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APOBEC3F (A3F) is a member of the family of cytidine deaminases that is often coexpressed with
APOBEC3G (A3G) in cells susceptible to HIV infection. A3F has been shown to have strong antiviral activity
in transient-expression studies, and together with A3G, it is considered the most potent cytidine deaminase
targeting HIV. Previous analyses suggested that the antiviral properties of A3F can be dissociated from its
catalytic deaminase activity. We were able to confirm the deaminase-independent antiviral activity of exog-
enously expressed A3F; however, we also noted that exogenous expression was associated with very high A3F
mRNA and protein levels. In analogy to our previous study of A3G, we produced stable HeLa cell lines
constitutively expressing wild-type or deaminase-defective A3F at levels that were more in line with the levels
of endogenous A3F in H9 cells. A3F expressed in stable HeLa cells was packaged into Vif-deficient viral
particles with an efficiency similar to that of A3G and was properly targeted to the viral nucleoprotein complex.
Surprisingly, however, neither wild-type nor deaminase-defective A3F inhibited HIV-1 infectivity. These results
imply that the antiviral activity of endogenous A3F is negligible compared to that of A3G.

The human immunodeficiency virus type 1 (HIV-1) acces-
sory protein Vif plays an important role in regulating virus
infectivity. It is now well established that Vif counteracts
the antiviral activity of several human cytidine deaminases,
including APOBEC3G (A3G), APOBEC3F (A3F), and
APOBEC3DE (reviewed in reference 10). However, in spite of
Vif, hypermutated HIV-1 sequences have been identified in
more than 40% of HIV-infected individuals (17). The accumu-
lation of G-to-A hypermutations was first attributed to an
error-prone HIV reverse transcriptase (31, 47). However, the
identification of APOBEC3G as a major HIV host restriction
factor targeting single-stranded viral DNA leading to G-to-A
hypermutation on the plus-strand DNA has put the spotlight
on cellular cytidine deaminases as factors possibly contributing
to HIV hypermutation. It is interesting that, in patient sam-
ples, G-to-A hypermutations were observed in a preferred GG
and GA context and that their appearance was independent of
the normal accumulation of random mutations (17). It is also
interesting that hypermutation in the GA dinucleotide context
exceeded that in the GG context not only in HIV-1 sequences
from infected human patients (17) but also in those from
macaques experimentally infected with a simian HIV variant
expressing a mutated Vif protein (43). Subsequent reports
identified matching dinucleotide preferences for A3G (GG)
and A3F (GA) (4, 13, 18, 52, 56), arguing for a role for these
cytidine deaminases in HIV hypermutation. Such a role for
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host deaminases is further supported by the fact that A3G and
AZF are expressed in a wide variety of cell types, including cells
susceptible to HIV infection (4, 23, 28, 52).
Transient-expression studies have demonstrated that A3F
potently inhibits HIV-1 replication in a Vif-sensitive manner
(4, 8, 28, 52, 55, 58); overall, however, A3F appears to be less
sensitive to HIV-1 Vif than A3G is (8, 28, 48, 55). Interestingly,
whereas dose-response studies indicated that wild-type (WT)
A3G had a stronger inhibitory effect on viral infectivity than
its deaminase-defective variant, WT A3F and deaminase-
defective A3F inhibited viral infectivity equally well (14).
This observation implies that A3F-mediated inhibition of
viral infectivity occurs through a predominantly deamina-
tion-independent mechanism. Indeed, the existence of a
deamination-independent mechanism to inhibit viral infectiv-
ity has been widely reported for A3G and A3F (3, 7, 11, 12, 14,
16, 27, 29, 32-34, 36, 38, 53). Deaminase-independent inhibi-
tion by A3G was also reported for other viruses, such as
HTLV-1 and hepatitis B virus (26, 37, 40, 42). However, most
of these studies were done under conditions of experimentally
elevated levels of A3G or A3F. Indeed, we and others have
found that A3G-dependent inhibition of HIV-1 and inhibition
of the yeast retrotransposon Tyl and the murine endogenous
retrovirus MusD require catalytic deaminase activity when
A3G expression approaches endogenous levels (6, 34, 44).
Our current study further investigated the functional im-
portance of A3F catalytic activity for the inhibition of HIV-1
replication. We employed a strategy similar to the one used
for the analysis of A3G (34). First, we performed a titration
of exogenously expressed WT and deaminase-defective A3F.
Consistent with published reports, we found that in such a
setting, A3F had strong antiviral activity but that deaminase
activity was not important for the inhibition of HIV-1 infectiv-
ity. We next established stable HeLa cell lines expressing WT
or deaminase-defective A3F. We found that virus produced
from these cells incorporated A3F with an efficiency similar to
that with which it incorporated A3G. However, inhibition of

11067



11068 MIYAGI ET AL.

A3F packaging by Vif was less efficient than inhibition of A3G
packaging, consistent with the reported relative insensitivity of
A3F to Vif. Surprisingly, neither WT nor deaminase-deficient
A3F produced in the stable HeLa lines inhibited HIV-1 infec-
tivity, and hypermutation of viral genomes was not detected. In
conclusion, our data suggest that (i) A3F is not a major con-
tributor to deaminase-dependent inhibition of viral infectivity
and (ii) the deaminase-independent inhibition of viral infectiv-
ity is largely restricted to assay systems involving transient
overexpression of A3F.

MATERIALS AND METHODS

Plasmids. The full-length molecular clone of HIV-1 (pNL4-3) was used for the
production of WT infectious virus (1). Construction of its vif-defective variant
pNL4-3Vif(—) was described previously (21). A vector for the expression of
myc-tagged A3G wt in the backbone of pcDNA3.1(—) (Invitrogen Corp., Carls-
bad, CA) has been previously described (19). Vector pcDNA3.1-APOBEC3F-
V5-6XHis was obtained from Matija Peterlin and Yong-Hui Zheng through the
NIH AIDS Research and Reference Reagent Program (catalog no. 10100). To
replace the V5 tag with a C-terminal myc tag, the A3F insert was subcloned into
pcDNA3.1(—)MycHis using standard molecular biology techniques. Mutation of
cysteine residues C280 and C283 in human A3F in the backbone of A3F-myc was
accomplished by PCR-directed mutagenesis. The presence of the desired muta-
tions was verified by sequence analysis.

