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Human immunodeficiency virus type 1 (HIV-1) Vif counteracts the antiviral activity of the human cytidine
deaminase APOBEC3G (APO3G) by inhibiting its incorporation into virions. This has been attributed to the
Vif-induced degradation of APO3G by cytoplasmic proteasomes. We recently demonstrated that although
APO3G has a natural tendency to form RNA-dependent homo-multimers, multimerization was not essential
for encapsidation into HIV-1 virions or antiviral activity. We now demonstrate that a multimerization-defective
APO3G variant (APO3G C97A) is able to assemble into RNase-sensitive high-molecular-mass (HMM) com-
plexes, suggesting that homo-multimerization of APO3G and assembly into HMM complexes are unrelated
RNA-dependent processes. Interestingly, APO3G C97A was highly resistant to Vif-induced degradation even
though the two proteins were found to interact in coimmunoprecipitation experiments and exhibited partial
colocalization in transfected HeLa cells. Surprisingly, encapsidation and antiviral activity of APO3G C97A
were both inhibited by Vif despite resistance to degradation. These results demonstrate that targeting of APO3G to
proteasome degradation and interference with viral encapsidation are distinct functional properties of Vif.

The human immunodeficiency virus type 1 (HIV-1) acces-
sory protein Vif plays an important role in regulating virus
infectivity (10, 42). It is now well established that HIV-1 Vif
can counteract the human cytidine deaminase APOBEC3G
(APO3G). The inhibition of APO3G has been attributed to a
reduction in cellular expression levels, which is due to Vif-
mediated degradation of APO3G by cytoplasmic proteasomes
(8, 24, 29, 30, 39, 41, 50). In the absence of Vif, APO3G is
efficiency packaged into HIV virions. The presence of APO3G
in the virus can result in hypermutation of the viral minus-
strand cDNA during reverse transcription (RT) (12, 22, 26, 28,
49, 51), inhibition of RT (11a), or deamination-independent
inactivation of the virus (2, 32, 34, 40).

APO3G has the propensity to form multimers, a property
that it shares with other members of the APOBEC family of
proteins (13, 21, 31, 34, 40, 47). In our previous study, we
demonstrated that human APO3G is capable of forming mul-
timeric complexes in transfected HeLa cells (34). The multi-
merization of APO3G was sensitive to RNase treatment, sug-
gesting an involvement of viral or cellular RNA in this process.
Interestingly, multimerization was also exquisitely sensitive to
mutation of a single cysteine residue (C97) that is part of an
N-terminal zinc finger motif. However, the C97A mutation
abolished neither catalytic nor antiviral activity of APO3G
(34). Mutation of C288 and C291, on the other hand, did not
impair APO3G oligomerization but completely abrogated
APO3G deaminase activity. Nevertheless, this deaminase-de-
ficient APO3G mutant was packaged into vif-defective HIV-1
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virions and retained partial antiviral activity when transiently
expressed in HeLa cells (34).

APO3G assembles into intracellular high-molecular-mass
(HMM) ribonucleoprotein complexes in activated CD4" T
cells and transfected cell lines (6, 7, 11, 20). APO3G associated
with HMM complexes was reported to be enzymatically inac-
tive and is presumed to lack antiviral activity (6). Since both
multimerization of APO3G and assembly into HMM com-
plexes are RNA dependent, we investigated the ability of the
multimerization-incompetent APO3G C97A mutant to form
HMM complexes in transfected HeLa cells. We found that
APO3G C97A retained its ability to form HMM complexes.
Assembly into HMM complexes was sensitive to RNase treat-
ment, although the effects of RNase treatment were different
for wild-type (wt) and mutant APO3G protein. We also tested
the sensitivity of APO3G C97A to inhibition by Vif. Interest-
ingly, we found that APO3G C97A was resistant to degrada-
tion by Vif. In addition to the C97A mutation, mutation of the
nearby C100 residue in APO3G C100S also rendered the pro-
tein resistant to degradation by Vif while mutation of cysteine
residues in the C-terminal zinc finger motif did not affect
sensitivity to Vif. These results suggest that sensitivity of
APO3G to degradation by Vif is dependent on determinants in
the N-terminal zinc finger domain. Importantly, we found that
despite resistance to degradation, encapsidation and antiviral
activity of APO3G C97A were still efficiently controlled by Vif.
These results suggest that Vif has evolved distinct mechanisms
for excluding APO3G from HIV-1 virions. One involves intra-
cellular degradation of APO3G; the other regulates packaging
of APO3G through a degradation-independent pathway.

MATERIALS AND METHODS

Plasmids. The vif-defective molecular clone pNL4-3AVif (17) was used for the
production of virus stocks. Construction of pcDNA-APO3Gmyc for the expres-
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sion of C-terminally epitope-tagged wt human APO3G was reported elsewhere
(15). Most experiments were performed using untagged APO3G. For the ex-
pression of untagged human APO3G, a stop codon was introduced into the
pcDNA-APO3G-MycHis vector by PCR-based mutagenesis. Untagged APO3G
was efficiently expressed from the resulting pcDNA-APO3G vector and identi-
fied in immunoblots using the ApoC17 polyclonal antibody (see below). Muta-
tion of cysteine residues C97A, C100S, C288S, and C291A in human APO3G
either alone or in combination was accomplished by PCR-based mutagenesis of
pcDNA-APO3G (34). The presence of the desired mutations and the absence of
additional mutations were verified for each construct by sequence analysis. For
transient expression of Vif (strain HXB2), the subgenomic expression vector
pNL-A1 (42) was employed. This plasmid expresses all HIV-1 proteins except
Gag and Pol. A vif-defective variant, pNL-A1vif(—), was constructed by deletion
of an Ndel/PAIMI fragment (17). Construction of pNL-A1/AgmVif, carrying the
vif gene of simian immunodeficiency virus (SIV) strain SIVagm9063 in the
backbone of pNL-A1, was described elsewhere (44). Vector pNL-A1/MacVif for
the expression of SIVmac239 Vif protein was constructed by replacing the vif
gene in pNL-A1/AgmVif using standard PCR techniques. The construction of
pcDNA-hVif for the expression of NL4-3 Vif from a codon-optimized vector
under the transcriptional control of a cytomegalovirus promoter has been de-
scribed elsewhere (33). The Cul5 expression vector pCul5-HA was a generous
gift from X. F. Yu (50). An Rbx binding mutant of Cul5-hemagglutinin (HA) was
constructed by site-directed mutagenesis using an approach similar to that de-
scribed in Yu et al. (50).

