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APOBEC3G (A3G) and related cytidine deaminases, such as APOBEC3F (A3F), are potent inhibitors of
retroviruses. Formation of infectious human immunodeficiency virus type 1 (HIV-1) requires suppression of
multiple cytidine deaminases by Vif. Whether HIV-1 Vif recognizes various APOBEC3 proteins through a
common mechanism is unclear. The domains in Vif that mediate APOBEC3 recognitions are also poorly
defined. The N-terminal region of HIV-1 Vif is unusually rich in Trp residues, which are highly conserved. In
the present study, we examined the role of these Trp residues in the suppression of APOBEC3 proteins by
HIV-1 Vif. We found that most of the highly conserved Trp residues were required for efficient suppression of
both A3G and A3F, but some of these residues were selectively required for the suppression of A3F but not A3G.
Mutant Vif molecules in which Ala was substituted for Trp79 and, to a lesser extent, for Trp11 remained
competent for A3G interaction and its suppression; however, they were defective for A3F interaction and
therefore could not efficiently suppress the antiviral activity of A3F. Interestingly, while the HIV-1 Vif-mediated
degradation of A3G was not affected by the different C-terminal tag peptides, that of A3F was significantly
influenced by its C-terminal tags. These data indicate that the mechanisms by which HIV-1 Vif recognizes its
target molecules, A3G and A3F, are not identical. The fact that several highly conserved residues in Vif are
required for the suppression of A3F but not that of A3G suggests a critical role for A3F in the restriction of
HIV-1 in vivo.

APOBEC3G (A3G) and the related cytidine deaminase
APOBEC3F (A3F) are potent inhibitors of a wide range of
retroviruses and retroelements (2, 5–7, 9, 12, 13, 15, 18, 20–22,
26, 28, 30, 31, 35, 36, 39, 41, 42, 45, 46). In the absence of Vif,
A3G and A3F are incorporated into budding virions, where,
upon infection of new target cells, they induce cytidine deami-
nation in the minus-strand viral DNA (9, 13, 20, 22, 36, 42, 45),
resulting in abortive infection. Human immunodeficiency virus
type 1 (HIV-1) Vif recruits the Cullin5-ElonginB-ElonginC E3
ubiquitin ligase (11, 16, 19, 24, 43, 44) to target the cellular
antiviral proteins A3G and A3F for degradation (4, 16, 17, 23,
24, 32, 34, 43). HIV/simian immunodeficiency virus (SIV) Vif
binds ElonginC through a virus-specific BC box (16, 19, 24, 43,
44). Primate lentiviral Vif proteins also use a highly conserved
H-X5-C-X17-18C-X3-5-H motif spanning 30 amino acids up-
stream of the BC box (Fig. 1) to mediate Cul5 interaction (19).

Vif is a substrate receptor in the Cul5-based E3 ubiquitin
ligase complex that mediates target protein selection. The re-
gions of Vif that are involved in binding to target proteins such
as A3G and A3F are poorly defined. A long-recognized and
striking feature of HIV-1 Vif is the high concentration of
tryptophans in its N-terminal region (14). This region has also
been implicated in mediating the interaction with A3G (23).

Whether any of these highly conserved tryptophans mediates
target protein interaction is an intriguing question.

To determine whether these highly conserved Trp residues
are important for Vif function, we generated a series of HIV-1
Vif mutant constructs in which individual Trp residues were
replaced with Ala (Fig. 1). 293T cells were transfected with
HIV-1�Vif and an A3G expression vector plus wild-type (WT)
or mutant Vif expression vectors as indicated (Fig. 2). Virus
was produced from transfected 293T cells and tested for infec-
tivity in a standard Magi assay as previously described (38).
WT Vif suppressed A3G and maintained HIV-1�Vif infectiv-
ity (Fig. 2A, first column), and this level of infectivity in the
presence of WT Vif was considered as 100% infectivity (Fig.
2A). As expected, A3G dramatically reduced the infectivity of
HIV-1�Vif in the absence of Vif (Fig. 2A, eighth column).
Most of the conserved Trp residues, including Trp5, -21, -38,
and -89, were important for Vif activity against A3G (Fig. 2A),
since mutation of these residues destroyed the ability of these
Vif mutants to suppress A3G. However, mutation of Trp79
(Fig. 2A, sixth column) and, to a lesser extent, of Trp11 (Fig.
2A, third column) did not significantly affect mutant Vif func-
tion against A3G. VifW79A maintained �90% of the WT Vif
activity (Fig. 2A, sixth column), and VifW11A maintained
�40% (Fig. 2A, third column).