Cell culture, transfections, and construction of HeLa-A3F cell lines. HelLa
cells were propagated in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum. For transient transfection of HeLa cells, cells
were grown in 25-cm? flasks to about 80% confluence. Cells were transfected
using TransIT-LT1 (Mirus Corp., Madison, WI) by following the manufacturer’s
recommendations. Unless noted otherwise, a total of 5 pg of plasmid DNA per
25-cm? flask (~5 X 10° cells) was used. Cells were harvested at 24 to 48 h
posttransfection. HeLa cell lines stably expressing C-terminally Myc-tagged WT
A3F (A3F wt), deaminase-defective mutant A3F C280S/C283A (A3F mt), or WT
A3G (A3G wt) or containing the empty vector (control [Ctrl]) were constructed
by transfecting HeLa cells in a 10-cm dish with pcDNA-A3F-myc, pcDNA-A3F-
myc C280S/C283A, pcDNA-APO3G-Myc, or empty pcDNA3.1(—), respectively.
Two days following transfection, cells were treated with G418 (800 pg/ml) and
cultured until G418-resistant colonies became apparent. Individual colonies were
transferred to 24-well plates and maintained in DMEM containing 10% fetal
bovine serum and 400 pg/ml G418. Cells were passaged three times and then
screened by immunoblot analysis for A3F expression using a myc-specific anti-
body. Two clones each of WT (A3F wt) and deaminase-defective A3F C280S/
C283A (A3F mt) and one clone each of WT A3G (A3G wt) and the empty vector
(Ctrl) were selected for functional studies.

Monocyte-derived macrophages (MDM) and IFN-a treatment. Elutriated
monocytes from healthy donors were allowed to differentiate into macrophages
in six-well plates (4 X 10° per well) in 2 ml of complete DMEM containing10%
pooled human serum for 7 days (35). The cells were then treated with alpha 2c
interferon (IFN-a2c; 0 to 10 ng/ml) for 24 h and analyzed for protein expression
and mRNA levels by immunoblotting or Northern blot analysis, respectively.

Antibodies. A peptide antibody to human A3G was prepared by immunizing
rabbits with keyhole limpet hemocyanin-coupled peptides corresponding to res-
idues 367 to 384 of human A3G (20). A monoclonal antibody (MAD) to Vif
(MADb 319) and a polyclonal antibody to A3F were obtained from Michael Malim
through the NIH AIDS Research and Reference Reagent Program (catalog no.
6459 and 11474) (14, 45). A MAD to c-myc (Sigma-Aldrich, Inc., St. Louis, MO)
was used for detection of epitope-tagged A3F and A3G. For identification of
tubulin and actin, commercial MAbs were used (Sigma-Aldrich, Inc., St. Louis,
MO). An HIV-positive patient serum was used for identification of the HIV-1
capsid (CA) and matrix (MA) proteins.

Immunocytochemistry. Cells were grown in LabTek eight-well chambers
(Nalge Nunc International, Naperville, IL) overnight and fixed with 1% para-
formaldehyde. The samples were rinsed in phosphate-buffered saline (PBS),
blocked with methanol-hydrogen peroxide, rinsed, and blocked with PBS and
normal goat serum. The primary antibody, rabbit polyclonal APO3F (preab-
sorbed with HeLa cells at 4°C overnight) was diluted in PBS and applied to the
samples at 1:200 for 1 h, followed by Dako EnVision goat anti-rabbit IgG
horseradish peroxidase (HRP)-labeled polymer (K4002; Dako). The HRP label
was reacted with diaminobenzidine, rinsed, and counterstained with hematoxy-
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lin. For a negative control, we omitted the primary antibody. The labeled samples
were viewed and photographed with a Zeiss Axio Imager Z1.

Deamination assay. For the analysis of virus-associated deaminase activity,
virus-containing supernatants (7 ml) were precleared by filtration (0.45 pm) and
pelleted through 20% sucrose (4 ml). Concentrated virions were directly sus-
pended in 100 pl of deaminase buffer (40 mM Tris, pH 8.0, 40 mM KCI, 50 mM
NaCl, 5 mM EDTA, 1 mM dithiothreitol, 2% [vol/vol] glycerol, 0.1% [vol/vol]
Triton X-100) and incubated with a *?P-labeled oligonucleotide substrate (5'-A
TTATTATTATTATACCCAATTCTTTATTTATTTATTTATTT-3") contain-
ing A3G and A3F target sites (underlined). After overnight incubation at 37°C
with occasional agitation, the oligonucleotides were purified on G25 Quick Spin
columns (Roche) and reacted with uracil-DNA glycosylase (Roche) for 2 h at
37°C in uracil-DNA glycosylase buffer (60 mM Tris-HCI, pH 8.0, 1 mM EDTA,
1 mM dithiothreitol, 0.001% bovine serum albumin) to remove the uracil bases
generated by deamination. For cleavage at the abasic site, the samples were
treated for 5 min at 37°C with 0.15 M NaOH. Samples were then neutralized by
the addition of 0.15 M HCI. The cleaved products were separated on 15%
acrylamide-7 M urea gels and detected by autoradiography.

