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Recently, APOBEC3G has been identified as a host factor that blocks retroviral replication. It introduces G
to A hypermutations in newly synthesized minus strand viral cDNA at the step of reverse transcription in target
cells. Here, we identified the human APOBEC3F protein as another host factor that blocks human immuno-
deficiency virus type 1 (HIV-1) replication. Similar to APOBEC3G, APOBEC3F also induced G to A hyper-
mutations in HIV genomic DNA, and the viral Vif protein counteracted its activity. Thus, APOBEC family
members might have evolved as a general defense mechanism of the body against retroviruses, retrotrans-
posons, and other mobile genetic elements.

In the human immunodeficiency virus type 1 (HIV-1), there
exists an accessory gene between the pol and env open reading
frames which encodes the viral infectivity factor Vif (6). This
gene was originally called sor (short open reading frame), orfQ,
orf1, orfP�, and orfA (22, 24–26), and it produces a 23-kDa
protein (13, 17, 31). The same gene has been found in all
lentiviruses except equine infectious anemia virus (23). It is
expressed from the 4-kb HIV transcripts in a Rev-dependent
manner (7, 27). Initial studies demonstrated that Vif increases
HIV infectivity up to 1,000 times (4, 33).

The effect of Vif on viral infectivity is highly cell type de-
pendent. Cells can be divided into groups that are permissive
and nonpermissive for HIV infection (1). In permissive cells,
including HeLa, COS, C8166, Jurkat, U937, SupT1, or 293T,
Vif is not required for HIV infection. However, in nonpermis-
sive cells, including H9, CEM, Hut68, peripheral blood mono-
nuclear cells, and macrophages, Vif is required for HIV rep-
lication (5, 34). It was demonstrated that the nonpermissive
cells express a dominant inhibitor to inactivate HIV-1 in the
absence of Vif (18, 30). Since Vif is an RNA-binding protein
(3, 16, 36), it seems that Vif might protect the HIV genome
from the attack of this molecule. Recently, this inhibitor was
identified as APOBEC3G (originally called CEM-15) (28),
which belongs to the APOBEC (apolipoprotein B mRNA-
editing enzyme-catalytic polypeptide) family. These pro-
teins catalyze the cytosine deamination reaction that changes
nucleotides from cytosine to uracil. Although the first mem-
ber of this family, APOBEC1, is an RNA-editing enzyme,
APOBEC3G was shown to use DNA as a template (11).
APOBEC3G causes cytidine deamination of HIV-1 nega-
tive-strand DNA during the reverse transcription step (10,
19, 37). Hypermutations induced by APOBEC3G either in-

troduce stop codons in viral protein open reading frames or
trigger the degradation of viral DNA by uracil-DNA glyco-
sylase, therefore blocking HIV replication (8, 9, 15). Until
now, nine APOBEC family members have been identified in
humans. APOBEC2 is found on chromosome 6; all the oth-
ers (APOBEC1, AID [activation-induced deaminase], and
APOBEC3A, -3B, -3C, -3D, -3F, and -3G) are found on chro-
mosome 22 (12). However, their antiviral activities have not been
determined. Here, we report that like APOBEC3G, APOBEC3F
also has similar antiviral activity, which is blocked by Vif.

Cloning and expression of APOBEC proteins. To determine
the effect of APOBEC family members on HIV replication,
we obtained the cDNAs coding for human AID, APOBEC2,
APOBEC3C, APOBEC3F, and murine APOBEC3G
(mAPOBEC3G) from Open Biosystems (Huntsville, Ala.),
human APOBEC3G from K. Streble (National Institute of
Allergy and Infectious Diseases), and APOBEC1 from N. O.
Davidson (Washington University, St. Louis, Mo.). They were
subsequently cloned into a mammalian expression vector
pcDNA3 (Invitrogen, Carlsbad, Calif.) with a V5 epitope tag
from SV5 paramyxovirus and a polyhistidine epitope at the C
terminus. These plasmids were transfected into 293T cells, and
their expression was detected with a monoclonal anti-V5 anti-
body (Fig. 1). All these proteins were expressed abundantly
with the expected mobility on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. As previously observed in human
and murine APOBEC3G (20), we also observed degradation
products in human APOBEC3F (Fig. 1, lane 5).