We also examined the effect of WT and mutant Vif mole-
cules on A3G expression (Fig. 2B). 293T cells were transfected
with an A3G expression vector plus a control vector (Fig. 2B,
lane 1) or vector expressing WT Vif-myc (lane 2), VifW11A-
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myc (lane 3), or VifW79A-myc (lane 4). In agreement with the
infectivity data, we observed that the intracellular level of A3G
was reduced more by HIV-1 WT Vif (lane 2) than by the vector
control (lane 1). Mutants VifW11A (Fig. 2B, lane 3) and
VifW79A (lane 4) also showed reduced A3G expression com-
pared to the vector control (lane 1).

The interaction of WT and mutant Vif molecules with A3G
was also evaluated by coimmunoprecipitation analysis using
the same cell lysates. The Vif-myc proteins were immunopre-
cipitated from the cell lysates with a monoclonal antibody
against the myc tag; coprecipitation of A3G with various Vif
molecules was examined by immunoblotting using an antibody
against hemagglutinin (HA) to detect A3G-HA.

WT Vif (Fig. 2C, lane 2) and VifW79A (lane 4) efficiently
coimmunoprecipitated A3G-HA. A3G-HA was not coimmuno-
precipitated in the absence of Vif (Fig. 2C, lane 1), indicating
the specificity of the assay. VifW11A also interacted with A3G
(lane 3), but with a subtle decrease in reactivity compared to
the WT Vif (lane 2). Therefore, Trp79 and to a lesser extent
Trp11 in HIV-1 Vif appear to be dispensable for the A3G
interaction or its suppression. This result was unexpected,
since both Trp11 and Trp79 are highly conserved among var-
ious HIV-1 isolates.

We next examined the effect of Vif Trp mutations on their
activities against another target molecule, A3F. In this case, all
the Vif mutants, including VifW11A and VifW79A, were es-
sentially ineffective against A3F compared to WT Vif (Fig. 3A).
The ability of WT and mutant Vif molecules to affect A3F
expression was also examined (Fig. 3B). For this purpose, 293T
cells were transfected with an A3F expression vector plus a
control vector (Fig. 3B, lane 1) or with vector expressing WT
Vif-myc (lane 2), VifW11A-myc (lane 3), or VifW79A-myc
(lane 4). In contrast to the results obtained with A3G, mutants
VifW11A (Fig. 3B, lane 3) and VifW79A (lane 4) did not
significantly reduce A3F expression compared to WT Vif (lane
2). Interaction of WT and mutant Vif molecules with A3F was
also evaluated by coimmunoprecipitation analysis. The Vif
proteins were immunoprecipitated from cell lysates, and co-
precipitation of A3F was examined by immunoblotting. A3F
was efficiently coimmunoprecipitated with WT Vif (Fig. 3C,
lane 2), and this interaction was specific, since A3F was not
detected in the absence of Vif (Fig. 3C, lane 1). Even though
the levels of A3F detected in cells expressing VifW11A (Fig.
3B, lane 3) or VifW79A (Fig. 3B, lane 4) were higher than
those expressing WT Vif (Fig. 3B, lane 2), significantly less
A3F was coimmunoprecipitated with VifW11A (Fig. 3C, lane
3) or VifW79A (Fig. 3C, lane 4). The impaired recognition of
A3F by VifW11A and VifW79A correlated with their reduced
ability to suppress the antiviral activity of A3F (Fig. 3A) and

FIG. 1. Structural features of HIV-1 Vif. The highly conserved SLQYLA motif (amino acids 144 to 153) in Vif forms a BC box that interacts
with ElonginC (EloC) (16, 19, 24, 43, 44). Amino acids 108 to 139 in Vif form a highly conserved H-X5-C-X17-18C-X3-5-H motif that mediates the
interaction with Cul5 (19). The N-terminal region of HIV-1 Vif has been implicated in the interaction with A3G (23). This region is unusually rich
in tryptophans. The indicated mutants were constructed to evaluate the functions of conserved Trp residues.