Immunoblotting. For immunoblot analysis of intracellular proteins, whole-cell
lysates were prepared as follows. Cells were washed once with PBS, suspended in
PBS, and mixed with an equal volume of sample buffer (4% sodium dodecyl
sulfate [SDS], 125 mM Tris-HCI, pH 6.8, 10% 2-mercaptoethanol, 10% glycerol,
0.002% bromophenol blue). To analyze virus-associated proteins, cell-free fil-
tered supernatants from transfected HeLa cells (3.5 ml) were pelleted (75 min,
35,000 rpm) through a 20% sucrose cushion (5.5 ml) in an SW41 rotor. The
concentrated virus pellet was suspended in PBS and mixed with an equal volume
of sample buffer. Proteins were solubilized by heating for 10 to 15 min at 95°C.
Cell and virus lysates 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 peroxidase-conjugated secondary antibodies (Amer-
sham Biosciences, Piscataway, NJ), and proteins were visualized by enhanced
chemiluminescence (Amersham Biosciences).

Northern blot analysis. Total RNA was prepared using the RNeasy mini kit
according to the manufacturer’s instructions (Qiagen, Valencia, CA). Total RNA
(5 to 20 pg, as indicated) was electrophoresed on a denaturing 1% agarose gel
and capillary blotted onto a nylon membrane using a Turbo blotter (Schleicher
& Schuell, Inc., Keene, NH). After UV cross-linking, the membrane was stained
for rRNA. For that purpose, the membrane was soaked in 5% acetic acid for 15
min at ambient temperature and then incubated in a solution of 0.5 M sodium
acetate (pH 5.2) and 0.04% methylene blue for 5 min at ambient temperature.
The membrane was rinsed in water for 10 min, and the stained membrane was
photographed. Following staining, the membrane was prehybridized with 10 ml
of QuickHyb hybridization solution (Stratagene, La Jolla, CA) for 1 h at 65°C.
The membrane was then hybridized with probes for 5 h at 65°C. The probe for
A3F mRNA was an 807-bp EcoRI/HindIII restriction fragment isolated from
pcDNA-A3F. Probes were labeled with [3?P]dTTP and a random primer using a
Ladderman labeling kit (TakaRa, Madison, WI), and 1 X 107 cpm of the probe
was added after premixing with 100 pl sonicated salmon sperm DNA (Strat-
agene, La Jolla, CA), heating at 94°C for 5 min, and chilling on ice. Following
hybridization, membranes were washed twice with wash buffer (2X SSPE [1X
SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA, pH 7.7]-0.1% SDS)
for 15 min at ambient temperature, followed by a 15-min wash in 0.2X SSPE-
0.1% SDS at 60°C. RNA bands were visualized by autoradiography.

Virus preparation. Virus stocks were prepared by transfection of HeLa cells
with appropriate plasmid DNAs. Virus-containing supernatants were harvested
24 to 48 h after transfection. Cellular debris was removed by centrifugation (5
min, 1,500 rpm), and clarified supernatants were filtered (0.45 wm) to remove
residual cellular contaminants. For immunoblot analyses, filtered virus stocks
were concentrated by pelleting through a 20% sucrose cushion (75 min at 4°C
and 35,000 rpm in an SW41 rotor).

Viral infectivity assay. Viral infectivity was determined in a single-cycle assay
by measuring the virus-induced luciferase activity in infected TZM-bl cells.
TZM-bl cells are derived from HeLa cells and contain the CXCR4 coreceptor
and a luciferase indicator gene under the control of the HIV-1 long terminal
repeat (LTR). Those cells were obtained from John Kappes through the NIH
AIDS Research and Reference Reagent Program (catalog no. 8129). Cells were
maintained in complete DMEM supplemented with 10% fetal bovine serum. For
infection, TZM-bl cells (5 X 10*) were plated into 24-well plates and allowed to
adhere overnight. Virus-containing supernatants were then added, and cells were
incubated for 24 h at 37°C. Cells were washed twice with 1 ml of cold PBS and
lysed in 300 wl of Reporter Lysis Buffer (Promega Corp., Madison, WI). To
determine luciferase activity, 20 pl of each lysate was combined with luciferase
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FIG. 1. Transiently expressed A3F wt and A3F mt are packaged
into Vif-deficient HIV-1 virions and have antiviral activity. (A) HeLa
cells were transfected with vif-defective pNL4-3 (4 pg) together with 1
pg of a human A3G wt (lane 2)-, A3F wt (lane 3)-, or A3F mt (lane
4)-expressing vector. Lane 1 is a control consisting of vif-defective
pNL4-3 without APOBEC. Virus-containing supernatants were col-
lected at 48 h posttransfection and analyzed by immunoblotting for the
presence of APOBEC proteins using a myc-specific antibody (A3G/
A3F). The same blot was subsequently reprobed with an HIV-positive
patient serum to identify the CA protein. (B) Virus-associated deami-
nase activity was determined on viruses from panel A using a 5'-end
32P_labeled single-stranded DNA template with signature motifs for
A3G and A3F. Oligonucleotides were separated by 15% acrylamide-7
M urea gel electrophoresis. The positions of the cleaved products and
the uncleaved probe are indicated on the right. (C) HeLa cells were
cotransfected with 4 pg of pNL4-3Vif(—) (lanes 3 to 15) and increasing
amounts of A3G wt (lanes 4 to 7), A3F wt (lanes 8 to 11), or A3F mt
(lanes 12 to 15). The amounts of transfected APOBEC DNA used
were 30 ng (lanes 4, 8, and 12), 100 ng (lanes 5, 9, and 13), 300 ng
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substrate (Promega) by automatic injection and light emission was measured for
10 s at room temperature in a luminometer (Optocomp II; MGM Instruments,
Hamden, CT).

Detergent stripping. To prepare sucrose step gradients, 2.0 ml of a 60%
sucrose solution was placed into the bottom of an SW55 centrifuge tube and
overlaid with 2.1 ml of a 20% sucrose solution. Immediately prior to the addition
of concentrated virus stocks (500 pl), the step gradients were overlaid with 100
wl of a protease inhibitor cocktail (Complete; Roche Diagnostics, Indianapolis,
IN) and 50 pl of either PBS or 1% Triton X-100. Samples were then centrifuged
in an SW55 Ti rotor for 60 min at 35,000 rpm, 4°C. Four fractions of 1.1 ml each
were collected from the top (see diagram in Fig. 7). Aliquots from each fraction
were combined with sample buffer, incubated at 95°C for 10 min, and then
processed for immunoblot analysis.