Antisera. APO3G was identified using a polyclonal rabbit serum against re-
combinant human APO3G (15) or against a synthetic peptide comprising the 17
C-terminal residues of APO3G (anti-ApoC17; available through the NIH AIDS
Research and Reagent Program, catalog no. 10082). Serum from an HIV-posi-
tive patient (APS) was used to detect HIV-1-specific capsid (CA) proteins. A
monoclonal antibody to HIV-1 Vif (monoclonal antibody no. 319) was a gift from
Michael Malim and was used for all immunoblot analyses and for immunocyto-
chemistry. Polyclonal antibodies to SIVagm Vif and SIVmac Vif were raised in
rabbits by immunization with purified recombinant proteins. Tubulin was iden-
tified using a monoclonal antibody to a-tubulin (Sigma-Aldrich, Inc., St. Louis,
MO). For immunoprecipitation of myc-tagged APO3G, a rabbit polyclonal anti-
myc antibody was employed (Sigma-Aldrich, Inc., St. Louis, MO). For immuno-
staining of HA-tagged APO3G, an HA-specific mouse monoclonal antibody
(Research Diagnostics, Inc., Concord, MA) was used. For immunostaining of
APO3G C97Amyc, a Myc-specific polyclonal rabbit antibody was used (Sigma-
Aldrich, Inc., St. Louis, MO). Cy2- and Texas Red-conjugated secondary anti-
bodies were obtained from Jackson Laboratory (Jackson Immunoresearch Lab-
oratory, West Grove, PA).

Tissue culture and transfections. HeLa cells were propagated in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum (FBS). For trans-
fection, HeLa cells were grown in 25-cm? flasks to about 80% confluence. Cells
were transfected using Lipofect AMINE PLUS (Invitrogen Corp., Carlsbad, CA),
following the manufacturer’s recommendations. A total of 5 to 6 pg of plasmid
DNA per 25-cm? flask (5 X 10° cells) was used. Total amounts of transfected
DNA were kept constant in all samples of any given experiment by adding
empty-vector DNA [pcDNA3.1 or pNL-Alvif(—)] as appropriate. Cells were
harvested at 24 to 48 h posttransfection.

Preparation of virus stocks. Virus stocks were prepared by transfecting HeLa
cells with appropriate plasmid DNAs. Virus-containing supernatants were har-
vested 24 to 48 h after transfection. Cellular debris was removed by centrifuga-
tion (3 min, 3,000 X g), and clarified supernatants were filtered (0.45 pm) to
remove residual cellular contaminants. For determination of viral infectivity,
unconcentrated filtered supernatants were used for the infection of LuSIV indi-
cator cells. For immunoblot analysis of viral proteins, virus-containing superna-
tants (7 ml) were concentrated by ultracentrifugation through 4 ml of 20%
sucrose in phosphate-buffered saline (PBS) as described previously (15).

Infectivity assay. To determine viral infectivity, virus stocks were normalized
for equal levels of reverse transcriptase activity and used to infect LuSIV cells
(5 X 10°) in a 24-well plate in a total volume of 1.2 to 1.4 ml. LuSIV cells are
derived from CEMx174 cells and contain a luciferase indicator gene under the
control of the STVmac239 long terminal repeat (35). These cells were obtained
through the NIH AIDS Research and Reference Reagent Program (catalog no.
5460) and were maintained in complete RPMI 1640 medium supplemented with
10% FBS and hygromycin B (300 wg/ml). Cells were infected for 24 h at 37°C.
Cells were then harvested and lysed in 150 pl of Promega 1X reporter lysis buffer
(Promega Corp., Madison, WI). To determine the luciferase activities in the
lysates, 50 wl of each lysate was combined with luciferase substrate (Promega
Corp., Madison, WI) by automatic injection and light emission was measured for
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10 seconds at room temperature in a luminometer (Optocomp II; MGM Instru-
ments, Hamden, CT).

Immunoblotting. For immunoblot analysis of intracellular proteins, whole-cell
lysates were prepared as follows. Cells were washed once with PBS, suspended in
PBS (400 wl/107 cells), and mixed with an equal volume of sample buffer (4%
sodium dodecyl sulfate [SDS], 125 mM Tris-HCI, pH 6.8, 10% 2-mercaptoeth-
anol, 10% glycerol, and 0.002% bromphenol blue). Proteins were solubilized by
boiling them for 10 to 15 min at 95°C, with occasional vortexing of the samples
to shear cellular DNA. Residual insoluble material was removed by centrifuga-
tion (2 min, 15,000 rpm, in an Eppendorf Minifuge). For immunoblot analysis of
virus-associated proteins, concentrated viral pellets were suspended in a 1:1
mixture of PBS and sample buffer and boiled. Cell lysates and viral extracts were
subjected to SDS-polyacrylamide gel electrophoresis; proteins were transferred
to polyvinylidene difluoride membranes and reacted with appropriate antibodies
as described in the text. Membranes were then incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Amersham Biosciences, Piscataway,
NJ) and visualized by enhanced chemiluminescence (Amersham Biosciences).

Immunoprecipitation analysis. For coimmunoprecipitation analysis of APO3G
and Vif, cell lysates were prepared as follows. Cells were washed once with PBS and
lysed in 300 wl of lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Triton
X-100). The cell extracts were clarified at 13,000 X g for 3 min, and the supernatant
was incubated on a rotating wheel for 1 h at 4°C with protein A-Sepharose coupled
with anti-myc rabbit polyclonal antibodies (Sigma-Aldrich, Inc., St. Louis, MO).
Immune complexes were washed three times with 50 mM Tris, 300 mM NaCl, and
0.1% Triton X-100, pH 7.4. Bound proteins were eluted from beads by heating them
in sample buffer for 5 min at 96°C and analyzed by immunoblotting.

FPLC analysis. HeLa cells were transfected with appropriate plasmid DNAs.
After 24 h, cells were washed once with PBS and lysed for 30 min at 4°C in 1 ml
of lysis buffer (50 mM HEPES, 125 mM NaCl, 0.2% NP-40, 0.1 mM phenyl-
methylsulfonyl fluoride, 1X protease inhibitor cocktail [complete mini; Roche
Diagnostics, Indianapolis, IN]). Cell extracts were clarified by centrifugation at
13,000 X g for 15 min at 4°C before injection for fast-performance liquid chro-
matography (FPLC). Samples were loaded on a Superose 6HR 10-30 column
and separated in running buffer (10% glycerol, 50 mM HEPES, pH 7.4, 125 mM
NaCl, 0.1% NP-40, 1 mM dithiothreitol). Twenty-five fractions of 1 ml each were
collected at a flow rate of 0.2 ml/min. Samples were concentrated at 4,000 X g for
10 min using Amicon Ultra 10K tubes (Millipore) and mixed 1:1 with sample
buffer. Samples were boiled for 5 min at 96°C and analyzed by immunoblotting. For
RNase treatment, cell lysates were incubated for 1 h at 37°C with 100 pg/ml of
RNase A. The cell extracts were then subjected to FPLC analysis as described above.