FIG. 2. Effect of Vif mutations on A3G suppression. (A) Effect of
A3G on infectivity of HIV-1�Vif in the presence of WT or mutant Vif.
HIV-1 viruses were produced in 293T cells coexpressing A3G in the
presence of WT or mutant Vif as indicated. Virus infectivity was
assessed using Magi indicator cells, with the virus infectivity in the
presence of WT Vif set to 100%. Error bars represent the standard
deviations from triplicate wells. (B) Immunoblotting of lysates of 293T
cells cotransfected with A3G plus a control vector (lane 1) or plus WT
Vif (lane 2), VifW11A (lane 3), or VifW79A (lane 4) expression
vector. Ribosome P19 protein was used as the sample loading control.
(C) Coimmunoprecipitation of A3G with WT or mutant Vif mole-
cules. The expression vector for A3G-HA was cotransfected with a
control vector (lane 1) or with WT Vif (lane 2), VifW11A (lane 3), or
VifW79A (lane 4) expression vector into 293T cells. At 48 h after
transfection, cell lysates were used for immunoprecipitation (IP) of
Vif-myc with an anti-myc antibody conjugated to agarose beads. The
interaction between A3G-HA and myc-tagged WT or mutant Vif mol-
ecules was detected by immunoblotting of immunoprecipitated sam-
ples using an antibody against HA to detect A3G-HA. Immunopre-
cipitated Vif-myc was detected using an anti-Vif antiserum.
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their impaired ability to reduce the intracellular expression of
A3F (Fig. 3B) compared to the WT Vif. Trp5, -21, -38, and -89
were important for the suppression of both A3G (Fig. 2A) and
A3F (Fig. 3A), suggesting that these residues may be involved
in binding to both target molecules. Alternatively, these res-
idues may be important for the proper folding of the Vif
molecule.

Interaction between A3G and HIV-1 Vif has been mapped
to the N-terminal region of A3G (4). The regions in A3F that
are important for Vif recognition have not been defined. Thus,
it is particularly interesting that we observed that HIV-1 Vif-
induced degradation of A3F was quite sensitive to the C-
terminal tag peptides. V5-tagged A3F was very sensitive to
HIV-1 Vif-induced degradation (Fig. 4A, lane 2) compared to
the vector control (Fig. 4A, lane 1). On the other hand, HA-
tagged A3F was rather resistant to HIV-1 Vif-induced degra-
dation (Fig. 4B, lane 2) compared to the vector control (Fig.
4B, lane 1). In contrast to A3F, both V5-tagged A3G (Fig. 4C)
and HA-tagged A3G (Fig. 4D) were very sensitive to Vif-
induced degradation.

Several lines of evidence suggest that HIV-1 Vif may recog-
nize A3G and A3F through distinct interfaces. (i) We have
found that some of the highly conserved Trp residues in HIV-1

Vif are differentially required for the recognition of A3F and
A3G. Trp79 and Trp11 of HIV-1 Vif were critical for interac-
tion with A3F but less important for A3G recognition. Simon
et al. recently also reported that some single-amino-acid mu-
tants of HIV-1 Vif retained selective neutralizing activity
against APOBEC3F but not against APOBEC3G, and vice
versa (33). (ii) While C-terminal tag modifications of A3F
significantly influenced its ability to be recognized by HIV-1
Vif, C-terminal tag modifications of A3G were less influential.
(iii) A critical residue (amino acid 128) in the first linker region
of A3G influences its recognition by primate lentiviral Vif
molecules. A similar residue in A3F is not important. In the
case of human A3G and AGM-A3G, a single amino acid at
position 128 mediates their species-specific recognition by the
Vif protein of the lentivirus in its natural host (3, 21, 22, 29,
40). Altering the negatively charged Asp at position 128 in
human A3G to the positively charged Lys found in AGM-A3G
makes the mutated human A3G (D128K) resistant to HIV-1
Vif but sensitive to SIVagm Vif (3, 21, 22, 29, 40). Position 128
of human A3F also contains a negatively charged amino acid,
Glu. Unlike the situation in human A3G, modification of
amino acid 128 in human A3F does not change its recognition
by HIV-1 Vif or SIVagm Vif (16).

