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Vif, 5, which has been a standard model for the viral infectivity factor of human immunodeficiency virus
type 1 (HIV-1), binds the cytidine deaminase APOBEC3G (A3G) and induces its degradation, thereby pre-
cluding its lethal incorporation into assembling virions. Additionally, Vif,; less efficiently degrades A3F,
another potent anti-HIV-1 cytidine deaminase. Although the APOBEC3 paralogs A3A, A3B, and A3C have
weaker anti-HIV-1 activities and are only partially degraded by Vif;;,;, we found that Vif,;;; induces their
emigration from the nucleus to the cytosol and thereby causes net increases in the cytosolic concentrations and
anti-HIV-1 activities of A3A and A3B. In contrast, some other Vifs, exemplified by Vify;yg, and Vify, ; ,, much
more efficiently degrade and thereby neutralize all APOBEC3s. Studies focused mainly on A3F imply that it
occurs associated with mRNA-PABP1 in translationally active polysomes and to a lesser extent in mRNA
processing bodies (P-bodies). A3F appears to stabilize the P-bodies with which it is associated. A correspond-
ingly small proportion of Vif,,; also localizes in P-bodies in an A3F-dependent manner. Stress causes A3A,
A3B, A3C, and A3F to colocalize efficiently with Vify;,;; and mRNA-PABP1 complexes in stress granules in a
manner that is prevented by cycloheximide, an inhibitor of translational elongation. Coimmunoprecipitation
studies suggest that Vifs from different HIV-1 isolates associate with all tested APOBEC3s. Thus, Vifs interact
closely with structurally diverse APOBEC3s, with effects on their subcellular localization, degradation rates,
and antiviral activities. Cytosolic APOBEC3-Vif complexes are predominantly bound to mRNAs that dynam-

ically move between translationally active and storage or processing pools.

The viral infectivity factor (Vif) encoded by human immu-
nodeficiency virus type 1 (HIV-1) neutralizes a potent antiret-
roviral defense that occurs in lymphocytes and macrophages
(29, 39). A major component of this defense system is
APOBEC3G (A3G) (40), a deoxycytidine deaminase that is
incorporated into assembling virion cores, where it lethally
hypermutates nascent HIV-1 reverse transcripts (22, 23, 26,
55). Vif};;5, which has been used as a standard model (the
Vifins gene also occurs in the widely used recombinant HIV-1
strain NL4-3), binds to A3G and causes its rapid polyubiquiti-
nation and proteasomal degradation (27, 28, 41, 45, 53). Vif
has an amino-terminal domain that binds A3G and a carboxyl-
terminal region with adjacent cullin-5 and BC-box motifs that
recruit a multisubunit ubiquitin ligase complex (27, 29, 39, 45).
This complex contains elongins B and C, cullin 5, and the
ubiquitin-protein isopeptide ligase Rbx-1 plus associated fac-
tors (18, 53, 54). By ridding infected cells of A3G, Vif pre-
cludes its incorporation into progeny HIV-1.

A3G is encoded on chromosome 22 in tandem linkage to six
related but structurally diverse cytidine deaminases: A3A,
A3B, A3C, A3DE, A3F, and A3H. Early reports suggested
that the A3D gene was not expressed and that the A3E locus
is a pseudogene, but recent evidence showed that A3D and
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A3E form the N- and C-terminal regions of one protein, A3DE
(7, 17, 48). All members of this family have one (A3A, A3C,
and A3H) or two (A3B, A3DE, A3F, and A3G) cytidine
deaminase motifs containing a conserved consensus sequence
that coordinates Zn?>*, a glutamic acid residue involved in
proton shuttling, and critical aromatic residues involved in
RNA binding (17). Although A3G has the most potent anti-
HIV-1 activity, several other APOBEC3s inhibit HIV-1 to
lesser extents. Specifically, A3F and A3DE weakly inactivate
vif-deleted (Avif) HIV-1 and are partially degraded by Vify 5
(9, 56), whereas A3B inhibits both wild-type (wt) and Avif
HIV-1 and is not neutralized by Vify;5 (1, 10, 52). Although
one group reported that Vif; binds to A3C and downmodu-
lates its intracellular concentration (21), another reported that
Vify5 neither binds nor degrades A3B or A3C (10).
Generally, the anti-HIV-1 activities of APOBEC3s have
been analyzed by using 293T cells that have been transiently
transfected with wt or Avif HIV-1 vectors in the presence or
absence of APOBEC3s and subsequently measuring the rela-
tive infectivities of the released virions (1, 37, 50, 52). While
this system has been very useful, it has serious limitations
because the APOBEC3s being compared are expressed in dif-
ferent amounts in these assays and because the levels of pro-
tein expression in 293T cells are often greater than amounts in
normal cells. In this context, it is notable that A3B, A3F, and
A3G mRNAs are widely but differentially expressed in HIV-
1-susceptible cells and that relatively small but significant
amounts of A3C mRNA also occur in monocytes and macro-
phages (52). With the exception of A3G, which has been de-
tected in cell extracts by using a specific antiserum (45), the
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amounts of other APOBEC3 proteins in HIV-1-susceptible
cells are unknown. Moreover, A3B and A3G mRNA levels are
greatly enhanced in T-cell lines by mitogenic factors that acti-
vate extracellular signal-regulated kinase (37, 38). In macro-
phages but not in T cells, A3A and A3G mRNA levels are
induced by type I interferons (2, 3, 34, 46). As shown here, the
intracellular localizations of APOBEC3s are also regulated.
These findings imply that APOBECS3s in addition to A3F and
A3G might become induced or activated sufficiently to inhibit
HIV-1 replication in some tissues or in damaged and inflamed
microenvironments.