Immunofluorescence and confocal microscopy. HeLa cells were transfected as
indicated in the text. Transfected cells were trypsinized, and single-cell suspen-
sions were distributed into 12-well plates containing 0.13-mm coverslips. Cells
were grown for 15 to 24 h at 37°C in Dulbecco’s modified Eagle’s medium
containing 10% FBS. Cells were fixed at —20°C in precooled methanol (—20°C)
for 10 min, followed by two washes in PBS. Coverslips were stored in PBS at 4°C
until use. For antibody staining, coverslips were incubated in a humid chamber
at 37°C for 1 h with primary antibodies at appropriate dilutions in 1% bovine
serum albumin in PBS. Coverslips were washed once in PBS (5 min, room
temperature) and incubated with Cy2- or Texas Red-conjugated secondary an-
tibodies (diluted in 1% bovine serum albumin in PBS) for 30 min at 37°C in a
humid chamber. Coverslips were then washed twice with PBS and mounted onto
microscope slides with glycerol gelatin (Sigma-Aldrich, Inc., St. Louis, MO)
containing 0.1 M N-propyl gallate (Sigma) to prevent bleaching. For confocal
microscopy, a Zeiss LSM 410 inverted laser scanning microscope (LSM)
equipped with a krypton-argon mixed-gas laser was employed. Images were
acquired with a Plan-Apochromat 63X/1.4-oil-immersion objective (Zeiss). For
two-color analysis, objects were excited using 488/568-nm laser lines. Green and
red emissions were simultaneously recorded through appropriate filters (515- to
540-nm band pass filter for Cy2 and 590-nm long pass filter for Texas Red) and
stored in separate (red and green) image channels. At the same time, bright-field
images (Nomarski optics) were collected and stored in a third (blue) channel.
Image quality was enhanced during data acquisition using the LSM line average
feature (8 or 16X). Postacquisition digital image enhancement was performed
using the LSM software.

RESULTS

APO3G C97A is resistant to degradation by HIV-1 Vif. We
and others previously reported that APO3G forms homo-mul-
timers (34, 40). Multimerization of APO3G was RNase sensi-
tive, suggesting that APO3G multimerization was mediated or
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facilitated by an RNA bridge. We also found that mutation of
cysteine 97 (C97A) in human APO3G, which is part of an
N-terminal zinc finger motif, inhibited homo-multimerization
(34). However, APO3G C97A, despite its inability to form
homo-multimers, was efficiently packaged into HIV-1 virions
and exhibited antiviral activity (34). The main goal of the
current study was to examine the sensitivity of APO3G C97A
to inhibition by Vif.

We first compared the effects of Vif on the stability of wt
APO3G and APO3G C97A. Expression vectors for wt and
mutant APO3G were cotransfected into HeLa cells together
with increasing amounts of the Vif expression vector pNL-A1.
The ratios of APO3G/Vif vectors were 1:0.5 (Fig. 1A, lanes 3
and 6) and 1:1.5 (Fig. 1A, lanes 4 and 7), respectively. The
vif-defective pNL-A1Vif(—) plasmid was included as a control
(Fig. 1A, lanes 2 and 5). A control expressing Vif in the ab-
sence of APO3G was also included (Fig. 1A, lane 1). The total
amounts of transfected DNA were kept constant in all samples
by using empty pcDNA3.1 or pNL-Alvif(—) DNA as appro-
priate. Cells were harvested at 24 h posttransfection. Whole-
cell lysates were subjected to immunoblot analysis using anti-
bodies to APO3G (Fig. 1A, top). The same blot was
subsequently reprobed with monoclonal antibodies to Vif (Fig.
1A, middle) or a-tubulin as a loading control (Fig. 1A, bot-
tom). APO3G-specific bands were quantified by densitometric
scanning, and results are presented as percentages of the value
for APO3G in the absence of Vif, which was defined as 100%
(Fig. 1A, right). As expected, the expression of wt APO3G
decreased with increasing amounts of Vif (Fig. 1A, lanes 2 to
4). Interestingly, expression of increasing amounts of Vif did
not result in a decrease in APO3G C97A levels (Fig. 1A, lanes
5 to 7). These results suggest that APO3G C97A has acquired
resistance to Vif-induced degradation.

We have previously reported that Vif expressed from
pNL-AT1 only modestly reduces the steady-state expression of
APO3G (16). It is therefore possible that the lack of effect of
Vif on APO3G C97A in Fig. 1A was due in part to the inef-
ficiency of Vif rather than an inherent resistance of APO3G to
Vif. To test this possibility, we used a codon-optimized vector
for the expression of hVif (33), which in other experiments had
a more pronounced effect on the stability of wt APO3G than
Vif expressed from pNL-Al (unpublished data). The experi-
mental setup was the same as that for Fig. 1A except for the
different Vif expression vector. The results are shown in Fig.
1B. APO3G-specific bands were quantified as for Fig. 1A, and
the results are shown on the right side in Fig. 1B. Expression of
hVif resulted indeed in more efficient degradation of wt
APO3G than that seen with pNL-Al-based Vif (Fig. 1B, lanes
2 to 4). However, despite the more pronounced effect of hVif
on wt APO3G, the levels of APO3G C97A remained constant
or even increased slightly at the highest concentration of hVif
(Fig. 1B, lanes 5 to 7). These results support the conclusion
that APO3G C97A has indeed acquired resistance to Vif-
induced proteasomal degradation.

To further confirm the resistance of APO3G C97A to Vif-
induced degradation, we studied the effects of hVif on APO3G
C97A in cells cotransfected with wt APO3G. HeLa cells were
transfected with a mixture of wt APO3G and APO3G C97A
vectors together with increasing amounts of hVif plasmid DNA
(Fig. 1C, lanes 3 and 4). To allow discrimination between wt
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and mutant protein, wt APO3G was expressed as an epitope-
tagged form carrying a 26-residue myc-his epitope tag (34).
The inherent sensitivity of myc-tagged APO3G to degradation
by Vif is similar to that of untagged APO3G (data not shown).
A mock-transfected sample was included as a background con-
trol (Fig. 1C, lane 1). Cells were harvested 24 h after transfec-
tion, and whole-cell lysates were analyzed by immunoblotting
for expression of APO3G (Fig. 1C, top) or Vif (Fig. 1C, mid-
dle). The APO3G blot was subsequently reprobed with a tu-
bulin-specific antibody (Fig. 1C, bottom). APO3G-specific
bands were quantified as for Fig. 1A and B, and the results are
shown on the right of Fig. 1C. In the absence of Vif, wt APO3G
and APO3G C97A were easily detectable in the immunoblot
although levels of APO3G C97A were somewhat lower than
those of wt APO3G in this experiment (Fig. 1C, lane 2). Im-
portantly, the presence of hVif almost completely eliminated
wt APO3G while expression of APO3G C97A was again
slightly increased in the presence of hVif (Fig. 1C, lanes 3 and
4). The fact that hVif selectively induces degradation of wt
APO3G when both wt and mutant protein are coexpressed in
the same cell confirms the resistance of APO3G C97A to
Vif-induced degradation and demonstrates that the lack of
degradation is not due to an inherent deficiency in our exper-
imental setup.

