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The APOBEC3 cytidine deaminases are potent antiviral factors that restrict replication of human
immunodeficiency virus type 1 (HIV-1). HIV-1 Vif binds APOBEC3G and APOBEC3F and targets these
proteins for ubiquitination by forming an E3 ubiquitin ligase with cullin 5 and elongins B and C. The
N-terminal region of Vif is required for APOBEC3G binding, but the binding site(s) is unknown. To
identify the APOBEC3G binding site in Vif, we established a scalable binding assay in a format compatible
with development of high-throughput screens. In vitro binding assays using recombinant proteins iden-
tified Vif peptides and monoclonal antibodies that inhibit Vif-APOBEC3G binding and suggested involve-
ment of Vif residues 33 to 83 in APOBEC3G binding. Cell-based binding assays confirmed these results
and demonstrated that residues 40 to 71 in the N terminus of Vif contain a nonlinear binding site for
APOBEC3G. Mutation of the highly conserved residues His42/43 but not other charged residues in this
region inhibited Vif-APOBEC3G binding, Vif-mediated degradation of APOBEC3G, and viral infectivity.
In contrast, mutation of these residues had no significant effect on Vif binding and degradation of
APOBEC3F, suggesting a differential requirement for His42/43 in Vif binding to APOBEC3G and
APOBEC3F. These results identify a nonlinear APOBEC3 binding site in the N terminus of Vif and
demonstrate that peptides or antibodies directed against this region can inhibit Vif-APOBEC3G binding,

validating the Vif-APOBEC3 interface as a potential drug target.

The human immunodeficiency virus type 1 (HIV-1) Vif pro-
tein is required during virus replication to overcome the anti-
viral activity of the cytidine deaminases APOBEC3G and
APOBEC3F. In the absence of Vif, APOBEC3G and
APOBEC3F are packaged into HIV-1 virions and deaminate
cytidines in viral minus-strand DNA during reverse transcrip-
tion, resulting in G-to-A hypermutation and premature degra-
dation of newly synthesized viral DNA (7, 14, 16, 41).
APOBEC3G and APOBECSF are associated with high-molec-
ular-weight ribonucleoprotein complexes in the cytoplasm,
possibly localizing to P bodies and stress granules (3, 6, 12, 36),
and may also inhibit viral replication via deamination-indepen-
dent mechanisms (1, 8, 22, 29). Vif neutralizes the antiviral
activity of APOBEC3G and APOBEC3F predominantly by
forming an E3 ubiquitin ligase with cullin 5 (Cul5), elongin B
(EloB), and elongin C (EloC) that targets these proteins for
degradation by the ubiquitin-proteasome pathway (4, 13, 18-
20, 27, 33, 38, 39). Vif may also inhibit APOBEC3 activity
through mechanisms independent of proteasomal degradation
(10, 11, 20, 24, 33). Vif associates with the Cul5-EloB-EloC
complex by binding directly to EloC via a BC box motif at
positions 144 to 153 and to Cul5 via hydrophobic residues at
positions 120, 123, and 124 within a zinc-binding region (resi-
dues 100 to 142) formed by a conserved H-Xs-C-X,_;sC-X;_s-H
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(HCCH) motif (19, 21). Binding of Vif to APOBEC3G and
APOBECS3F is essential for their degradation by the Vif-Cul5
E3 ligase (18). The Vif-APOBEC3G interaction is species spe-
cific; HIV-1 Vif binds to and inactivates human APOBEC3G
and APOBEC3F but not APOBEC3 proteins derived from
African green monkeys (AGM) and rhesus macaques (2, 15,
17, 25, 37). Conversely, simian immunodeficiency virus
SIV(AGM) Vif inactivates AGM and rhesus macaque but not
human APOBEC3G. A single amino acid difference in
APOBEC3G, aspartic acid at position 128 in human
APOBEC3G versus lysine in AGM APOBEC3G, controls spe-
cies specificity by influencing Vif-APOBEC3G binding (2, 15,
25, 37). The N-terminal region of HIV-1 Vif is important for
binding and neutralization of APOBEC3G and APOBEC3F
and also contributes to species-specific recognition (18, 26, 32,
34), but the specific binding site(s) for APOBECS3 proteins has
not been determined.