Recent evidence has demonstrated that A3G enzymatic ac-
tivity is inhibited intracellularly by binding to RNA (5). During
reverse transcription within the virion cores, the template
RNA is degraded, and A3G then becomes activated and able
to deaminate cytidines in the negative single-strand DNA sub-
strate (44). Immunofluorescence microscopy and proteomic
analyses have indicated that A3G is principally associated with
mRNAs that shuttle between translationally active polyribo-
somes, mRNA processing bodies (P-bodies), and dormant
stress granules (SGs) (6, 13, 19, 49). Here we extend this
analysis by investigating the associations of the APOBEC3
family members A3A, A3B, A3C, and A3F with these mRNA
metabolic sites and with Vif; . Like A3G, A3F associates with
active polysomes and P-bodies in a Vif-independent manner.
A3A and A3C, which occur in both the nucleus and the cyto-
plasm, and A3B, which has a predominantly nuclear localiza-
tion, become exclusively cytoplasmic in the presence of Vifyg.
All these APOBEC3s accumulate within SGs along with Vif
and mRNA-PABPI in response to stress. Consistent with these
results, Vifs from different HIV-1 isolates bind promiscuously
to all tested APOBEC3s, which is surprising in view of the
substantive diversities in sizes and sequences of these cytidine
deaminases (17). Although all tested Vifs degrade A3G, they
have surprisingly distinct abilities to degrade A3F and other
APOBEC3s. In particular, it has been shown that Vifs from
patient isolates of HIV-1 differ substantially in their relative
abilities to degrade A3F versus A3G (43). We show that Vify
and Vifz s are weaker and relatively specific for A3G,
whereas other variants, such as Vify;xy, and Vifg,  ;, degrade
them all more efficiently.

MATERIALS AND METHODS

Plasmids and viruses. Previously described vectors were used to express the
following proteins: A3G-Myc and LacZ-Myc (27); A3B-Myc (37); A3A-HA,
A3C-HA, and A3F-HA, generously donated by B. Cullen (50); A3B-HA from
the NIH AIDS Research and Reference Reagent Program, donated by B. Cullen
(10, 11); and a codon-optimized derivative of Vify 3 (HVifyyg), a kind gift from
S. Bour (30). The pHIV-gpt(wt) and pHIV-gpt(Avif) (24, 25, 32) vectors were
used to express Vifyxg,. Plasmid pIIIB was used to express full-length HIV-1
HXB3 (16), and a variant with a stop codon in vif that eliminates its expression
was made by mutagenesis and generously donated by S. Kuhmann (Weill Med-
ical College of Cornell University). Plasmids for expression of full-length HIV-1
strains 89.6, JR-CSF, and YU-2 were obtained from the NIH AIDS Research
and Reference Reagent Program (donated, respectively, by R. Collman; I. Chen
and Y. Koyanagi; and B. Hahn and G. Shaw). ELI-1 was a gift from K. Peden
(Center for Biologics Evaluation and Research, FDA). GenBank accession num-
bers for Vifs are as follows: M19921 (ITIB), K03455 (HXB2), K03454 (ELI-1),
M38429 (JR-CSF), and AY569174 (YU-2).

Protein analyses. 293T cells (ATCC) were maintained according to supplier
specifications. They were cotransfected using PolyFect reagent (Qiagen) with
equimolar ratios of plasmids and were lysed in radioimmunoprecipitation assay
buffer (50 mM Tris-Cl [pH 7.4], 1% Nonidet P-40, 0.1% sodium deoxycholate,
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and 150 mM NacCl) with Complete protease inhibitors (Roche) 36 h posttrans-
fection as previously described (27, 37). The extracts were centrifuged at 1,500 X
g for 5 min at 4°C to sediment the nuclei. Postnuclear extracts adjusted to
equivalent protein concentrations using Bradford reagent (Bio-Rad) were used
for immunoprecipitations and/or Western immunoblotting (27, 37). Some ex-
tracts were treated with 20 wg/ml DNase-free RNase A (Roche) at 25°C for 20
min prior to analysis. The monoclonal antibodies used were anti-Myc clone 9E10
and anti-hemagglutinin (HA) clone HA-7 (Sigma). A rabbit antiserum to Vif,
2221, was from the NIH AIDS Research and Reference Reagent Program
(donated by D. Gabuzda). Protein loading was assessed with a mouse antibody
against a-tubulin (Sigma).

Immunofluorescence microscopy. 293T cells were cultured in Permanox cham-
ber slides (Nalge Nunc International) treated with 0.1 mg/ml polylysine for 20
min at 37°C. They were transfected using FuGene 6 transfection reagent
(Roche). At 30 h posttransfection, the cells were fixed in 5% formaldehyde and
2% sucrose in phosphate-buffered saline (Invitrogen) at room temperature for
20 min and then permeabilized with 0.25% Triton X-100 in phosphate-buffered
saline for 10 min. Where indicated, cultures were preincubated with a 50 pM
concentration of the proteasome inhibitor ALLN for 6 h (Calbiochem). For
stress response experiments, prior to fixation, the cells were treated with 0.5 mM
sodium meta-arsenite (J. T. Baker) for 1 h at 37°C. Some cultures were treated
with 0.1 mg/ml cycloheximide (Sigma) for 20 min at 37°C prior to and during the
1-h arsenite treatment. For analysis of P-bodies, cells were treated with 0.1 mg/ml
cycloheximide for 1 h at 37°C prior to fixation. Untreated cells were used as a
negative control. Primary antibodies were anti-Vif antiserum 2221 (1:200), the
Myec-specific monoclonal antibody 9E10 (1:500), the rabbit polyclonal anti-Myc
antibody C3956 (1:500), the anti-HA monoclonal antibody HA-7 (1:1,000),
the anti-HA polyclonal antibody H6908 (1:1,000) (Sigma), the mouse anti-
PABP1 antibody 10E10 (1:300) (Abcam Inc.), rabbit anti-DDX6 (Rck/p54) (1:
100) (Bethyl Laboratories), and chicken anti-LSM1 (1:200) (GenWay Biotech
Inc.). Staining with anti-PABP1 was performed overnight at 4°C. Incubations
with all other primary antibodies were performed for 2 h at room temperature.
Secondary fluorescent antibodies were Alexa Fluor 488 goat anti-rabbit immu-
noglobulin G (heavy plus light chains) [IgG(H+L)], Alexa Fluor 594 goat anti-
mouse IgG(H+L), Alexa Fluor 350 goat anti-rabbit IgG(H+L) (1:500) (Molec-
ular Probes Inc.), and fluorescein isothiocyanate-conjugated goat anti-chicken
IgY (1:160) (GenWay Biotech Inc.), which reacted only with their species-
specific primary antibodies. Secondary antibodies were used at a dilution of
1:1,000 unless otherwise indicated, and incubations were performed for 1 h at
room temperature. Slides were mounted in FluoroGuard antifade reagent (Bio-
Rad Laboratories) and observed with a Zeiss Axiovert 200M deconvolution
microscope. Images were acquired using a 40X objective unless otherwise indi-
cated.