HIV-1 Vif is able to bind APO3G C97A. Previous data
showed that Vif-induced degradation of APO3G requires the
physical interaction of the two proteins. Indeed, a single amino
acid change in APO3G at residue 128 was sufficient to severely
inhibit the ability of HIV-1 Vif to interact with human APO3G
(3, 27, 38). We therefore wanted to test the ability of Vif to
coimmunoprecipitate with APO3G C97A to see if resistance to
degradation was caused by a loss of Vif/APO3G interaction.
For this experiment, myc epitope-tagged variants of wt
APO3G (Fig. 2A, lanes 2 and 5) and APO3G C97A (Fig. 2A,
lanes 3 and 6) were cotransfected into HeLa cells together with
pcDNA-hVif. To prevent degradation of wt APO3G, samples
were also cotransfected with pCul5-RbxHA expressing a dom-
inant-negative form of Cul5 that was previously shown to in-
hibit Vif-dependent degradation of APO3G (50). A sample
expressing hVif in the absence of APO3G was included as a
negative control (Fig. 2A, lanes 1 and 4). Cells were harvested
24 h after transfection, and cell lysates were prepared as de-
scribed in Materials and Methods. An aliquot of each cell
lysate was directly analyzed by immunoblotting for the pres-
ence of APO3G (Fig. 2A, top, lanes 1 to 3) or Vif (Fig. 2A,
bottom, lanes 1 to 3). The remaining lysates were immunopre-
cipitated with a polyclonal myc-specific antibody, and the im-
munoprecipitated samples were then subjected to immuno-
blotting using antibodies to APO3G (Fig. 2A, top, lanes 4 to 6)
or Vif (Fig. 2A, bottom, lanes 4 to 6). APO C97A was ex-
pressed at somewhat lower levels in this experiment than wt
APO3G (Fig. 2A, top, compare lanes 2 and 3), and as a result,
the amounts of APO3G C97A precipitated by the myc-specific
polyclonal antibody were lower as well (Fig. 2A, top, compare
lanes 5 and 6). Vif was found to coprecipitate with both wt
APO3G and APO3G C97A (Fig. 2A, bottom, lanes 5 and 6).
Vif was not immunoprecipitated in the absence of APO3G
(Fig. 2A, bottom, lane 4), demonstrating the specificity of the
interaction of Vif with wt APO3G and APO3G C97A. For a
more quantitative analysis of the Vif-APO3G interactions, Vif
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FIG. 1. APO3G C97A is resistant to Vif-induced degradation. (A) HeLa cells were transfected with vectors expressing untagged wt APO3G (lanes
2 to 4) or APO3G C97A (lanes 5 to 7) together with vif-deficient pNL-A1 (lanes 2 and 5) or increasing amounts of the Vif-expressing pNL-A1 vector
as described in the text (lanes 3, 4, 6, and 7). Lane 1 is a control that expresses Vif in the absence of APO3G. The total amount of transfected DNA in
each sample was adjusted to 5 pg using empty pcDNA3.1 vector DNA (lane 1) or pNL-Alvif(—) DNA (lanes 2 to 7). Cells were harvested 24 h after
transfection, and whole-cell lysates were analyzed by immunoblotting using an APO3G-specific rabbit polyclonal antibody (ApoC17) followed by
incubation with an HRP-conjugated anti-rabbit antibody (APO3G). The same blot was subsequently reblotted with a Vif-specific monoclonal antibody
(Vif), followed by probing with an antibody to a-tubulin (tubulin). Proteins are identified on the right. APO3G-specific protein bands were quantified
by densitometric scanning of the gel, and signal intensities were calculated as percentages of the signal observed in the absence of Vif (right side).
(B) HeLa cells were transfected and analyzed as for panel A, except that pNL-A1 was replaced by the pcDNA-hVif vector carrying a codon-optimized
vif gene. DNA amounts were adjusted to 5 pg using empty pcDNA3.1 vector DNA. (C) HeLa cells (5 X 10°) were transfected with constant amounts
of myc-tagged wt pcDNA-APO3Gmyc and untagged pcDNA-APO3G C97A together with increasing amounts of pcDNA-hVif. Plasmid ratios of
hVif/APO3G vectors were 0 (lane 2), 0.25 (lane 3), and 0.5 (lane 4). Total amounts of DNA were adjusted to 5 pg by addition of empty-vector DNA
(pcDNA3.1) as appropriate. A mock-transfected sample (no DNA) was included as a control (lane 1). Whole-cell lysates were prepared 24 h after
transfection and subjected to immunoblotting using an APO3G-specific peptide antibody (top) or a Vif monoclonal antibody (bottom). Proteins are
identified on the right. Quantitation of APO3G-specific bands for panels B and C was done as for panel A.

coimmunoprecipitation by APO3G was quantified from three
independent experiments. Vif- and APO3G-specific bands
were densitometrically scanned, and signal intensities were
corrected for the differences in the amounts of APO3G immu-

noprecipitated. The results are shown in Fig. 2B and suggest
that APO3G and APO3G C97A have very similar affinities for
Vif in the in vitro pull-down experiment. Thus, mutation of
C97A did not significantly affect the interaction of Vif and
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FIG. 2. APO3G C97A binds to Vif. (A) HeLa cells were cotrans-
fected with pcDNA-hVif and myc-tagged wt pcDNA-APO3Gmyc
(lanes 2 and 5) or myc-tagged pcDNA-APO3G C97A-myc (lane 3 and
6). To prevent degradation of wt APO3G by Vif, the dominant-nega-
tive Cul5 mutant pCul5-RbxHA was cotransfected in all samples. Total
DNA amounts were adjusted to 5 pg in each sample by using
pcDNA3.1 vector DNA. As a control, HeLa cells were transfected with
pcDNA-hVif and pCul5-RbxHA in the absence of APO3G (lanes 1
and 3). Samples were analyzed either directly (left panels) or following
immunoprecipitation (IP) with a myc-specific polyclonal antibody
(right panels). Cell lysates and immunoprecipitates were analyzed by
immunoblotting using an APO3G-specific rabbit polyclonal antibody,
followed by incubation with an HRP-conjugated anti-rabbit antibody
(top panels), or a monoclonal antibody to Vif, followed by incubation
with an HRP-conjugated anti-mouse antibody (bottom panels). Pro-
teins are identified on the right. In the immunoprecipitated samples,
the HRP-conjugated second antibody reacted with both the APO3G-
specific antibodies and the myc-specific antibody used for the immu-
noprecipitation (immunoglobulin G [IgG]). (B) The relative binding
efficiencies of Vif and APO3G were determined by quantifying the
efficiency of Vif coimmunoprecipitation with APO3G. APO3G- and
Vif-specific protein bands in the right panels of panel A (IP) were
quantified by densitometric scanning. Signals were corrected for dif-
ferences in the amounts of immunoprecipitated APO3G protein. The
signal intensity of Vif coprecipitated with wt APO3G was defined as
100%. Error bars in the APO3G C97A sample (C97A) reflect the
standard deviation calculated from three independent co-IP studies.