APOBEC3F turns HIV-permissive cells into nonpermissive
cells. Next, we determined if these proteins could inhibit HIV
replication by a single-round infectivity assay. The wild-type
virus was from pNL4-3. The pNL�Vif clone was generated by
inserting a NaeI linker at the PfiMI site of pNL4-3. The wild-
type or Vif-defective HIV viruses were produced from 293T
cells in the presence of different APOBEC proteins via CaPO4

transfection. Viral levels were then quantified by an enzyme-
linked immunosorbent assay for p24Gag content. Expression
levels of Vif from these viruses were confirmed by Western
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blotting with an anti-Vif antibody (Fig. 2, lower panel). Equal
amounts of viruses were used to infect GHOST-R3/X4/R5
indicator cells, which were stably transfected with the HIV-2
long terminal repeat linked to a green fluorescence protein
expression construct. Once HIV particles infect these cells, the
viral transcriptional transactivator (Tat) activates the HIV-2
long terminal repeat and induces the expression of green flu-
orescence protein. After 48 h, the infection can then be de-
tected and quantified by determining the green fluorescence
intensity by flow cytometry. As presented in Fig. 2, AID,
APOBEC1, APOBEC2, and APOBEC3C had no effect on the
replication of both wild-type and Vif-defective HIV (compare
lanes 3 to 10 with the control lanes 1 and 2). As previously
reported (20), human APOBEC3G only inhibited the repli-
cation of �Vif-HIV (lanes 13 and 14), and the murine
APOBEC3G inhibited the replication of both wild-type and
�Vif-HIV (lanes 15 and 16). Interestingly, we found that
APOBEC3F inhibited the replication of the Vif-defective HIV
but not the wild-type HIV to an extent similar to that of
APOBEC3G (Fig. 2, lanes 11 to 12). Thus, we conclude that,
similar to human APOBEC3G, human APOBEC3F inhibits

Vif-defective HIV replication, and the block can be overcome
by Vif.

Sequence comparison between human APOBEC3F and -3G.
APOBEC3G and APOBEC3F are both located on the chro-
mosome 22q13.1 separated by 24,667 bp (12). In studies by
Jarmuz et al. (12), the expression of APOBEC3F was also
detected in colorectal adenocarcinoma, chronic myelogenous
leukemia, and epithelial cells. Their N termini share al-
most 100% similarity. APOBEC3F has seven exons, and
APOBEC3G has eight exons. Both of them contain duplicated
active sites, inserts, and linker peptides in exons 6 and 7 (12).
Sequence alignments demonstrate conserved zinc fingers, glu-
tamates involved in proton shuttling in the active site (C/HXE,
PCXXC), and two critical aromatic residues (F/Y) involved
in RNA binding (12) (Fig. 3). All these results suggest that
APOBEC3F could have a similar cytidine deaminase activity
as APOBEC3G to block HIV replication.

APOBEC3F induces G to A hypermutations in HIV minus
strand cDNA during reverse transcription. To prove this hy-
pothesis, GHOST-R3/X4/R5 cells were infected with various
HIV viruses produced from 293T cells. After 5 h, cells were
trypsinized and collected. Viral DNAs were then extracted by
a DNeasy tissue kit (QIAGEN Inc., Valencia, Calif.). A primer
pair that targeted the HIV Vif/Vpr region was used to amplify
a 420-bp fragment. Fragments were further purified by agarose
gel, cloned into pCR4-TOPO vector (Invitrogen), and se-
quenced by flanking T3 and T7 primers. As presented in Fig. 4,
sequences from the wild-type and Vif-defective viruses did not
contain any mutations when these viruses were produced in the
absence of APOBEC proteins (Fig. 4, see WT and �Vif pan-
els). In the presence of APOBEC3F or APOBEC3G, se-
quences from the wild-type HIV-infected cells contained very
few mutations (Fig. 4, WT/A3F and WT/A3G panels). How-
ever, in sharp contrast, sequences from Vif-defective HIV-
infected cells contained a very high frequency of G to A mu-
tations (Fig. 4, �Vif/A3F and �Vif/A3G panels). Of note,
APOBEC3G induced more dramatic hypermutations than did

FIG. 1. Expression of APOBEC proteins. Human APOBEC pro-
teins AID, APOBEC1, APOBEC2, APOBEC3C, APOBEC3F,
APOBEC3G, and mAPOBEC3G were cloned into pcDNA3 with a V5
tag. These proteins were expressed in 293T cells and detected with a
monoclonal anti-V5 antibody.

FIG. 2. Function of APOBEC proteins in viral replication. APOBEC
proteins were coexpressed with wild-type or Vif-defective HIV in 293T
cells. After normalization by p24Gag enzyme-linked immunosorbent
assay, equal amounts of viruses were used to infect GHOST-R3/X4/R5
cells. The expression of Vif in cell lysates from wild-type or Vif-
defective viruses was demonstrated by Western blotting (bottom).

FIG. 3. Sequence alignment between human APOBEC3G (3G)
and APOBEC3F (3F). Two zinc-finger domains are underlined; two
active sites for cytidine deaminase (C/HXE, PCXXC), two linker pep-
tides, and two inserts are boxed, where X represents any amino acid
residues; critical aromatic residues (F/Y) for RNA binding are
presented in bold. For APOBEC3F, only residues different from
APOBEC3G are presented. Dots indicate identity, and dashes repre-
sent deleted residues.
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APOBEC3F (Fig. 4, �Vif/A3F and �Vif/A3G panels). In the
presence of mAPOBEC3G, sequences from the wild-type and
Vif-defective HIV-infected cells contained a high frequency of
G to A mutations (Fig. 4, WT/mA3G and �Vif/mA3G panels).
Since the G to A mutation in viral double-strand DNA corre-
sponds to the C to U mutation in the single minus strand
DNA, we conclude that, like human and murine APOBEC3G,
APOBEC3F catalyzes the deamination of deoxycytidine (dC)
to deoxyuridine (dU) during HIV minus strand synthesis.
These changes are responsible for the disruption of HIV rep-
lication. Interestingly, APOBEC3G targeted more GGGG re-
peats and APOBEC3F targeted single G molecules.