Infectivity assays. Viruses HXB2 and IIIB were harvested from cotransfected
293T cultures 36 h posttransfection and were titered by the focal infectivity
method (24) on HeLa-CD4-CCRS cells. For HIV-gpt viruses (HXB2), the trans-
fections included pSVIIlenv (14) for pseudotyping, and the virus-infected col-
onies of HeLa-CD4 cells were counted after mycophenolic acid selection (32,
33, 35).

RESULTS

HIV-1 Vif differentially affects the concentrations and sub-
cellular localizations of APOBEC3 paralogs. Previously, we
used a combination of biochemical methods and immunofiu-
orescence microscopic analyses of fixed cells to demonstrate
that A3G is efficiently downmodulated by HIV-1 Vif (27, 39).
To further evaluate our immunofluorescence methods, we did
a comparative fluorescence microscopy analysis of fixed versus
live cells. For fixed cells, 293T cells transiently cotransfected
with expression vectors encoding either wt or vif deletion
HIV-1 mutants and A3G-Myc were used. Consistent with our
previous report (27), the number of A3G-Myc-positive cells in
the cultures was dramatically reduced by coexpression of wt
Vif, and cells that coexpressed both proteins were rare (Fig.
1A, upper panel). In contrast, A3G was frequently coexpressed
in single cells with Vif(A10), an inactive BC-box mutant that
binds A3G but is incapable of inducing its degradation (Fig.
1A, lower panel) (27). Indeed, in this field all cells with
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FIG. 1. A3G is downmodulated by HIV-1 Vifs. (A and B) 293T cells transiently coexpressing A3G-Myc and either wt HIV-1, Vif(A10) HIV-1,
HVify; 5, or the negative-control plasmid pcDNA3.1 were fixed and stained for A3G-Myc and Vif. (A) In cultures cotransfected with wt HIV-1
and A3G-Myc, fewer A3G-positive cells are present than in Vif(A10) samples. (B) A significant decrease in A3G-positive cells is observed in
cultures cotransfected with A3G-Myc and HVify;5. (C) 293T cells were cotransfected with YFP-A3G-Myc and either HIV-gpt(wt) or HIV-
gpt(Avif). Some cultures coexpressing YFP-A3G-Myc and HIV-gpr(wt) were treated with the proteasome inhibitor ALLN. (Left) Micrographs
showing results of analysis of live cells for YFP fluorescence in order to detect A3G-positive cells (left panels) and phase-contrast microscopy to
detect the total number of cells in each field (right panels). wt Vif caused a significant decrease in the number of YFP-A3G-Myc-positive cells (top
left), and the effect of Vif was blocked when cells were treated with ALLN (bottom left). The AVif mutant did not decrease the number of
A3G-positive cells (center left). (Right) Bar graph showing the percentages of YFP-A3G-Myc-positive cells in the presence of wt Vif, the AVif
mutant, and wt Vif plus ALLN. For panels A and C, the images were acquired using a 20X objective, and for panel B, a 40X objective was used.

Vif(A10) also contained A3G. Similar results were obtained
with other Vif BC-box mutants and with all tested Vif mutants
that lacked biological activity (data not shown). Negative con-
trols established that the antibody staining was specific. More-
over, treatment with proteasome inhibitors of cultures cotrans-

fected with wt HIV-1 and A3G-Myc caused A3G to
accumulate specifically in the cells that contained Vif (27).
Thus, the elimination of A3G tightly correlates with Vif bio-
logical activity, in agreement with other evidence (12). A dra-
matic decrease in the number of A3G-Myc-positive 293T cells
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was also observed in cultures transiently cotransfected with
codon-optimized HVify;;5 (30) in the absence of other HIV-1
proteins relative to the number in control cultures cotrans-
fected with pcDNA3.1 (Fig. 1B). In this case, only a few Vif-
positive cells had visible traces of A3G. Live cell analyses used
293T cells cotransfected with expression vectors for either wt
or Avif HIV-1 and yellow fluorescent protein (YFP)-A3G-Myc.
At 24 h posttransfection, some cultures were treated with the
proteasome inhibitor ALLN for an additional 6 h, and the
viable cultures were then examined for fluorescence to detect
YFP-A3G-Myc-positive cells and by phase-contrast micros-
copy to visualize all cells (Fig. 1C, left). The presence of Vif
decreased the percentage of YFP-A3G-Myc-positive cells five-
fold compared to that for Avif HIV-1 cultures. The proteasome
inhibitor ALLN reversed the Vif-induced downmodulation of
A3G (Fig. 1C, right). Similar results were obtained using HeLa
cells stably expressing YFP-A3G-Myc and HVif};; (data not
shown). These controlled analyses confirm the mechanism of
Vif function and establish that our methods for immunofluo-
rescence microscopy reliably monitor the effects of Vif on
APOBEC3s.