To investigate the APOBEC3G binding site in HIV-1 Vif,
we performed coprecipitation experiments using full-length
and truncated recombinant GST-Vif fusion proteins. Glutathi-
one S-transferase (GST) and GST-Vif proteins (>95% pure)
were purified from bacteria and incubated with lysate prepared
from 293T cells expressing APOBEC3G-hemagglutinin (HA)
as described previously (20). GST proteins were precipitated
with glutathione-Sepharose and washed extensively, and
bound proteins were detected by Western blotting (Fig. 1A,
top). APOBEC3G was coprecipitated by full-length GST-Vif
and GST-Vif(1-71), whereas GST-Vif(40-160) and GST-
Vif(140-192) precipitated APOBEC3G at background levels
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FIG. 1. APOBEC3G binds the N-terminal region of Vif. (A) Recombinant GST and GST-Vif fusion proteins (2 ng) prebound to glutathione-
Sepharose were incubated with lysate prepared from 293T cells expressing APOBEC3G-HA. APOBEC3G coprecipitating with GST proteins was
detected by anti-HA western blotting (top). Equivalent levels of input APOBEC3G (middle) and GST (bottom) proteins were confirmed by
western blotting with anti-HA or anti-GST, respectively. (B) Recombinant HissAPOBEC3G (100 ng) (Immunodiagnostics, Woburn, MA) was
incubated with no GST protein, GST, GST-Vif, or GST-Vif(90-140) (100 ng) bound to glutathione-coated 96-well plates for 1 h at room
temperature. Bound APOBEC3G was detected with Eu-anti-His in a heterogenous TRF assay (Delfia) using a Wallac Victor II Multiplate reader.
(C) Inhibition of APOBEC3G binding by anti-Vif monoclonal antibody TG002. Binding reactions were carried out as described above in the
presence of 1 pg of the indicated antibody. (D) Peptide competition of Vif-APOBEC3G binding. Binding assays were performed in the presence
of 10 pM Vif peptides. All data are presented as means of duplicate samples * standard deviations. (E) Diagram of HIV-1 Vif and overlapping
15-mer Vif peptides used to test for competition of Vif-APOBEC3G binding.

similar to those of the GST control. Western blots demon-
strated similar amounts of GST proteins and APOBEC3G in
each sample (Fig. 1A, middle and bottom). These data suggest
that Vif residues 1 to 71 are sufficient for APOBEC3G binding.

To further characterize the APOBEC3G binding site in Vif
and take initial steps toward establishing a screen for com-
pounds that inhibit Vif-APOBEC3G binding, we developed a
scalable binding assay in a format compatible with develop-
ment of high-throughput screens. Binding of recombinant
GST-Vif to recombinant His-APOBEC3G (Immunodiagnos-
tics) was measured by a heterogenous time-resolved fluorom-
etry (TRF) assay (Delfia; Perkin-Elmer). GST or GST-Vif
(100 ng) was bound to glutathione-coated 96-well plates and
incubated with His-APOBEC3G (100 ng). Plates were washed,
and bound APOBEC3G was detected with Europium (Eu)-
labeled anti-His using a Wallac Victor II Multiplate reader.