RESULTS

Transient expression of WI' and deaminase-defective A3F re-
veals antiviral activity. APOBEC3G (A3G) and APOBEC3F
(A3F) are considered the most potent cytidine deaminases in
humans to target retroviral infections (4). We and others have
found that catalytic activity of A3G is critical for its antiviral
effect (6, 34, 44). In contrast, WT and deaminase-defective
AZ3F proteins were reported to have similar antiviral activities
(3, 14). In an effort to confirm this observation, we constructed
a deaminase-defective A3F protein in the backbone of a C-
terminally myc-tagged A3F vector. Two mutations (C280S/
C283A) were introduced into the C-terminal catalytic domain
of A3F, in analogy to our previous deaminase-defective A3G
protein (38). Virus encapsidation and loss of catalytic activity
of the resulting mutant protein (referred to as A3F mt for the
remainder of this report) were first tested by transiently trans-
fecting HeLa cells with vif-deficient pNL4-3 together with a
vector encoding WT A3G (A3G wt), WT A3F (A3F wt), or
deaminase-defective A3F (A3F mt). Vif-deficient virus pro-
duced in the absence of APOBEC was included as a control
(Ctrl). Virus-containing supernatants were collected at 48 h
after transfection and used for immunoblot analysis (Fig. 1A)
or for analysis of virus-associated deaminase activity (Fig. 1B).
Samples were processed for immunoblotting as described in
Materials and Methods, and the blot was probed first with a
myc-specific antibody to identify virus-associated A3G and
A3F proteins (Fig. 1A, top). The same blot was then stripped
and reprobed with an HIV-positive patient serum to detect the
viral CA protein (Fig. 1A, bottom). Virus-associated A3G and

(lanes 6, 10, and 14), and 1 pg (lanes 7, 11, and 15). Lane 3 is a control
consisting of HeLa cells transfected with 4 wg of pNL4-3Vif(—) in the
absence of APOBEC. Lane 2 shows HeLa cells transfected with 4 pg
of pNL4-3 wt in the absence of APOBEC. The total DNA amount in
all samples was adjusted to 5 pg with the appropriate amount of empty
vector DNA. Lane 1 is a mock-treated control consisting of HeLa cells
transfected with 5 pg of empty vector DNA. Cells and virus-containing
supernatants were harvested at 24 h following transfection. Whole-cell
lysates were subjected to immunoblot analysis using a myc-specific
antibody (A3G/A3F) or an antibody to Vif or HIV-1 Gag (CA). (D)
The infectivity of viruses produced in panel G was determined by
infecting TZM-bl indicator cells. Virus input was normalized by re-
verse transcriptase activity. Virus-induced luciferase activity was de-
termined at 24 h after infection in a standard luciferase assay. The
infectivity of virus produced in the absence of APOBEC was defined as
100% (lane 3). The infectivity of the other viruses was expressed as a
percentage of that of the control virus. Error bars reflect standard
deviations from three independent infections.
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A3F deaminase activities were measured as described in Materi-
als and Methods. A synthetic 5’-end-labeled single-stranded oli-
gonucleotide containing both A3G and A3F signature motifs
(CC and TC, respectively) was used. Deamination of the oli-
gonucleotide is evident from the resulting cleavage of the
probe (Fig. 1B). The difference in mobility between the prod-
ucts produced by A3G- and A3F-specific deamination corre-
sponds to the relative distance of the deamination site from the
labeled 5’ end of the probe (16 or 17 bases for A3G, 22 bases
for A3F). As expected, the A3G and A3F proteins were effi-
ciently incorporated into Vif-deficient particles (Fig. 1A, lanes
2 to 4). Moreover, virus-associated A3G wt and A3F wt were
catalytically active in the in vitro deaminase assay (Fig. 1B,
lanes 2 and 3). In contrast, A3F mt was unable to deaminate
the substrate (Fig. 1B, lane 4) despite the presence of equiv-
alent amounts of A3F protein in the virus preparation (Fig. 1A,
compare lanes 3 and 4). These results confirm that A3F mt is
catalytically inactive but is efficiently encapsidated into HIV-1
virions.

Next, we tested the antiviral activity of A3F mt. HeLa cells
were transfected with NL4-3vif(—) DNA together with various
amounts of A3G wt (Fig. 1C, lanes 4 to 7), A3F wt (lanes 8 to
11), or A3F mt (lanes 12 to 15). WT NL4-3 (lane 2) or NL4-
3vif(—) in the absence of APOBEC (lane 3) was included as a
control. A mock-transfected sample (lane 1) was also included
as a background control. Immunoblot analysis was performed
as described in Materials and Methods to identify cellular and
virus-associated A3G, A3F, Vif, and CA. Consistent with the
results in Fig. 1A, the A3G and A3F proteins were expressed
and packaged into Vif-deficient HIV-1 virions with similar
efficiency and in a dose-dependent manner. Viral supernatants
from Fig. 1C were then used to test viral infectivity in a single-
round infectivity assay using TZM-bl target cells. TZM-bl cells
contain an integrated HIV-1 LTR-driven luciferase gene and
express CD4 and CXCR4 receptors (50). Virus-induced lucif-
erase activity was measured 24 h after infection as described in
Materials and Methods. Luciferase activity observed for NL4-
3Vif(—) virus (Fig. 1D, lane 3) was defined as 100% relative
infectivity. As expected, expression of increasing amounts of
A3G wt and A3F wt resulted in a concomitant loss of viral
infectivity (Fig. 1D, lanes 4 to 11). Interestingly, A3F mt had
antiviral activity very similar to that of its WT counterpart (Fig.
1D, lanes 12 to 15). These results confirm the previous obser-
vations that A3F has potent antiviral activity and that A3F’s
antiviral activity is largely deaminase independent (14).