To determine whether A3A, A3B, A3C, and A3F are af-
fected by Vif, immunofluorescence microscopy studies were
done using 293T cells cotransfected with epitope-tagged
APOBEC3s and HVify; expression vectors or the negative-
control plasmid pcDNA3.1. Statistical analysis of three large
fields (each consisting of approximately 100 cells) from two
independent experiments revealed that the presence of
HVif}5 did not decrease the number of cells positive for the
APOBEC3s tested, suggesting that unlike A3G, these proteins
were not efficiently eliminated from cells by HVif};;; (data not
shown). However, HVif ;5 altered the subcellular localiza-
tions of A3A-HA, A3B-Myc, and A3C-HA. In the absence of
HVif; 5, A3A and A3C were detected in both the nuclei and
cytosol of 293T cells whereas A3B was detected predominantly
in the nuclei. In the presence of HVify, all three proteins
became exclusively cytosolic, suggesting that they interact with
HVif 5 (Fig. 2A). Western blot analyses of cytosolic extracts
strongly supported these results. Thus, Vifj; efficiently elim-
inated A3G but caused a net increase in the cytosolic concen-
tration of A3B (Fig. 2D). Under the conditions of our assays,
the Vifyz and HVif;;5 vectors were expressed at similar
levels.

A3F-HA was predominantly present in a diffuse cytosolic
distribution in the absence or presence of HVify; (Fig. 2B),
although approximately 65% of the A3F-positive cells also
contained brightly fluorescing clusters that were found to be
P-bodies (see below). Importantly, HVif;;;z did not occur in
similar clusters when expressed independently (data not
shown) or with A3B or A3C (Fig. 2A), but it colocalized with
A3F-HA in these clusters in cells that coexpressed both pro-
teins, suggesting that A3F recruits Vif to these sites (Fig. 2B).
A proportion of the cytosolic A3A also was clustered, although
these clusters were more diffuse and less sharply delimited
than the A3F granules (Fig. 2A). Vif} also tended to colo-
calize in these A3A clusters. Considered together, these results
strongly suggest that Vify interacts intracellularly with all
these APOBEC3s.

Recently, we reported that A3F and A3G associate with
PABP1 and other mRNA binding proteins and that A3G
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moves with mRNA-PABP1 complexes from actively translat-
ing polyribosomes into SGs under conditions of stress (19).
Additionally, other groups found that small proportions of
A3G and A3F in normal cells occur in P-bodies, which are sites
of mRNA processing and degradation (13, 49). To determine
whether the A3F granules seen in Fig. 2B might be P-bodies,
293T cells transiently expressing A3F-HA were stained for
A3F and endogenous Rck/p54 (a protein that occurs in P-
bodies as well as in dispersed cytosolic regions) (Fig. 2C, con-
trol panels). The majority of A3F clusters contained Rck/p54
(Fig. 2C) and lacked PABP1 (data not shown), indicating that
they were P-bodies. Similar results were obtained using LSM1,
another P-body protein (data not shown). Treatment with cy-
cloheximide, an inhibitor of translational elongation, is known
to disperse P-bodies either by causing their mRNAs to shift
into polysomes or by retarding the entry of mRNAs into P-
bodies and allowing the resident mRNAs to be degraded (20,
42). Consistent with this expectation, cycloheximide caused a
dramatic decrease in the number of P-bodies, especially in cells
lacking A3F. Surprisingly, however, this treatment had no sig-
nificant effect on the number of A3F clusters that contained
Rck/p54 (Fig. 2C, CHX panel). This implies that A3F stabilizes
P-bodies, thereby preventing their dispersal in the presence of
cycloheximide.

Natural HIV-1 Vif variants have significant but distinct
effects on the antiviral activities and quantities of diverse
APOBEC3s. The results reported above imply that Vify;y in-
teracts intracellularly with all tested APOBEC3s. To address
the potential antiviral consequences of these interactions and
possible differences between Vif isolates, we cotransfected the
APOBEC3 expression vectors with vectors encoding either wt
or Avif HIV-1 into 293T cells, and we subsequently harvested
the released virions and analyzed their infectivities in HeLa-
CD4-CCRS cells (clone JC-53) (36). The infectivity of HIV-
1xso(Avif) was inhibited strongly by A3G and to lesser but
significant extents by A3A, A3B, A3C, and A3F (Fig. 3A,
right). Interestingly, these inhibitory effects were all substan-
tially or completely eliminated by Vify;xg,, as seen by the much
greater infectivities of the corresponding wt virus. Consistent
with evidence described below, this implied that Vifj x5, might
neutralize all these APOBEC3s rather than only A3F and
A3G. Similarly, A3C, A3F, and A3G inhibited the infectivity of
HIV-1,5(Avif) and were substantially neutralized by Vify;g
(Fig. 3A, left). However, A3A and A3B were reproducibly
much more inhibitory to HIV-1;;p(wt) than to HIV-
1ie(Avif). Indeed, A3B was almost as inhibitory to HIV-
1is(Wt) as A3G was to HIV-1;,5(Avif) (Fig. 3A). Statistical
analyses using the paired-comparison ¢ test confirmed that
Vif}xp, significantly inhibits the anti-HIV-1 activities of A3B
(P = 0.05; n = 5) and A3A (P = 0.03; n = 5) whereas Vify 5
significantly enhances the anti-HIV-1 activities of the same
enzymes (P = 0.03; n = 7 and n = 4, respectively). Although
the enhancements of A3A and A3B anti-HIV-1 activities by
Vifp initially seemed counterintuitive, we note that data
shown but not emphasized by Yu and coworkers also suggested
that Vifjz enhances the anti-HIV-1 activity of A3B (52).
Moreover, as shown above, Vif;; induces the emigration of
A3A, A3B, and A3C from nuclei to the cytosol (Fig. 2A).
Importantly, these infectivity data support our immunofluores-
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FIG. 2. HVifyy; affects the intracellular distributions of A3A, A3B, and A3C and colocalizes in P-bodies with A3F. (A and B) 293T cells were
transiently transfected with either A3A-HA, A3B-Myc, A3C-HA, or A3F-HA and an HVify;z expression vector or the negative-control plasmid
pcDNA3.1. Cells were fixed and probed with mouse anti-HA or mouse anti-Myc and rabbit anti-Vif antibodies. (A) In the absence of HVifyy;,
A3A and A3C are present in both the nucleus and the cytoplasm, whereas A3B is predominantly intranuclear (control panels). In the presence
of HVify 5, A3A, A3B, and A3C migrate from the nuclei to the cytoplasm (HVifyz panels). (B) Control panel shows A3F staining throughout
the cytoplasm as well as in discrete cytoplasmic granules. HVify ;5 colocalizes in the cytoplasmic granules with A3F (HVify;;5 panel). (C) 293T cells
transiently expressing A3F-HA were stained for A3F and Rck/p54. Cycloheximide (CHX) treatment did not disperse the A3F-Rck/p54-containing
P-bodies. In contrast, CHX substantially dispersed the Rck/p54-containing P-bodies in cells that lacked A3F. (D) Western blot analyses of cytosolic
extracts from 293T cells transiently cotransfected with A3B-Myc (left) or A3G-Myc (right) and either wt HIV-1,5, Avif HIV-1,;;5, or codon-