APO3G C97A, suggesting that resistance of APO3G C97A to
degradation by Vif is not due to a lack of protein-protein
interaction.

APO3G C97A is insensitive to degradation by different Vif
species. It was recently reported that the change of a single
aspartic acid residue at position 128 in human APO3G to
lysine rendered the protein insensitive to HIV-1 Vif but sen-
sitive to SIVagm Vif (3, 27, 38, 48). To determine if mutation
of C97 caused a similar switch in species-specific sensitivity to
Vif, we analyzed the sensitivity of APO3G C97A to degrada-
tion by SIVagm9063 and SIVmac239 Vif. HeLa cells were
cotransfected with vif-defective pNL-A1 (Fig. 3, lane 1) or
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FIG. 3. APO3G C97A is resistant to Vif from HIV-1, SIVagm, and
SIVmac. HeLa cells were transfected with vectors expressing wt
APO3G (C and D) or APO3G C97A (A and B) together with vif-
deficient pNL-A1 (lane 1), pNL-Al (lane 2), pNL-A1/AgmVif (lane
3), or pNL-A1/MacVif (lane 4). Whole-cell lysates were analyzed for
the expression of APO3G by using a rabbit polyclonal peptide antibody
(B and D) or a mixture of antibodies to Vif consisting of a monoclonal
antibody to HIV-1 Vif plus polyclonal rabbit antibodies to SIVagm Vif
and SIVmac Vif (A and C). Vif-specific antibodies were subsequently
identified with a mixture of HRP-conjugated anti-mouse and anti-
rabbit antibodies. Proteins are identified on the right.

pNL-Al variants expressing HIV-1 Vif (Fig. 3, lane 2),
SIVagm Vif (Fig. 3, lane 3), or SIVmac Vif (Fig. 3, lane 4)
together with vectors expressing APO3G C97A (Fig. 3A and
B) or wt APO3G (Fig. 3C and D). Cells were harvested 24 h
later, and whole-cell lysates were prepared. APO3G proteins
were identified by immunoblotting using the ApoC17 peptide
antibody. Vif expression was determined by immunoblotting
using a mixture of three different Vif-specific antibodies (Fig.
3A and D). HIV-1 Vif was identified using a high-titer mono-
clonal antibody (no. 319), while SIVagm and SIVmac Vif pro-
teins were identified by polyclonal antibodies raised against
recombinant Vif proteins. The SIV Vif-specific antisera exhib-
ited lower specific titers than the monoclonal antibody to
HIV-1 Vif, which could explain the stronger signal observed
for HIV-1 Vif than for SIVagm and SIVmac Vif in this exper-
iment. The relative mobilities of Vif proteins varied according
to the sizes of the Vif proteins (HIV-1, 192 residues; SIVagm,
231 residues; SIVmac, 214 residues). As expected, wt APO3G
was sensitive to HIV-1 and SIVmac Vif (Fig. 3D, lanes 2 and
4) but was resistant to SIVagm Vif (Fig. 3D, lane 3), evident
from the reduced protein levels compared to those for the
Vif-negative control (Fig. 3D, lane 1). In contrast, APO3G
C97A was resistant to all of the Vif isolates tested (Fig. 3B),
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FIG. 4. Mutation of cysteine residues in the N-terminal but not the C-terminal zinc finger motif of APO3G confers resistance to Vif. HeLa cells
were transfected with pcDNA-APO3G (lanes 2 and 3), pcDNA-APO3G C97A (lanes 4 and 5), pcDNA-APO3G C100S (lanes 6 and 7),
pcDNA-APO3G C97A/C100S (lanes 8 and 9), or pcDNA-APO3G C288S/C291A (lanes 10 and 11) in the absence (even-numbered lanes) or
presence (odd-numbered lanes) of pcDNA-hVif plasmid DNA at a 1:1 ratio. All APO3G vectors encoded untagged APO3G proteins. A sample
transfected with pcDNA-hVif in the absence of APO3G was included as a control (lane 1). Total DNA amounts were adjusted to 5 pg in each
sample by using empty pcDNA3.1 vector DNA. Cells were harvested 24 h after transfection and subjected to immunoblotting as described

for Fig. 2.

suggesting that mutation of residue C97 induced a general
resistance to Vif-induced degradation.

Changes in the N-terminal but not the C-terminal zinc fin-
ger domain of APO3G confer resistance to Vif-induced degra-
dation. The results from Fig. 1 and 3 demonstrate that Vif is
unable to cause degradation of APO3G C97A. In our previous
study, we had analyzed additional APO3G mutants and found
that APO3G C100S, although able to multimerize, was very
inefficiently packaged into HIV particles and, as a result, had
largely lost its antiviral activity. Furthermore, a double mutant,
APO3G C97A/C100S, did not multimerize, was inefficiently
packaged, and had no detectable antiviral activity. Finally,
APO3G C288S/C291A, carrying mutations in the C-terminal
zinc finger motif, was found to multimerize, was efficiently
encapsidated into HIV-1 virions, and exhibited residual anti-
viral activity despite a lack of catalytic activity (34).

We employed all of these mutants to determine whether the
loss of sensitivity of APO3G C97A to Vif-induced degradation
was correlated with the inability of APO3G to multimerize.
HeLa cells were transfected with vectors encoding wt APO3G
(Fig. 4, lanes 2 and 3) or the APO3G mutants C97A (Fig. 4,
lanes 4 and 5), C100S (Fig. 4, lanes 6 and 7), C97A/C100S (Fig.
4, lanes 8 and 9), and C288S/C291A (Fig. 4, lanes 10 and 11) in
the presence (Fig. 4, odd-numbered lanes) or absence (Fig. 4,
even-numbered lanes) of hVif. Whole-cell lysates were pre-
pared 24 h after transfection, and cell lysates were analyzed by
immunoblotting using an APO3G-specific antibody (Fig. 4,
top). The same blot was then sequentially reblotted with
monoclonal antibodies to Vif (Fig. 4, middle) and «-tubulin
(Fig. 4, bottom). As expected, wt APO3G was exquisitely sen-
sitive to degradation (Fig. 4, lanes 2 and 3) while APO3G
C97A was resistant to Vif (Fig. 4, lanes 4 and 5). Interestingly,
APO3G C100S (Fig. 4, lanes 6 and 7) and the C97A/C100S
double mutant (Fig. 4, lanes 8 and 9) also exhibited resistance
to Vif. In contrast, mutation of the C-terminal zinc finger
domain had no effect on Vif sensitivity and APO3G C288S/
C291A was degraded with efficiency similar to that for wt
APO3G in hVif-expressing cells (Fig. 4, lanes 10 and 11).