Analysis of endogenous A3F expression in MDM and T-cell
lines. We next studied the expression of endogenous A3F in
MDM and T-cell lines. MDM were previously shown to ex-
press A3F in an IFN-inducible manner (15, 23, 39, 54). All of
the previous studies assessed A3F expression on the level of
mRNA only. In contrast, we compared A3F expression in
MDM, H9, and Jurkat cells both on the mRNA level (Fig. 2A)
and on the protein level (Fig. 2B). The A3F-specific antibody
used in this study had not previously been used for the detection
of endogenous A3F protein. Consistent with earlier studies, we
found that A3F mRNA levels in MDM increased in response to
IFN treatment (Fig. 2A, lanes 1 to 3). rRNA served as a loading
control (Fig. 2A, bottom). Interestingly, Jurkat cells expressed
very low levels of A3F mRNA (Fig. 2A, lane 5). In contrast,
A3F mRNA levels in H9 cells were comparable to those in
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FIG. 2. Analysis of endogenous A3F expression in MDM and T-
cell lines. (A) Northern blot analysis to determine mRNA expression.
MDM were treated for 24 h with IFN-« at 0 ng/ml (lane 1), 1 ng/ml
(lane 2), or 10 ng/ml (lane 3). The HY (lane 4) and Jurkat (lane 5)
T-cell lines were analyzed in parallel. Each lane contained 5 ug of total
RNA. Samples were separated by denaturing 1% agarose gel electro-
phoresis and capillary blotted onto a nylon membrane as described in
Materials and Methods. The membrane was then probed with an
A3F-specific **P-labeled probe (top). Equal sample loading was veri-
fied by staining membranes with methylene blue to identify rRNA
species (18S and 28S, bottom). (B) Endogenous expression of A3F
protein (top). MDM were treated with IFN-« as for panel A (lanes 1
to 3). The Jurkat (lane 4) and H9 (lane 5) T-cell lines were included for
reference. An A3F-specific polyclonal antibody was used for the de-
tection of A3F protein (top). The same blot was stripped and reprobed
with an actin-specific antibody (bottom) to control sample loading.

MDM treated with the highest level of IFN stimulation (Fig.
2A, compare lanes 3 and 4). Unstimulated MDM expressed
only low levels of A3F mRNA (Fig. 2A, lane 1).
Immunoblot analysis of MDM (Fig. 2B, lanes 1 to 3), as well
as Jurkat and H9 T-cell lines (Fig. 2B, lanes 4 and 5), revealed
AZF protein levels that closely mirrored the mRNA expression
profiles. Thus, the A3F antibody is indeed capable of identi-
fying endogenous A3F protein. A3F protein levels were unde-
tectable in Jurkat cells (Fig. 2B, lane 4) and near the limit of
detection in unstimulated MDM (Fig. 2B, lane 1). In contrast,
AZ3F protein levels in MDM increased following IFN treatment
in a dose-dependent manner (Fig. 2B, lanes 2 to 3) and were
comparable to A3F protein levels in H9 cells (Fig. 2B, lane 5).
These results indicate that A3F expression in the H9 and
Jurkat T-cell lines mimics A3G expression profiles and corre-
lates with the Vif dependence of virus replication in these cells.
Comparison of endogenous levels of A3F to transiently ex-
pressed A3F. We previously observed that transient expression
of A3G from cytomegalovirus promoter-based vectors can lead
to severe overexpression (34). To determine if this is also true
for A3F, we used Northern blot analysis to compare mRNA
levels of transiently expressed A3F in HeLa cells to endoge-
nous A3F in H9 cells. H9 cells were used here as a source of
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FIG. 3. A3F mRNA expressed in transiently transfected HeLa cells
very much exceeds endogenous A3F levels. HeLa cells were trans-
fected with increasing amounts of the exogenous A3F-myc vector (lane
3, 30 ng; lane 4, 100 ng; lane 5, 300 ng; lane 6, 1 pg). The total amount
of transfected DNA was adjusted to 5 pg in all samples by adding the
appropriate amount of empty vector DNA. Untransfected HeLa cells
(lane 2) and H9 cells (lane 1) were analyzed in parallel. Samples were
processed for Northern blot analysis. Equal amounts (20 pg) of total
RNA were separated by denaturing 1% agarose gel electrophoresis
and transferred to a nylon membrane. Equal sample loading was ver-
ified by staining membranes with methylene blue to identify rRNA
species (bottom). The membranes were then probed with an A3F-
specific *?P-labeled probe (top). The positions of A3F-Myc mRNA and
endogenous A3F mRNA are indicated. The arrow points to a second
A3F-Myc mRNA species that is slightly larger than the endogenous
mRNA and whose intensity increases with increasing amounts of trans-
fected A3F-Myc vector.

< 24-2.7kb

A3F-Myc
~ mRNA

1.2 kb

endogenous A3F since these cells were previously reported to
express A3F mRNA (52). HeLa cells were transiently trans-
fected with various amounts (0 to 1 pug) of A3F-myc expression
vector, and cells were processed 24 h later for Northern blot
analysis as described in Materials and Methods. Exogenously
expressed A3F produces an ~1.2-kb mRNA which migrates
faster in the gel than the 2.4- to 2.7-kb endogenous A3F
mRNA due to the absence of 3’ noncoding sequences in the
exogenous mRNA (28). As expected, A3F mRNA was ex-
pressed in H9 cells (Fig. 3, lane 1) at higher levels than in HeLa
cells, in which A3F mRNA levels approached the limit of
detection (Fig. 3, lane 2). As expected, levels of transiently
expressed A3F-myc mRNA increased in a dose-dependent
manner (Fig. 3, lanes 3 to 6). Of note, even the smallest
amount of transiently transfected A3F-myc vector produced
A3F mRNA levels higher than those found in H9 cells (Fig. 3,
compare lanes 1 and 3). Thus, transient transfection of HeLa
cells leads to overexpression of A3F mRNA. Aside from the
main 1.2-kb mRNA species, transiently transfected HeLa cells
produced a second A3F mRNA species migrating slightly
slower than the endogenous A3F mRNA (Fig. 3, arrow). The
nature of this mRNA species is not clear; however, it is con-
ceivable that the larger mRNA represents a transcriptional
readthrough product that terminates at a distal poly(A) site in
the pcDNA3.1 vector. However, this issue was not further
investigated.