optimized Vif;z (HVifyg). a-Tubulin (a-tub), loading control.

cence microscopic evidence that Vifs functionally interact to a
significant degree with all APOBEC3s.

Based on these results, we analyzed the influences of these
Vifs on the quantities of APOBEC3s in the cytosolic extracts
from cotransfected 293T cultures. Consistent with previous
evidence (27, 28, 41, 45, 53) and with Fig. 3A, A3G was down-
modulated (decreased in quantity) by both Vifs in comparison
to the Avif negative controls (Fig. 3B). Similarly, A3F and A3C
were also downmodulated by both Vifs, although these down-

modulations were weaker with Vifj;;p than with Vifyg,. In
contrast, A3A and A3B were downmodulated by Vif};xp,, but
their concentrations in the cytosolic extracts were strongly in-
creased by Vif} . Similar increases in the cytosolic amounts of
A3A and A3B occurred when we expressed codon-optimized
HVif}; in the absence of other HIV-1 proteins (see Fig. S1 in
the supplemental material at http://www.ohsu.edu/biochem
/faculty/MarinetalSupplement.pdf). Thus, the opposite effects
of Vif ;5 and Vif x5, on the antiviral activities of A3A and
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FIG. 3. HIV-1 Vif variants have distinct effects on the cytosolic levels and anti-HIV-1 activities of APOBEC3s. 293T cells were cotransfected
with expression vectors encoding APOBEC3s and wt or Avif HIV-1. (A) Single-cycle infectivity assay. The infectivities of wt and Avif derivatives
of HIV-1yy;5 (left) or HIV-1;xp, (right) in the presence of APOBEC3s were measured relative to the same viruses in the absence of APOBEC3.
Error bars, standard deviations. (B) Western blot analyses of APOBEC3s in cytosolic extracts of 293T cells that also expressed wt or Avif HIV-1.
Vifyxg, downmodulated all APOBEC3s. Vify strongly downmodulated A3G and downmodulated A3F and A3C to lesser degrees, but it
increased the expression of A3A and A3B. (C) Effects of wt HIV-1 JR-CSF, ELI-1, YU-2, and 89.6 isolates on cellular quantities of APOBEC3s
in comparison to the effect of HIV-1;;x5,(Avif). a-Tubulin (a-tub) blots in panels B and C show equivalent protein loading.

A3B (Fig. 3A) were paralleled by their correspondingly oppo-
site effects on the cytosolic quantities of these proteins. The
data of Bishop and coworkers also implied an inductive effect
of Vifj;;z on the quantity of A3B in cytosolic extracts (1).
These results are consistent with our finding that Vifs induce
emigration of A3A, A3B, and A3C from nuclei into the cytosol
(Fig. 2), thus increasing their concentrations at sites of viral pro-
duction. Additionally, Vif;;xp, degrades all APOBEC3s more
efficiently, resulting in net decreases in their cytosolic con-
centrations, whereas Vifj;;; degrades them less efficiently, re-
sulting in net increases in the cytosolic concentrations of A3A
and A3B. In contrast to these results, Vifs had no significant
effect on the expression of other proteins encoded by the same
vectors. Dilutions of our vectors also indicated that the distinct
effects of Vif;xg, and Vify;5 were not caused by differences in
their expression levels in the 293T cell system (data not
shown).

We expanded this analysis using a broader panel of wt
HIV-1 strains including JR-CSF, ELI-1, YU-2, and 89.6 in
addition to HXB2 (Fig. 3C). In comparison to the HIV-
1uxso(Avif) negative control, the Vif-expressing viruses dif-
fered dramatically in their abilities to alter the cytosolic con-
centrations of APOBEC3s. For example, ELI-1 strongly
downmodulated all these cytidine deaminases to a greater ex-

tent than HXB2, whereas JR-CSF downmodulated A3G but
significantly increased the cytosolic amounts of A3A, A3B, and
A3C. Thus, different HIV-1 Vifs at similar expression levels
broadly but differentially alter the cytosolic concentrations of
all the APOBECS3s tested. In all cases, the antiviral activities of
the APOBEC3s were correlated with their net cytosolic con-
centrations in the virus-producing cells and not with their total
cellular or intranuclear concentrations.