These results indicate that the C-terminal zinc finger domain,
which is critical for catalytic activity, is not important for sen-
sitivity to Vif-induced degradation. In contrast, mutation of
either cysteine residue in the N-terminal zinc finger domain of
APO3G induced resistance to degradation by Vif irrespective
of the protein’s ability to multimerize. As noted before, the
experiments shown here involved untagged APO3G proteins.
Similar results were obtained in experiments using C-termi-
nally epitope-tagged APO3G proteins (data not shown). These
results suggest that sensitivity to degradation is not dependent
on APO3G homo-multimerization but is determined by se-
quences mapping to or near the N-terminal zinc finger domain.

Colocalization of APO3G C97A and HIV-1 Vif in HeLa cells.
Previous immunofluorescence analyses showed that APO3G is
a cytoplasmic protein (1, 16, 29, 45). Interestingly, the cyto-
plasmic distribution of APO3G was not uniform; instead,
APO3G was found to accumulate in cytoplasmic compart-
ments characterized as P bodies or stress granules (11, 20, 46).
Although the significance of this observation remains under
investigation, it may be related to the assembly of APO3G into
HMM complexes (6, 7, 11, 20). We have previously found that
HIV-1 Vif when expressed from pNL-A1 partially colocalized
with APO3G in transfected HeLa cells (16). Even though
APO3G C97A retained its ability to physically interact with
HIV-1 Vif in in vitro pull-down experiments (Fig. 2), this
interaction could have occurred after cell lysis (29) and it is
conceivable that resistance of APO3G C97A is due to intra-
cellular mislocalization.

To analyze the intracellular distribution of APO3G C97A,
we performed two experiments. In the first experiment (Fig.
5A to D), we compared the subcellular distribution of wt
APO3G and APO3G C97A by employing differentially tagged
APO3G proteins that allowed recognition by epitope tag-spe-
cific antibodies. HeLa cells were transfected with equimolar
amounts of APOBEC3G-HA (41) and APO3G C97A-myc
(34) expression vectors. Cells were then stained with HA- and
Myc-specific antibodies and analyzed by confocal microscopy
as described in Materials and Methods. Both wt APO3G (Fig.
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FIG. 5. Intracellular distribution of APO3G C97A. (A to D) HeLa cells were transfected with equal amounts of APOBEC3G-HA and
pcDNA-APO3G C97Amyc vector DNA. Transfected cells were grown in 12-well plates on coverslips. Cells were fixed with methanol 20 h after
being transfected and reacted with an HA-specific mouse monoclonal antibody and a myc-specific polyclonal rabbit antibody, followed by
incubation with Cy2-conjugated donkey anti-mouse and Texas Red-conjugated donkey anti-rabbit antibodies. All antibodies were used at 1:200
dilutions. Images of Cy2-stained wt APO3G (A) and Texas Red-stained APO3G C97A (B) were acquired simultaneously and stored in separate
image channels. Bright-field (Nomarski) images were stored in a third image channel (C). Colocalization of wt and mutant APO3G was determined
by combining the green and red image channels (D). (E to H) HeLa cells were transfected with untagged pcDNA-APO3G C97A and pNL-A1l
plasmid DNAs at 1:0.5 molar ratios. Cells were processed for image analysis as described for panels A to D. Cells were stained with a Vif-specific
mouse monoclonal antibody and an APO3G-specific rabbit polyclonal antibody. Cy2 and Texas Red-conjugated secondary antibodies were as for
panels A to D. Images of Cy2-stained Vif (E) and Texas Red-stained APO3G C97A (F) were acquired simultaneously and stored in separate image
channels. Bright-field (Nomarski) images were stored in a third image channel (G). Colocalization of Vif and APO3G C97A was determined by

combining the green and red image channels (H).

5A) and APO3G C97A (Fig. 5B) were found in cytoplasmic
compartments including cytoplasmic bodies. Interestingly, the
distribution of APO3G C97A was more diffuse than that of wt
APO3G and included some nuclear staining. Overlay of wt and
mutant APO3G panels revealed colocalization of wt and mu-
tant APO3G in the cytoplasmic bodies and partial colocaliza-
tion throughout the cytoplasm. In the second experiment (Fig.
SE to H), we investigated the effect of the C97A mutation on
colocalization of APO3G and Vif. HeLa cells were transfected
with pcDNA-APO3G C97A and pNL-A1 at 1:0.5 molar ratios.
Samples were stained for Vif (Fig. 5E) and APO3G C97A (Fig.
5F) and processed for confocal microscopy as described in
Materials and Methods. Aside from double-positive cells, we
also found some cells expressing only APO3G C97A. Figure
5E to H shows such an example of single- and double-positive
cells. Although not typical, this image was chosen because it
confirms on a single-cell level that expression of Vif had no
effect on the expression of APO3G C97A. As in Fig. 5B,
staining of APO3G C97A in Fig. 5SF was more generally cyto-
plasmic than that of wt APO3G (Fig. 5A), supporting the
notion that the cellular distribution of APO3G C97A was not
affected by the presence or absence of an epitope tag or the use
of different primary antibodies. Importantly, APO3G C97A
exhibited partial cytoplasmic colocalization with Vif similar to
that previously observed for wt APO3G (16). These results
suggest that resistance of APO3G C97A to Vif-induced deg-
radation is not due to a dramatic change in its subcellular
distribution.

APO3G C97A forms HMM complexes in HeLa cells. The
immunocytochemical analysis whose results are shown in Fig.
5B revealed the presence of APO3G C97A in cytoplasmic