Vif excludes APOBEC3F and APOBEC3G from incorpora-
tion into HIV particles. Our results indicate that APOBEC3F
blocks HIV replication, and its activity is counteracted by Vif.
For its effects, Vif excludes APOBEC3G from virions, there-
fore blocking the function of APOBEC3G (2, 14, 20, 21, 29, 32,
35). To determine if Vif could also exclude APOBEC3F from
incorporation into virions, wild-type and Vif-defective HIV
were produced in the presence of APOBEC3F, APOBEC3G,
or mAPOBEC3G, respectively. Viruses were further purified
by loading onto a 20% sucrose cushion and spun at 27,000 rpm
for 2 h in a Beckman SW28 rotor. Supernatants and sucrose
layers were carefully removed, and viral particles were resus-
pended in STE buffer (10 mM Tris-HCl [pH 7.4], 100 mM
NaCl, 1 mM EDTA). Equal levels of viral particles were
loaded to compare levels of APOBEC proteins (Fig. 5, see
anti-p24Gag blotting). As expected, in the presence of Vif,
levels of APOBEC3F and APOBEC3G were significantly re-
duced in virions (Fig. 5, compare lanes 2 and 5 with lanes 3 and
6). As previously reported (20), Vif did not reduce the levels of
mAPOBEC3G in HIV particles as previously reported (Fig. 5,
lanes 8 and 9). Thus, we conclude that Vif inhibits the activity

of these human, but not murine, APOBEC family members by
blocking their incorporation into HIV particles.

To further define how Vif excludes APOBEC3F from viri-
ons, we measured intracellular levels of APOBEC3F in the
presence of Vif. Indeed, in cells expressing Vif, APOBEC3F
was barely detected (Fig. 6, lane 1). Since it was reported that
Vif degrades APOBEC3G via the proteasome (2, 21, 28, 32,
35), we also determined if this pathway was involved in the
removal of APOBEC3F. Indeed, levels of APOBEC3F were
increased when cells were treated with proteasomal inhibitors
epoxomicin, MG-132, or proteasome inhibitor I (Fig. 6, lanes
2 to 4). Thus, the ubiquitylation and proteasomal degradation

FIG. 4. APOBEC3F induces G to A mutations in viral genome. Wild-type (WT) and Vif-defective viruses were produced in the presence and
absence of APOBEC3G (A3G), APOBEC3F (A3F), and mAPOBEC3G (mA3G). These viruses were used to infect GHOST-R3/X4/R5 cells. Six
hours later, cellular DNAs were extracted from these infected cells, and viral DNAs were amplified by PCR. After cloning into TA-cloning vector,
these viral DNAs were then sequenced. The pNL4-3 sequence from nucleotides 5698 to 5787 is presented at the top. Five sequences from each
infection are presented, and only the mutated nucleotides are shown. Dots indicate sequence identity.

FIG. 5. Levels of APOBEC proteins in viral particles. 293T cells
were cotransfected with wild-type (WT) or Vif-defective proviruses
and different APOBEC expression vectors. Viral particles were col-
lected 48 h later and purified by ultracentrifugation through a 20%
sucrose cushion. Equal amounts of viral proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the
expressions of APOBEC proteins, p24Gag, and Vif were determined by
Western blotting.
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play the same role in the removal of APOBEC3F and
APOBEC3G by Vif in cells.

In summary, we presented data that another APOBEC fam-
ily member, the human APOBEC3F, inhibits HIV replication
by catalyzing the deamination of dC to dU during HIV minus
strand synthesis and causes G to A hypermutations in the viral
genome. Similar to the human APOBEC3G, Vif overcomes
the antiviral activity of APOBEC3F by excluding its incorpo-
ration into viral particles. These results suggest that APOBEC
family members might have evolved as a general defense
mechanism of the body against retroviruses, retrotransposons,
and other mobile genetic elements.
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FIG. 6. The degradation of APOBEC3F by Vif is blocked by pro-
teasomal inhibitors in cells. 293T cells were cotransfected with Vif and
APOBEC3F expression vectors. Twenty hours later, cells were treated
with proteasomal inhibitors epoxomicin, MG-132, and proteasome
inhibitor I at 10 �M for 12 h. Levels of APOBEC3F were then ana-
lyzed by Western blotting. DMSO, dimethyl sulfoxide.
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