Natural HIV-1 Vif variants bind promiscuously to
APOBEC3s. Our finding that HIV-1 Vifs strongly influence the
intracellular localizations, concentrations, and activities of all
APOBEC3s suggested that these proteins must directly or in-
directly interact. To initially test this, we cotransfected 293T
cells with epitope-tagged APOBEC3 expression vectors or
negative-control plasmids encoding identically tagged LacZ
along with vectors encoding HIV-1;;;5(wt) or HIV-1;;5(Avif).
Proteins immunoprecipitated from the cytosolic extracts with
anti-tag antibodies were subsequently analyzed by Western
immunoblotting for the presence of the tagged proteins and for
Vif s (Fig. 4A). Vif 5 coimmunoprecipitated with A3B-
Myc, A3C-HA, A3F-HA, and A3G-Myc but not with LacZ-
Myc or LacZ-HA by using the same anti-tag antibodies. Iden-
tical results were obtained in assays using expression vectors for
HVif;; in the absence of other HIV-1 proteins (results not
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FIG. 4. HIV-1 Vifs bind promiscuously to all APOBEC3 paralogs. Extracts of cotransfected 293T cells that expressed HIV-1 molecular clones
plus A3B-Myc, A3G-Myc, A3F-HA, or A3C-HA or the LacZ-Myc or LacZ-HA negative control were immunoprecipitated with anti-Myc or
anti-HA antibodies, and the immunoprecipitates were analyzed by Western immunoblotting with either anti-Myc, anti-HA, or anti-Vif antibodies,

as indicated. Vifs coimmunoprecipitated with all APOBEC3s.

shown) (see Fig. S6A in the supplemental material at http:/www
.ohsu.edu/biochem/faculty/MarinetalSupplement.pdf). Similar
studies using the wt virus JR-CSF, ELI-1, YU-2, 89.6, or HXB2
or the negative control HXB2(Avif) indicated that all of these
Vifs also coimmunoprecipitated with A3B-Myc, A3C-HA,
A3F-HA, and A3G-Myc but not with LacZ-Myc or LacZ-HA
(Fig. 4B). Additional studies suggested that the Vifs also as-
sociate significantly but less strongly with A3A-HA (results not
shown). We conclude that HIV-1 Vifs bind to all of the tested
human APOBECS3s rather than only to A3F and A3G.

A concern with the results reported above derives from our
use of the 293T cell system, which could potentially result in
high levels of protein expression and in adventitious protein
interactions that would not occur under more physiological
conditions. We addressed this by using small amounts of
APOBEC3 expression vectors (0.3 g per 35-mm-diameter
culture) in all of our 293T cell transfections and by establishing
that the resulting A3G level was similar to the amount in H9 T
cells, even when the latter were cultured in the absence of extra-
cellular signal-regulated kinase activators, which induce A3G and
A3B (see Fig. S2 in the supplemental material at http://www.ohsu
.edu/biochem/faculty/MarinetalSupplement.pdf). Moreover, our
Vif vectors lack a simian virus 40 ori, and the Vif levels in 293T
cells were also similar to the amounts in infected T cells.

In any case, the binding results shown in Fig. 4 did not
depend on protein overexpression, because they persisted in
the dilute cell extracts, and because the associations formed
rapidly when highly diluted cell extracts that separately contain

either Vifs or APOBEC3s were mixed at 4°C (see Fig. S6B in
the supplemental material at http://www.ohsu.edu/biochem
/faculty/MarinetalSupplement.pdf).

After we had completed the studies for which results are
shown in Fig. 3 and 4, Langlois et al. (21) reported that Vif
binds to A3C and induces its downmodulation, whereas
Doehle et al. (10) reported that neither A3B nor A3C binds to
Vif};;5. To obtain additional evidence concerning the associa-
tion of A3B with Vif;;3, we compared results using our A3B-
Myc vector with the A3B-HA vector used by Doehle et al. (10).
This was important because our A3B sequence has two amino
acid substitutions compared to that used by the other group
and because they used a different buffer to lyse the cells. We
found that Vifjz increased the concentration of their
A3B-HA protein in cytosolic extracts of 293T cells and also
associated with it, as seen by coimmunoprecipitation (see Fig.
S3 in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf).

APOBEC3s and HVif,;; accumulate within cytoplasmic
SGs. In response to cellular stressors such as sodium arsenite,
A3G-mRNA-PABP1 complexes translocate from translation-
ally active polysomes to SGs, a category of cytoplasmic mi-
crodomain that stores 5’ cap-dependent mRNAs whose trans-
lational initiation is temporarily suppressed (13, 19). We
previously found that A3F binds to PABP1 and YB-1, defined
markers for active polysomes and SGs, which are absent in
P-bodies (19). In agreement with these considerations, sodium
arsenite caused nearly all of the cellular A3F to accumulate in
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FIG. 5. Stress causes A3F and PABP1 to accumulate in SGs. (A and B) 293T cells transiently transfected with the expression vector for
A3F-HA were treated with sodium arsenite (Ars) in the presence or absence of cycloheximide (CHX) prior to immunostaining for A3F-HA and
PABP1 (A) or for A3F-HA and Rck/p54 (B). (C) 293T cells transiently transfected with the negative-control vector pcDNA3.1 were treated with
sodium arsenite prior to staining for Rck/p54 and PABP1. Untreated cultures were used as negative controls. (A) Arsenite causes A3F to
accumulate in SGs along with PABP1 (center). CHX blocks this effect of arsenite (bottom). (B) A3F moves from P-bodies to SGs in arsenite-
treated cells (center). (C) Rck/p54 P-bodies coexist with and are distinct from PABP1-containing SGs.

SGs that contained PABP1, and this accumulation was blocked
when translational elongation was inhibited by cycloheximide
(Fig. 5A). Although a significant amount of A3F occurred in
P-bodies in unstressed cells (Fig. 2C and 5B), stress caused
A3F to move slowly from the Rck/p54-containing P-bodies and
into SGs, resulting in a substantial separation between these
proteins (Fig. 5B, center row). Addition of cycloheximide to
the stressed cells caused dispersal of SGs (Fig. 5A) and of
Rck/p54-containing P-bodies that lacked A3F (Fig. 5B, bottom
row). Notably, however, the few P-bodies that contained resid-
ual A3F were relatively resistant to dispersal by cycloheximide,
in agreement with our other evidence that A3F stabilizes P-
bodies (Fig. 2C).