Construction and characterization of stable HeLa cell lines
expressing A3F wt and A3F mt. In our previous study, we
found that the deaminase-defective A3G C288S/C291A variant
had antiviral activity when transiently overexpressed. The same
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FIG. 4. Construction of stable HeLa cell lines expressing A3F wt
and A3F mt. A comparison of the expression of transiently transfected,
stably transfected, and endogenously expressed A3F protein is shown.
To assess exogenous expression, HeLa cells were transiently trans-
fected with increasing amounts (0, 0.03, 0.1, 0.3, and 1 pg) of A3F wt
as described in the legend to Fig. 1C. Stable cell lines (A3F wtl, wt2,
mtl, and mt2) were analyzed in parallel. HeLa cells containing empty
vector DNA and subjected to the same selection process as the A3F
lines were analyzed in parallel (Ctrl). H9 cell lysates were used to
visualize endogenous A3F, and Jurkat cell lysates were used as a
negative control. The A3F-specific antibody was used for the detection
of A3F (top). The same blot was stripped and reprobed with a tubulin-
specific antibody (bottom) to verify equal sample loading.

mutant protein, however, when expressed in stable HeLa cells,
had no antiviral activity (34). From that study, we concluded
that efficient inhibition of Vif-deficient HIV-1 requires cata-
lytically active A3G.

To investigate whether the antiviral effect of A3F ob-
served in Fig. 2B was similarly due to transient A3F over-
expression, we created stable cell lines expressing WT and
deaminase-defective A3F proteins. Cell clones were pre-
screened by Northern blot analysis, and two clones of each set
were picked to match as closely as possible the A3F mRNA
levels in H9 cells. A cell clone transduced with the empty
vector but subjected to the same selection procedure was se-
lected and used as a negative control in subsequent analyses.
Since mRNA levels are not necessarily predictive of APOBEC
protein levels (34), we compared A3F protein expression in
our stable HeLa lines to that in H9 cells using the A3F-specific
antibody. Stable expression of A3F wt (Fig. 4, lanes 7 and 8)
and A3F mt (lanes 9 and 10) was compared to A3F wt expres-
sion in HeLa cells transiently transfected with increasing
amounts of A3F wt DNA (Fig. 4, lanes 2 to 5). Mock-trans-
fected HeLa cells (Fig. 4, lane 1), as well as H9 and Jurkat cells
(Fig. 4, lanes 11 to 12), were also included for reference.
Finally, a stable HeLa clone containing the empty vector was
added as a negative control (Fig. 4, Ctrl, lane 6). Transfection
of HeLa cells, preparation of cell lysates, and processing of
lysates for immunoblotting were done as described in Materi-
als and Methods. The blot was probed first with the A3F-
specific antibody (Fig. 4, top), followed by an antibody to
a-tubulin (bottom). The results show that the stable HeLa cell
lines expressing A3F wt expressed levels of protein comparable
to or higher than those in H9 cells (Fig. 4, compare lanes 7 and
8 to lane 11). Levels of A3F mt were slightly higher than those
of A3F wt (Fig. 4, lanes 9 and 10).

Stable HeLa cell lines uniformly express A3F. To accurately
measure the functional properties of A3F wt and A3F mt in
stable cell lines, it was critical to demonstrate that 100% of the
cells express A3F. This was done by immunocytochemistry
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FIG. 5. Stable HelLa cell lines uniformly express A3F. Stable trans-
duced HeLa cells expressing A3F wt or A3F mt or transduced with
empty vector DNA (Ctrl) as described in the legend to Fig. 4 were
analyzed for A3F expression using an A3F-specific polyclonal rabbit
antibody. To control for nonspecific background produced by the sec-
ondary antibody, vector-transduced cells were treated with the second-
ary antibody only (no 1°). Labeled samples were viewed and photo-
graphed with a Zeiss Axio Imager Z1.