bodies. This suggested that APO3G C97A retained its ability
to assemble into HMM complexes despite its inability to form
homo-multimers. To compare the assembly of wt APO3G and
APO3G C97A into HMM complexes, we subjected wt and
mutant APO3G to FPLC (Fig. 6). HeLa cells were separately
transfected with plasmids for the expression of wt APO3G or
APO3G C97A. Cells were harvested 24 h later and prepared
for FPLC analysis as described in Materials and Methods.
Samples were either left untreated (Fig. 6A) or treated with
RNase A prior to FPLC analysis (Fig. 6B). Individual FPLC
fractions were analyzed by immunoblotting for the presence of
APO3G. Consistent with a previous report (6), wt APO3G was
found enriched in HMM fractions (>400 kDa) of the HeLa
extracts (Fig. 6A, APO3G). RNase treatment shifted APO3G
to low-molecular-mass (LMM) fractions (Fig. 6B, APO3G),
confirming the involvement of RNA in the formation of
APO3G HMM complexes. Interestingly, APO3G C97A was
also found enriched in HMM fractions (>400 kDa). Unlike for
wt APO3G, however, a significant amount of APO3G C97A
accumulated in complexes of intermediate mass (Fig. 6A,
C97A, fractions 13 to 15). RNase treatment effectively disso-
ciated the HMM complexes of APO3G C97A but did not
dissociate the intermediate-mass complexes (Fig. 6B, C97A,
fractions 14 and 15). These results demonstrate that mutation
of C97A in APO3G, which abolishes multimerization of the
protein, did not prohibit its assembly into HMM complexes.
However, there was a qualitative difference between wt and
mutant APO3G in the sense that the C97A mutant appeared
to form additional RNase-insensitive intermediate-mass com-
plexes. APO3G-reactive bands with slower mobilities were ev-
ident in the LMM fractions of both wt and mutant APO3G
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FIG. 6. APO3G C97A forms RNase-sensitive HMM complexes.
(A) HeLa cells (5 X 10°) were transfected in a 25-cm? flask with 5 pg
of pcDNA-APO3G, encoding untagged wt APO3G (APO3G), or
pcDNA-APO3G C97A, encoding the multimerization-defective un-
tagged APO3G C97A mutant (C97A). Cells were harvested 24 h after
transfection, washed in PBS, and lysed for 30 min at 4°C in 1 ml of lysis
buffer (50 mM HEPES, 125 mM NacCl, 0.2% NP-40, 0.1 mM phenyl-
methylsulfonyl fluoride, 1X protease inhibitor cocktail). Cell extracts
were clarified by centrifugation at 13,000 X g for 15 min at 4°C before
injection for FPLC. A Superose 6HR 10-30 column was used with
running buffer (10% glycerol, 50 mM HEPES, pH 7.4, 125 mM NaCl,
0.1% NP-40, 1 mM dithiothreitol). Twenty-five 1-ml fractions were
collected, and individual samples were concentrated at 4,000 X g for 10
min using Amicon Ultra 10K tubes (Millipore). Concentrated samples
were mixed with equal volumes of 2X loading buffer (4% SDS, 125
mM Tris-HCI, pH 6.8, 10% 2-mercaptoethanol, 10% glycerol, and
0.002% bromphenol blue) and heated for 10 min at 95°C prior to gel
electrophoresis. Proteins were separated by SDS-polyacrylamide gel
electrophoresis and analyzed by immunoblotting using an APO3G-
specific rabbit polyclonal peptide antibody (ApoC17). Proteins from a
gel filtration calibration kit (Amersham Biosciences, Piscataway, NJ)
were used to calibrate the column. The relative positions of albumin
(67 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin
(669 kDa) are indicated. (B) Samples were prepared and treated as for
panel A except that cell lysates were incubated for 1 h at 37°C with
RNase A (100 pg/ml) prior to FPLC analysis.

(Fig. 6A, fractions 16 to 18). These bands were not evident in
RNase-treated samples (Fig. 6B), and their nature is not clear.

Vif inhibits encapsidation of APO3G C97A and restores
viral infectivity. HIV-1 Vif can counteract the antiviral activity
of APO3G. This inhibition is generally believed to be due to a
reduction in cellular APO3G expression, which has been at-
tributed to Vif-mediated degradation of APO3G by cytoplas-
mic proteasomes. We wanted to verify the correlation between
the cellular steady-state level and antiviral activity of APO3G
in the presence of Vif. For that purpose, we determined both
the packaging efficiency and the antiviral activity of APO3G
C97A for HIV-1 virions (Fig. 7). HeLa cells were transfected
with vif-defective pNL4-3 together with pcDNA-APO3G C97A
and pNL-A1 for the expression of Vif. Two ratios of APO3G/
Vif vectors were tested: 1:0.3 (Fig. 7A, lanes 4 and 9) and 1:1
(Fig. 7A, lanes 5 and 10). For comparison, packaging of
APO3G C97A was determined in the absence of Vif (Fig. 7A,
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FIG. 7. Vif inhibits the packaging and antiviral activity of APO3G

C97A. HeLa cells were transfected with vif-deficient pNL4-3 (lanes 1
to 10) together with pcDNA-APO3G C97A (lanes 3 to 5 and 8 to 10)
and vif-defective pNL-Alvif(—) (lanes 1, 3, 6, and 8) or increasing
amounts of Vif-expressing pNL-A1 (lanes 4, 5, 9, and 10) vector DNA.
Total amounts of transfected DNA were adjusted to 6 ug in each
sample by using pcDNA3.1 vector DNA. (A) Cell lysates (lanes 1 to 5)
and virus-containing supernatants (lanes 6 to 10) were analyzed by
immunoblotting as described for Fig. 2 except that tubulin antibody
was replaced by an HIV-positive patient serum (APS) for the identi-
fication of capsid protein (CA). Proteins are identified on the right.
(B) Virus-containing supernatants from panel A were normalized for
equivalent amounts of reverse transcriptase activity and used to infect
LuSIV indicator cells (35) for determination of viral infectivity as
described in Materials and Methods. The luciferase activity induced by
virus lacking Vif and APO3G was defined as 100% (lane 1). The
infectivities of the remaining viruses were calculated relative to that of
the control virus. Error bars reflect standard deviations for triplicate
independent infections.

lanes 3 and 8). Virus production in the absence of both
APO3G and Vif (Fig. 7A, lanes 1 and 6) or in the presence of
Vif only (Fig. 7A, lanes 2 and 7) was analyzed in parallel. Cell
lysates (Fig. 7A, lanes 1 to 5) and concentrated cell-free virus
preparations (Fig. 7A, lanes 6 to 10) were analyzed 48 h after
transfection by immunoblotting using an APO3G-specific an-
tibody (Fig. 7A, APO3G). The same blot was then reblotted
first with a monoclonal antibody to Vif (Fig. 7A, Vif) followed
by an HIV-positive human patient serum (Fig. 7A, APS). Con-
sistent with our previous results (34), APO3G C97A was effi-
ciently packaged into vif-defective HIV-1 virions (Fig. 7A,
APO3G, lane 8). Surprisingly, expression of Vif effectively
blocked encapsidation of APO3G C97A (Fig. 6A, lanes 9 and
10). The intracellular level of APO3G C97A in the absence of
Vif (Fig. 6A, lane 3) appeared slightly elevated in this exper-
iment compared to that in the Vif-expressing samples (Fig. 6A,
lanes 4 and 5). However, this effect was not linked to Vif
expression levels (Fig. 6A, lanes 4 and 5) and was not observed
in repeat experiments and thus reflects experimental error.
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Importantly, the difference was minuscule compared to that for
the effect of Vif on APO3G C97A encapsidation.

The infectivities of the viruses produced in Fig. 6A were
analyzed in a single-cycle infectivity assay as described in Ma-
terials and Methods. The infectivity of virus produced in the
absence of APO3G C97A and Vif (Fig. 7B, lane 1) was defined
as 100% and used to calculate the relative infectivities of the
remaining virus samples. As expected, expression of Vif in
the absence of APO3G did not affect viral infectivity, due to
the permissive nature of the HeLa producer cell line (Fig. 7B,
lane 2). Consistent with our previous report (34), expression of
APO3G C97A in the absence of Vif inhibited viral infectivity
(Fig. 7B, lane 3). In contrast, expression of Vif resulted in the
production of fully infectious viruses (Fig. 7B, lanes 4 and 5).
Thus, Vif is able to inhibit packaging and to counteract the
antiviral activity of APO3G C97A despite its resistance to
Vif-induced intracellular degradation.