As shown above, HVify;; partially colocalizes with A3F in
P-bodies (Fig. 2B). To determine whether HVif;;; has an
effect on the accumulation of A3F in SGs, 293T cells tran-
siently expressing A3F-HA and HVif};;; were stained for A3F
and HVify;;5 or PABP1. Arsenite induced the accumulation of
A3F in SGs in a manner similar to that observed in the absence

of HVif 5 (Fig. 6A). Furthermore, HVify;;5 colocalized with
A3F in these SGs (Fig. 6A). Importantly, HVif};;; also local-
ized in SGs in arsenite-treated cells lacking A3F (Fig. 6B).
However, analysis of large-field images showed that A3F sub-
stantially enhances the recruitment of HVif;; into SGs (see
Fig. S4 in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf).

We analyzed the effects of stress on the localizations of A3A,
A3B, and A3C in the presence and absence of HVify; 5. Con-
sistent with the results shown in Fig. 2, in the presence of
HVif| 5, a major portion of these APOBEC3 proteins were in
the cytosol. Arsenite caused substantial proportions of these
cytosolic APOBEC3s to accumulate with HVif};;; in SGs, and
in all cases these accumulations were prevented by cyclohexi-
mide (Fig. 7). Control studies established that the arsenite-
induced cytosolic APOBEC3 accumulations contained PABP1,
indicating that they were SGs (data not shown). In cells express-
ing the APOBEC3s in the absence of HVif;;5, arsenite treatment
caused most of the cytoplasmic APOBECS3 proteins to accumu-
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FIG. 6. HVifyg colocalizes with A3F and PABP1 in SGs. 293T cells transiently transfected with expression vectors for A3F-HA and HVify
(A) or HVify alone (B) were treated with sodium arsenite (Ars) in the presence or absence of cycloheximide (CHX) prior to immunostaining
for A3F-HA and HVify;;5 (A) or HVif;;53 and PABP1 (B). Untreated cultures were used as negative controls. (A) A3F and HVif};;5 colocalize

in SGs in arsenite-treated cells (center). (B) HVifyy5 also localizes in SGs when expressed alone (center).

late within SGs, whereas the nuclear levels of the APOBEC3
proteins remained uniformly high, suggesting that only the cyto-
plasmic APOBEC3 proteins were translocated to the SGs (see
Fig. S5 in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf).

RNA differentially modulates APOBEC3-Vif interactions.
Although the results reported above strongly suggest that Vifs
interact closely and specifically with APOBEC3s, it remains
uncertain whether these interactions are direct or mediated by
mRNA or other factors. Previously, we found that efficient
degradation of RNA with RNase A caused an increase in
A3G-Vif coimmunoprecipitation, suggesting that RNA bind-
ing may sterically interfere with their association (19). How-
ever, we could not exclude the possibility that fragments of
RNA might be protected from degradation by association
with the proteins and that these protected RNAs might
mediate the Vif-A3G binding. To address these issues, we
coexpressed different epitope-tagged derivatives of A3B,
A3C, and A3F or negative-control plasmids encoding iden-
tically tagged LacZ along with an HVif,;;5 expression vector
in 293T cells and performed coimmunoprecipitation assays
from untreated or RNase A-treated cell extracts (see Fig.
S6A in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf). In addition,
we prepared the APOBEC3 and HVif;;; proteins in sepa-
rate cell extracts that were treated with RNase A before the
samples were mixed and the complexes were allowed to
form at 4°C (see Fig. S6B in the supplemental material at
http://www.ohsu.edu/biochem/faculty/MarinetalSupplement
.pdf). The results confirmed the evidence in Fig. 4 that all
APOBEC3s associate with HVif};;z in undigested samples.

The effects of RNase A were complex, with some
APOBEC3s binding more extensively after digestion (i.e.,
A3B and A3G) and some binding to a lesser extent (i.e.,
A3C and A3F). However, the most striking result was that
the efficient and documented elimination of RNA by RNase
A caused only modest two- to threefold changes in the
extents of APOBEC3s associations with HVif;;;;. While
these results might have different interpretations as de-
scribed above, they are incompatible with the idea that the
proteins bind at different positions on large RNAs and co-
immunoprecipitate as a consequence.

DISCUSSION

APOBEC3 proteins are components of a powerful cellular
defense network that inhibits the replication and amplification
of a broad number of exogenous viruses and endogenous ret-
roelements (4, 8, 15). Most previous studies characterized the
effects of HIV-1 Vif};;; on the APOBEC3 paralogs A3G and
A3F. Here we show that HIV-1 Vifs have a broader impact on
APOBEC3s than previously reported and that different Vif-
isolates have distinct abilities to degrade and neutralize the
anti-HIV-1 activities of the APOBEC3s tested (Fig. 3). More-
over, Vifs induce several APOBEC3s to emigrate from nuclei
into the cytosol (Fig. 2A). All the cytosolic APOBEC3s appear
to associate with mRNA-PABP1 complexes that shuttle with
Vif between different sites of mRNA metabolism (Fig. 2, 5, 6,
and 7).

HIV-1 Vifs functionally interact with diverse APOBEC3s.
Our immunocytochemical, biochemical, and infectivity analy-
ses all strongly suggest that HIV-1 Vifs from different HIV-1
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FIG. 7. A3A, A3B, and A3C colocalize with HVif|;; in SGs. 293T cells transiently coexpressing HVif,;;; and A3A-HA (A), A3B-Myc (B), or
A3C-HA (C) were fixed and stained for Vif and the corresponding APOBEC3s. Some cultures were treated with sodium arsenite (Ars) in the
presence or absence of cycloheximide (CHX) prior to fixation. Untreated cultures were used as negative controls. A3A, A3B, and A3C move to
the cytoplasm in the presence of HVif;5. In arsenite-treated cells, all three APOBEC3s accumulate within SGs along with HVif|;;5. CHX prevents
the formation of SGs in all cases.

isolates interact closely with all of the tested APOBEC3 para- biological outcomes of these interactions depend on the HIV-1
logs and not just with A3F and A3G. These associations occur Vif isolate. Vifyxp, and Vifg, ., strongly downmodulate all
intracellularly, as indicated by the effects of Vifs on APOBEC3 tested APOBEC3s, consequently diminishing their anti-HI'V-1
subcellular localizations (Fig. 1 and 2), anti-HIV-1 activities activities. Similarly, Vif};; degrades and neutralizes A3G,
(Fig. 3A), and concentrations (Fig. 3B and C). Surprisingly, the A3F, and A3C to different degrees. However, Vify;;; does not