(Fig. 5). Cells were grown in chamber flasks and stained with
an A3F-specific polyclonal antibody as described in Materials
and Methods. HeLa cells containing empty vector DNA
showed low-level A3F staining (Fig. 5, Ctrl) relative to the
negative control lacking the primary antibody (Fig. 5, no 1°). It
is unclear whether this is due to low-level A3F expression in
HeLa cells or reflects inherent nonspecific background. Impor-
tantly, however, all A3F cell lines exhibited staining that was
significantly above the level observed in normal HeLa cells;
even more importantly, all cells of each culture were A3F
positive. We therefore conclude that all of the stable cell lines
used in our analysis uniformly express A3F wt or A3F mt.
A3F from stable HeLa cells is packaged into viral cores but
lacks antiviral activity. To investigate the antiviral effect of
A3F expressed in stable HeLa cells, cells were transfected with
the pNL4-3 or pNL4-3Vif(—) proviral construct. HeLa cells
stably expressing A3G-Myc were included for comparison.
Cells and virus-containing supernatants were harvested 24 h
after transfection. To directly compare the expression and
packaging of A3G wt, A3F wt, and A3F mt into NL4-3 and
NLA4-3vif(—) particles by immunoblotting, we used a Myc-spe-
cific polyclonal antibody directed against the common C-ter-
minal Myc tag present in these proteins (Fig. 6A, parts I and
IV). NL4-3 Vif only modestly reduced cellular levels of A3G
but completely blocked viral packaging (Fig. 6A, lane 3), con-
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FIG. 6. A3F expressed in stable HeLa cell lines does not have
antiviral activity. (A) Stable HeLa cell lines expressing A3G wt (34),
A3F wt (clones 1 and 2), or A3F mt (clones 1 and 2) were each
transfected with 5 pg of pNL4-3 or pNL4-3Vif(—) DNA. Transfected
cells and virus-containing supernatants were harvested 24 h later and
processed for immunoblot analysis. Blots were probed with a myc-
specific antibody (parts I and IV), a Vif MAD (part II), and an HIV-
positive patient serum (APS) for the detection of viral CA proteins
(parts III and V). Proteins are identified on the right. (B) Virus
samples from panel A were normalized for equivalent reverse trans-
criptase activity and used to infect TZM-bl cells. Tat-induced lucifer-
ase activity was quantified and used to calculate relative viral infectiv-
ity. The infectivity of WT virus was defined as 100% for each producer
cell type (lanes 1, 3, 5,7, 9, and 11), and the infectivity of Vif-deficient
viruses was calculated relative to that of the corresponding WT viruses
(lanes 2, 4, 6, 8, 10, and 12). Error bars reflect standard deviations
calculated from three independent infections.

sistent with our previous observations (9). As expected, A3F wt
and A3F mt were packaged into Vif-deficient HIV-1 virions.
We estimate the efficiency of A3F packaging in the absence of
Vif to be as good as or better than that of A3G packaging (Fig.
6A, compare lane 4 to lanes 6, 8, 10, and 12). NL4-3 Vif had
variable effects on cellular levels of A3F wt and A3F mt in the
stable HeLa clones, and the amounts of virus-associated A3F
appeared to be directly proportional to the intracellular pro-
tein levels. It is interesting that A3F wt and A3F mt expressed
by clones 1 each appear to be less sensitive to degradation by
Vif than those expressed by the other two clones (Fig. 6A, part
I). The reason for this is not clear. Differences in Vif expres-
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sion among the samples are minor and are unlikely to account
for the differential degradation of A3F. It is also interesting
that while Vif efficiently blocks A3G encapsidation even when
cellular degradation is modest, changes in A3F encapsida-
tion appear to largely reflect intracellular Vif-induced pro-
tein levels.

We next tested the infectivity of the individual virus prep-
arations relative to that of virus produced in the absence of
APOBEC. Viral supernatants were used to infect HelLa
TZM-bl indicator cells as described in Materials and Methods.
The infectivity of Vif-deficient viruses was calculated relative
to that of WT NL4-3, which was defined as 100% for each cell
type (Fig. 6B). As expected, APOBEC-deficient viruses were
fully infectious (Fig. 6B, lanes 1 and 2) and expression of A3G
was inhibited vif-defective HIV-1 (lane 4) but not WT NL4-3
(lane 3). Surprisingly, neither A3F wt nor deaminase-defective
A3F mt inhibited viral infectivity. In fact, the relative infectivity
of WT and vif-defective HIV-1 in the presence of A3F wt or
A3F mt was identical in all samples despite significant differ-
ences in the amounts of virus-associated A3F (Fig. 6A, part IV;
compare lane 7 to §, 9 to 10, or 11 to 12). These results indicate
that A3F from stable HeLa cells has little, if any, antiviral
activity.

A3F is packaged into the viral nucleoprotein complex. Pre-
vious studies of A3A demonstrated that the antiviral activity of
APOBEC correlates with targeting of the proteins to the viral
core (2, 9). We therefore considered the possibility that the
lack of A3F antiviral activity was due to mislocalization of the
deaminase in the viral particles. To address this question, we
performed detergent stripping of HIV-1 virions to assess the
core association of A3F. This method was previously used to
demonstrate the core association of A3G (9, 22). Clones 2 of
A3F wt and A3F mt cell lines were randomly chosen for this
analysis. Cells were transfected with pNL43Vif(—) in the pres-
ence of vesicular stomatitis virus G protein (VSV-G). VSV-G
was included to enable reinfection of the cells by viruses pro-
duced early on. This strategy allowed us to strongly boost virus
production and obtain sufficient material for our analysis. Viral
supernatants were processed for sucrose step gradient separa-
tion in the presence or absence of Triton X-100 as described in
Materials and Methods. Individual fractions of the gradient
were then subjected to immunoblot analysis to identify the
A3F, CA, and MA proteins (Fig. 7). As expected, in the ab-
sence of detergent, all proteins were found in fraction 3 of the
step gradient (Fig. 7, untreated), consistent with the accumu-
lation of virions at the interphase of 20% and 60% sucrose
(cartoon in Fig. 7) and attesting to the absence of soluble
contaminants in the virus preparations. Particles subjected to
step gradient analysis in the presence of Triton X-100 were
quantitatively stripped of their MA proteins, which accumu-
lated in fraction 1 at the top of the gradient (Fig. 7, X-100,
MA). As noted before (9, 22), CA was partially sensitive to
detergent treatment and partitioned between fractions 1 and 3.
A smaller fraction of CA protein was found at the bottom of
the gradient (fraction 4), presumably due to sampling error
(samples were collected from the top). Importantly, however,
A3F was completely resistant to detergent treatment and ac-
cumulated in fraction 3 of the gradient. We conclude that A3F
wt and A3F mt were both properly targeted to the viral core.
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FIG. 7. A3F wt and A3F mt expressed in stable HeLa cell lines is
packaged into the core of HIV-1 virions. Stable HeLa cell lines (clones
2 of A3F wt and A3F mt) were transfected with 4.5 wg of pNL4-
3Vif(—) together with 0.5 pg of pPCMV-VSV-G. Virus-containing su-
pernatants were harvested at 48 h after transfection, and viruses were
purified and concentrated by ultracentrifugation through 20% sucrose.
Pelleted viruses were suspended in DMEM and divided into two equal
fractions. One fraction was left untreated, and the other fraction was
treated with 0.5% Triton X-100. Untreated and detergent-treated sam-
ples were subjected to step gradient centrifugation. Four equal frac-
tions (1 to 4 in the cartoon on the left) were collected from the top of
the gradients. Aliquots from each fraction were analyzed by immuno-
blotting using a myc-specific antibody (A3F). The same blot was then
reprobed with an HIV-positive human serum to identify viral CA and
MA proteins.