DISCUSSION

In this study, we identified for the first time an APO3G
mutant that is resistant to degradation by Vif yet remained
fully sensitive to Vif with respect to virus encapsidation and
antiviral activity. These results support parallel studies, in
which we concluded that HIV-1 Vif can inhibit the antiviral
activity of wt human APO3G in the absence of degradation
(Kao et al., unpublished results). The results from both studies
lead us to conclude that the effect of Vif on the intracellular
stability of APO3G and inhibition of its antiviral activity are
separable functions of Vif.

It remains to be investigated why APO3G C97A is resistant
to degradation by Vif. Our data clearly demonstrate that re-
sistance to degradation is unrelated to the inability of APO3G
C97A to multimerize since mutation of C100 in the N-terminal
zinc finger motif of APO3G, which does not affect multimer-
ization, also rendered the protein resistant to degradation.
However, we were unable to test the effect of Vif on the
antiviral activity of APO3G C100S since this APO3G mutant is
not packaged into HIV-1 virions and therefore does not have
antiviral activity (34).

A series of previous studies established that a single amino
acid change at the nearby D128 residue induced resistance to
degradation by HIV-1 Vif (3, 27, 38, 48). In the case of the
D128K mutation, resistance to degradation was explained by
an inability of APO3G to interact with HIV-1 Vif (3, 27, 38).
Interestingly, the D128K mutation in APO3G did not induce a
general resistance to Vif but, in fact, altered its species-specific
sensitivity, resulting in sensitivity to degradation by SIVagm
Vif (3, 27, 38, 48). Our data on APO3G C97A demonstrate
that mutation of human APO3G at position C97 does not
cause a similar change in species-specific sensitivity but rather
imposes a general resistance to Vif (Fig. 3). The fact that the
viral packaging and antiviral activity of APO3G C97A remain
sensitive to HIV-1 Vif suggests that resistance to degradation
is not caused by an inability of APO3G C97A to interact with
Vif. In fact, coimmunoprecipitation analyses demonstrated
that the protein retained the ability to interact with Vif in vitro
(Fig. 2). These results are consistent with previous reports
demonstrating that the binding of HIV-1 Vif to human
APO3G is necessary but not sufficient to overcome the inhib-
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itory effects of the deaminase (29, 50). It should be noted,
however, that Vif and APO3G expressed in separate cultures
were previously found to interact when cell lysates were mixed
together (29). Thus, Vif-APO3G complexes can form after cell
lysis and the successful coimmunoprecipitation of Vif and
APO3G C97A in our experiments does not rule out the pos-
sibility that the resistance to degradation is due to a lack of
interaction in vivo. While immunocytochemical analyses re-
vealed a broader intracellular distribution of APO3G C97A
than of wt APO3G, significant overlap in the intracellular
staining of wt and mutant APO3G remained (Fig. 5D). Thus,
the resistance to degradation is unlikely due to a gross alter-
ation of the protein’s subcellular localization. Furthermore, we
observed partial colocalization of Vif and APO3G C97A in
transfected HeLa cells (Fig. SE to H), which resembles that
previously observed for wt APO3G (16). It is interesting to
note that in some of the experiments the levels of APO3G
C97A were slightly increased when hVif was coexpressed (e.g.,
Fig. 1B and C). The increased levels of APO3G C97A in
hVif-expressing cells were not due to loading error, as the
levels of tubulin were constant in these experiments. The rea-
son for the increased levels of APO3G C97A in the presence of
hVif is unclear and remains under investigation. However,
APO3G C97A is inherently less stable than wt APO3G and it
is conceivable that the interaction of Vif with APO3G C97A
actually stabilizes the protein. Efforts are ongoing to establish
an in vitro degradation assay similar to the one developed for
Vpu-induced degradation of CD4 that would allow us to ad-
dress this question (5).

In a recent study, Chiu et al. reported a postentry restriction
of HIV-1 by APO3G (6). The authors found that expression of
APO3G in an LMM form correlated with high resistance to
HIV-1 infection in resting CD4 cells. Activation of CD4™" cells
resulted in a shift of APO3G to an enzymatically inactive
RNase-sensitive HMM complex that no longer provided pro-
tection from HIV-1 infection (6). Because of the inability of
APO3G C97A to multimerize (34), we initially hypothesized
that APO3G might be unable to form HMM complexes and
might therefore represent a constitutively active deaminase
with potent antiviral activity. Surprisingly, we found that
APO3G C97A retained its ability to form RNase-sensitive
HMM complexes (Fig. 6). However, the FPLC profiles were
not directly superimposable. Unlike wt APO3G, APO3G
C97A associated with intermediate-mass complexes of 200 to
300 kDa. Interestingly, these intermediate complexes appeared
to be less RNase sensitive than the HMM complexes. Their
nature and composition are under investigation. Nevertheless,
we can conclude that formation of HMM complexes is inde-
pendent of multimerization and neither property is predictive
of the sensitivity of APO3G to degradation by Vif.

Our finding that APO3G C97A was resistant to Vif-induced
degradation but its antiviral activity remained sensitive to Vif
was very surprising. Yet, our data clearly demonstrate that Vif
is able to effectively inhibit packaging of APO3G C97A into
viral particles and to counteract its antiviral activity (Fig. 7).
How Vif inhibits the encapsidation of APO3G C97A remains
unclear. The observation that mutations or deletions in various
regions of APO3G affect packaging into virus particles (4, 23,
34) argues in favor of a specific packaging mechanism. More-
over, mutations in the viral Gag precursor abolished the pack-
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aging of the deaminase enzyme into virus-like particles, sug-
gesting an involvement of Gag, in particular the nucleocapsid
NC, in APO3G packaging (1, 25, 37, 43). Finally, packaging of
APO3G requires an interaction with RNA. Several studies
conclude that viral RNA is not essential for encapsidation of
APO3G (1, 4,9, 25, 31, 43); however, the efficiency of APO3G
packaging was clearly enhanced by the presence of viral
genomic RNA (19, 43). In our study, we showed that APO3G
C97A retained the ability to bind RNA necessary for the for-
mation of HMM complexes (Fig. 6). In fact, RT-PCR analysis
confirmed that APO3G C97A retained its ability to interact
with viral genomic RNA in transfected HeLa cells (data not
shown). It is also well established that HIV-1 Vif is packaged
into virus particles (14). It is therefore conceivable that Vif
somehow interferes with these APO3G-RNA or APO3G-Gag
interactions. Like that of APO3G, packaging of Vif is facili-
tated by viral genomic RNA (18, 19) and results in the asso-
ciation of Vif with the nucleoprotein complex (18, 19). Exper-
iments are ongoing to test whether Vif can inhibit packaging of
APO3G through competitive binding to common packaging
signal(s) on Gag or the viral genomic RNA. Such a mechanism
could be highly effective, would require only small amounts of
Vif, and could explain the degradation-independent inhibition
of APO3G encapsidation and antiviral activity.
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