VoL. 82, 2008

significantly degrade A3A or A3B, although it induces their
movement into the cytosol (Fig. 2) and thereby causes net
increases in their anti-HIV-1 activities (Fig. 3A). These results
are in agreement with other studies, which were consistent with
the idea that Vif};;;3 enhances the cytosolic concentration and
anti-HIV-1 activity of A3B (1, 52). The different activities of
Vifs are especially intriguing. Although Vifs contain many con-
served sequences, the overall identity of the Vifs we examined
was only 76%. Moreover, many of the amino acid differences
occur at positions that are highly polymorphic, with high pro-
portions of nonsynonymous substitutions indicative of positive
selection (31, 51). We are currently attempting to identify the
Vif polymorphisms that influence its activities against different
APOBEC3s.

The broad range of Vif-APOBECS3 interactions is surprising
because the APOBEC3s are structurally diverse, having only
regions of segmental identity interspersed by divergent se-
quences (17). Moreover, the segments of identity differ for the
APOBEC3s being compared. Indeed, the enormous diversities
of APOBEC3s imply that Vif might have more than one bind-
ing site for their association or that their associations with Vif
might be mediated by one or more bridging factors. Recently,
we found that RNase A treatment caused an increase in A3G-
Vif coimmunoprecipitation, suggesting that RNA can interfere
with their interaction (19). In this context, it should be under-
stood that Vif and APOBEC3s might potentially associate
directly as well as indirectly and that RNA could interfere with
as well as mediate some of these interactions. The mild sensi-
tivities of the Vif-APOBECS3 associations to RNase A treatment
suggest that these interactions are not completely RNA depen-
dent (see Fig. S6 in the supplemental material at http://www.ohsu
.edu/biochem/faculty/MarinetalSupplement.pdf). A parsimonious
interpretation is that Vifs associate with APOBEC3s in a man-
ner that is sufficiently close and stable to enable their coimmu-
noprecipitations from RNase A-digested extracts as well as to
permit the Vif-dependent subcellular redistribution and deg-
radation of APOBEC3s. Presumably, if Vifs have more than
one site for binding APOBEC3s, groups of these cytidine
deaminases might bind to these different sites by direct and/or
indirect mechanisms. In agreement with this idea, recent stud-
ies suggest that different APOBEC3s might bind to distinct
sites on Vif (47; also data not shown). Further investigations
are required to elucidate this issue.

APOBEC3s and Vif associate with mRNA metabolic sites.
An important outcome of our immunofluorescence studies is
the detection of A3F in cytoplasmic clusters under steady-state
conditions in cells (Fig. 2 and 5). The majority of these clusters
were identified as P-bodies due to their colocalization with
Rck/p54 (Fig. 2C). Interestingly, HVify;;5 colocalizes in all the
A3F-containing clusters (Fig. 2B). The finding that HVif
localizes in P-bodies only in the presence of A3G (49) and A3F
strongly suggests that Vif is recruited to P-bodies due to its
interactions with these APOBEC3s. Wichroski et al., recently
reported the localization of A3F and A3G in cytoplasmic clus-
ters that were entirely classified as P-bodies (49). In contrast,
Gallois-Montbrun et al. found a heterogeneous population of
A3G granules, with the majority being P-bodies and the re-
mainder considered to be either a different class of P-bodies or
other cytoplasmic microdomains (13). Our data concerning the
A3F clusters are in close agreement with the latter report,
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although approximately 95% of the A3F clusters that we de-
tected contained the P-body marker Rck/p54.

Cycloheximide, an inhibitor of translation elongation known
to decrease the number and size of P-bodies (42), caused
substantial decreases in the numbers and sizes of P-bodies
lacking A3F but had no effect on any of the A3F clusters (Fig.
2C). This result implies that A3F alters the dynamics of P-body
function, possibly by preventing or delaying the processing or
export of mRNAs. Furthermore, the association of A3F with
components of polysomes and SGs (6, 19) (as discussed be-
low), coupled with its shuttling between these sites and P-
bodies in response to protein synthesis inhibitors and/or stress,
is compatible with the hypothesis that A3F plays an active role
in the function of these messenger ribonucleoprotein com-
plexes.

An important finding is the localization of A3A, A3B, A3C,
A3F, and HVifj; along with mRNA-PABP1 complexes
within SGs in a manner preventable by cycloheximide (Fig. 6
and 7; also Fig. S5 in the supplemental material at http://www.ohsu
.edu/biochem/faculty/MarinetalSupplement.pdf). ~ Although  this
movement of HVif;; into SGs occurs to a degree in cells
lacking APOBEC3s, the presence of A3F substantially in-
creased the accumulation of HVify; in SGs (Fig. 6; also Fig.
S4 in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf). In contrast, the
other three APOBEC3s do not noticeably enhance the accu-
mulation of HVif;;z in SGs, implying differences in the avid-
ities and/or functions of these HVif;;5-APOBEC3 complexes.
Interestingly, arsenite treatment does not induce the move-
ment of A3A, A3B, and A3C from nuclei into the cytosol,
suggesting that their translocation to the cytosol is a specific
effect of Vif rather than a generalized stress response (see Fig.
S5 in the supplemental material at http://www.ohsu.edu
/biochem/faculty/MarinetalSupplement.pdf). Our results dem-
onstrate that the tested APOBEC3s and HVify;;; colocalize at
multiple cytosolic sites of mRNA metabolism including P-bod-
ies, SGs, and polysomes. Thus, the battle between Vifs and
APOBEC3s occurs predominantly in the context of mRNA,
including HIV-1 genomic RNA, although APOBEC3s also
associate with other RNAs (6, 19). Moreover, APOBEC3s
appear to function in part as a mobile and inducible defense
network rather than simply as individuals.
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