DISCUSSION

The question of which cytidine deaminases contribute to the
accumulation of G-to-A mutations in viral genomes has occu-
pied the field for a number of years (for a review, see reference
10). Previous studies demonstrated that cytidine deaminases
have preferential target specificities based on their dinucle-
otide context. A3G preferentially targets CC, while the pre-
ferred target site for A3F is TC (underlining denotes the target
for deamination) (3, 4, 13, 18, 52, 56). Interestingly, analysis of
viral sequences derived from patient peripheral blood mono-
nuclear cells revealed a trend for preferential mutation of G in
the GA context (i.e., deamination occurs in the TC context)
(17). This observation, however, does not provide conclusive
evidence for the in vivo importance of A3F, since A3B and
A3C, and to a lesser extent A3G as well, can catalyze cytidine
deamination in the TC context (3-5, 25, 55).

In vitro, A3F has potent antiviral activity (52, 58), although
at least one study reported that human A3F is 10 to 50 times
less potent than human A3G (57). Surprisingly, however, the
antiviral activity of A3F appears to be less dependent on cat-
alytic deaminase activity than A3G. In fact, WT and deami-
nase-defective A3F inhibited viral infectivity equally well in a
transient-expression system (14). The results of our current
study are consistent with these observations and confirm that
A3F has strong antiviral activity when transiently expressed
and this effect does not depend on catalytic activity (Fig. 1). We
also noted that deaminase-deficient A3F, like its deaminase-
defective A3G counterpart, did not have antiviral activity when
expressed from stable cell lines at close-to-endogenous levels
(Fig. 6) (34). Importantly, however, A3F wt also lost its anti-
viral activity when expressed in stable HeLa cells. In that re-
spect, A3F is clearly distinct from A3G, which maintained high
antiviral activity under similar conditions (Fig. 6).
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Why does stably expressed catalytically active A3F lack an-
tiviral effects? The enzyme retains catalytic activity, as evi-
denced by the appearance of low-level G-to-A mutations in the
GA context in viruses produced from stable A3F cells (data not
shown). However, this does not affect the overall viral infec-
tivity, possibly because of purifying selection, as reported for
A3G (41). The low antiviral potential of A3F could explain
why G-to-A mutations in the context of GA dinucleotides can
be identified in HIV-infected individuals. One could argue that
sublethal mutagenesis of retroviral genomes may benefit the
virus by increasing its potential to adapt to environmental
pressure.

The difference between the strong antiviral effects of A3F
and A3F transiently expressed in stable HeLa cells is most
likely explained by a simple dose effect since transient expres-
sion of A3F can lead to severe overexpression of the protein
(Fig. 4). It is important to keep in mind that the rate of A3F
synthesis in transiently transfected cells is much greater than in
stable cell lines in which protein synthesis and degradation
have reached a steady state that is tolerated by the cell (34).
Since A3F packaging is dependent on intracellular protein
levels (Fig. 1), we conclude that viruses produced in cells tran-
siently expressing A3F contain significantly more A3F than
viruses derived from stable A3F-producing cells. A second
factor potentially contributing to the poor antiviral effect of
stably expressed A3F is that both A3G and A3F gradually
transition from a low-molecular-mass configuration to a high-
molecular-mass complex and eventually accumulate in P bod-
ies and stress granules (24, 46, 49, 51). Since APOBEC appears
to be packaged primarily from the pool of newly synthesized
protein (46), transiently expressed A3F may be more packag-
ing competent, which would explain its stronger antiviral effect
than that of the stable expressed protein.

Differences in the relative expression of transiently and sta-
bly expressed A3F do not, however, explain why stably ex-
pressed A3G retains antiviral activity and A3F does not. We
did not detect any drastic differences in the relative packaging
efficiencies of A3G and A3F (Fig. 6A), and A3F was properly
targeted to the viral core, a criterion we previously determined
to be critical for APOBEC antiviral activity (9). It is therefore
possible that A3F is catalytically less active or that deamination
is generally more efficient in the CC context than in the TC
context. The fact that neither WT nor deaminase-deficient
A3F inhibits viral infectivity in stable HeLa cells explains why
transient overexpression of the protein did not reveal any dif-
ference in relative antiviral potency between the catalytically
active and inactive forms of the enzyme. A recent study pro-
posed that transiently overexpressed A3F inhibits viral DNA
integration (33). This effect was largely independent of A3F
catalytic activity and is therefore consistent with our data. A
number of other mechanisms have been proposed to explain
deamination-independent inhibition of viral infectivity by A3G
(for a review, see reference 10). It remains to be investigated if
any of these mechanisms apply to viral inhibition by A3F.

On a final note, we observed that Vif more potently inhib-
ited the encapsidation of A3G than that of A3F (Fig. 6A). In
fact, packaging of A3F appeared to strictly parallel intracellu-
lar A3F levels both in the presence and in the absence of Vif.
In contrast, inhibition of A3G packaging by Vif was much
more effective than intracellular depletion, consistent with pre-
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vious observations (19, 30). This suggests that Vif has the
ability to inhibit A3G packaging via degradation-dependent
and degradation-independent mechanisms while A3F packag-
ing can only be inhibited through a degradation-dependent
process. Details of this interesting phenomenon will have to be
investigated in future studies.
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