Collectively, our data support the argument that the N-
terminal region of HIV-1 Vif mediates the binding of target
molecules such as A3G and A3F. Our data also suggest that
Vif may have evolved distinct protein interfaces in order to
interact with both A3G and A3F. Thus, HIV-1 Vif has at least
four distinct protein-protein interaction interfaces: the BC box
with ElonginC, the HCCH motif with Cul5, and two separate
interfaces with A3F and A3G.

Although Trp79 is not critical for A3G suppression, this
residue is highly conserved among various HIV-1 strains.
Trp79 is, however, critical for the suppression of A3F by HIV-1
Vif. Therefore, suppression of A3F by HIV-1 Vif is likely to be
important for the survival of the virus in vivo (1, 8, 10, 25, 27,
37). This argument would be consistent with the in vivo obser-
vation of HIV-1 G-to-A mutation patterns. A3G primarily
mediates GG-to-GA mutations, whereas A3F mostly generates
GA-to-AA mutations (1, 8, 10, 25, 27, 37). GA-to-AA muta-
tions are highly represented in viral sequences recovered from

FIG. 3. Effect of Vif mutations on A3F suppression. (A) Effect of
A3F on infectivity of HIV-1�Vif in the presence of WT or Vif mutants.
HIV-1 viruses were produced in 293T cells with coexpressing A3F-V5
in the presence of WT or mutant Vif and assayed for infectivity as
described for Fig. 2. (B) Immunoblotting of lysates of 293T cells
cotransfected with A3F-V5 plus a control vector (lane 1) or plus WT
Vif (lane 2), VifW11A (lane 3), or VifW79A (lane 4) expression
vector. Ribosome P19 protein was used as the sample loading control.
(C) Coimmunoprecipitation of A3F-V5 with WT or mutant Vif mol-
ecules. Expression vector for A3F-V5 was cotransfected with a control
vector (lane 1) or with WT Vif (lane 2), VifW11A (lane 3), or
VifW79A (lane 4) expression vector into 293T cells. At 48 h after
transfection, cell lysates were immunoprecipitated (IP) with agarose-
conjugated anti-myc antibody, and the interaction of A3F-V5 with
myc-tagged WT or mutant Vif molecules was detected by immuno-
blotting of immunoprecipitated samples with anti-V5 antibody and
anti-Vif antiserum.

FIG. 4. Influence of C-terminal tag peptides on A3G and A3F
expression in the presence or absence of HIV-1 Vif. (A) Immunoblot-
ting of lysates of 293T cells cotransfected with A3F-V5 plus a control
vector (lane 1) or an expression vector for WT Vif (lane 2). Ribosome
P19 protein was used as the sample loading control. (B) Immunoblot-
ting of lysates of 293T cells cotransfected with A3F-HA plus a control
vector (lane 1) or an expression vector for WT Vif (lane 2). (C) Im-
munoblotting of lysates of 293T cells cotransfected with A3G-V5 plus
a control vector (lane 1) or an expression vector for WT Vif (lane 2).
(D) Immunoblotting of lysates of 293T cells cotransfected with
A3G-HA plus a control vector (lane 1) or an expression vector for WT
Vif (lane 2).
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HIV-1-infected individuals (15). The highly conserved residues
in Vif that are required for the suppression of A3F but not of
A3G suggest that A3F represents a major selection force
against HIV-1 in vivo.
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