOBEC3G-HA and a MAb against p24 for the detection of truncated NC34S and P2S Gag molecules. (C) NC34S and NC11S
constructs were transfected into 293/Apo-3G cells. Cell lysates and virion pellets were prepared and analyzed by immunoblotting with a MAb
against the HA tag for the detection of APOBEC3G-HA and a MAb against p24 for the detection of truncated NC34S and NC11 Gag molecules.
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first 11 amino acids, has been shown to be important for RNA
binding (8, 65, 86, 95). Data presented here indicated that
this region is also important for APOBEC3G packaging.
When NC of HIV-1 Gag was replaced with the LZ domain of
the yeast GCN4, virion packaging of APOBEC3G was abol-
ished, again supporting a role of RNA in mediating HIV-1 Gag
and APOBEC3G interaction. However, a possible protein-pro-
tein interaction between HIV-1 Gag and human APOBEC3G,
either directly or indirectly, cannot be formally excluded at this
time.

Although APOBEC3G has been shown to directly bind
RNA (35), the regions of APOBEC3G that are important for
RNA binding have not yet been mapped. For APOBEC1, two
phenylalanine residues in the active site are critical for RNA
binding (3, 60). We have determined that the first linker region
between the two active sites of human APOBEC3G plays an
important role in mediating the virion packaging of APO
BEC3G. It is not clear whether this region of APOBEC3G is
important for RNA binding. APOBEC1 has been shown to
interact with other RNA binding proteins that are critical for
apolipoprotein B mRNA binding and APOBEC1-mediated
RNA editing (10, 31, 48, 58). Therefore, the first linker region
in human APOBEC3G could also bind to other RNA binding
proteins to mediate Gag and APOBEC3G interaction through
RNA.

Recently, it has been reported that mutations in the first
active site of APOBEC3G inhibit cytidine deaminase activity
and the induction of viral DNA hypermutation but that the
mutant constructs retain substantial antiviral activity, suggest-
ing that cytidine deaminase activity is not the sole determi-
nant of the inhibition of HIV-1 replication (75). It is not clear
whether interaction between human APOBEC3G and HIV-1
Gag (particularly the NCp7 domain), either directly or indi-
rectly through RNA, contributes to the antiviral activity of
APOBEC3G. HIV-1 NCp7 has been reported to possess chap-
erone activity (17, 42, 43, 68, 85, 87, 90). The NCp7 domain has
also been shown to enhance annealing of the tRNA primer to
the primer-binding site of viral genomic RNA (5, 20, 40, 70), to
stimulate minus and plus strand viral DNA transfer (2, 14, 26,
41, 63, 67, 92), and to influence the processivity of reverse
transcriptase (36, 49, 69). Defects in these steps have been ob-
served in HIV-1 Vif mutant virions produced from nonpermis-
sive cells that contain APOBEC3G (15, 18, 24, 61, 72, 77, 80, 88).
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