The Eu signal increased approximately 20-fold above back-
ground levels following binding of APOBEC3G to GST-Vif,
whereas the signal obtained with GST-Vif(90-140) was similar
to that of the GST control (Fig. 1B). We next used this assay
to identify Vif monoclonal antibodies (MADbs) that inhibit Vif-
APOBEC3G binding (Fig. 1C). Competition with MAb TG002
(NIH AIDS Reagent Program), which maps to Vif residues 34
to 47, reduced Vif-APOBEC3G binding by approximately 80%
(Fig. 1C). MADb #564 (31) reduced Vif-APOBEC3G binding
by ~50%, whereas MAbs #319 (31) and TGO001, which maps
to residues 176 to 192, had no inhibitory effect. We screened
overlapping Vif peptides corresponding to the clade B consen-
sus sequence (15-mers at 10 wM, overlapping by 11 amino
acids) (NIH AIDS Reagent Program) for their ability to inhibit
Vif-APOBEC3G binding. Peptides P9 to P18, derived from
sequences spanning Vif residues 33 to 83, decreased the Eu
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signal induced by Vif-APOBEC3G binding by ~40 to 80%
(Fig. 1D). P15 (derived from residues 57 to 71) was the most
potent inhibitory peptide, reducing the Eu signal to levels near
background; whether its increased potency relative to those of
the other inhibitory peptides reflects enhanced competition or
an intrinsic property of this peptide (e.g., improved solubility
and/or folding) is unclear. Peptides derived from the central
and C-terminal regions of Vif did not inhibit Vif-APOBEC3G
binding (Fig. 1D; also data not shown). Peptides 7, 8, and 31
slightly enhanced the TRF signal. The explanation for this
finding is unclear; one possibility is that these peptides may
interact with Vif and/or APOBEC3G and induce a conforma-
tional change that enhances Vif-APOBEC3G association.
These results suggest that the N-terminal region of Vif is in-
volved in APOBEC3G binding.

We confirmed the TRF binding results and simplified the
binding assay format by developing a homogenous time-re-
solved fluorescence resonance energy transfer (FRET) assay
(Lance; Perkin-Elmer) using recombinant Vif and a synthetic
APOBEC3G peptide. The APOBEC3G peptide sequence
(residues 110 to 148) was based on modeling of the
APOBEC3G sequence onto the B. subtilis cytidine deaminase
(likt) structure (data not shown) and is predicted to be com-
posed of two alpha-helices flanking a loop containing the D128
residue that determines species-specific Vif-APOBEC3G bind-
ing (2, 15, 25, 37). Circular dichroism spectral analysis of the
APOBEC3G peptide confirmed the presence of a helical sec-
ondary structure (data not shown). Binding assays were per-
formed according to the manufacturer’s protocol using GST or
GST-Vif proteins (15 nM) incubated with the biotinylated
APOBEC3G peptide (500 nM) in a 384-well format. Vif and
APOBEC3G were labeled with anti-GST-Eu (2 nM) and
streptavidin-allophycocyanin (APC) (25 nM), respectively,
and the FRET signal was measured as fluorescence emission
intensity. GST-Vif binding to the APOBEC3G peptide pro-
duced a significant increase in the FRET ratio over back-
ground levels; GST-Vif(40-160) bound to the APOBEC3G
peptide but less efficiently than full-length GST-Vif (Fig. 2A).
The low dynamic range of this assay compared to that of the
TRF assay was expected, since the FRET signal is dependent
on the proximity of the Eu and APC labels and both proteins
are labeled indirectly. An important advantage over the TRF
assay, however, is the homogeneous format of the FRET assay,
which is better suited for development of high-throughput
screens. GST-Vif(1-71) bound to the APOBEC3G peptide at
levels similar to those of full-length GST-Vif, providing further
evidence that the APOBEC3G binding site is located within
the N terminus of Vif (Fig. 2A and B). Mutation of the con-
served histidines at positions 42 and 43, which are important
for Vif-APOBEC3G binding (see below), disrupted GST-
Vif(1-71) binding to the APOBEC3G peptide (Fig. 2B). Vif
and APOBEC3G are RNA-binding proteins (5, 9, 40). We
therefore investigated whether the observed binding was direct
or dependent upon RNA. The efficiencies of GST-Vif-
APOBEC3G peptide binding in the presence and absence of
RNase A were similar (Fig. 2C), consistent with results in
previous studies demonstrating that Vif binds directly to
APOBEC3G (20).

To further demonstrate the specificity of binding in the
FRET assay, we performed peptide competition assays using
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peptides derived from regions of Vif and APOBEC3G that
were previously shown to be important for function in vivo.
Binding of Vif to the APOBEC3G peptide was competed by
P15 (residues 57 to 71). Similar to the TRF assay, binding was
inhibited by increasing amounts of P15, whereas P7 (residues
25 to 39) and P32 (residues 125 to 139) failed to inhibit binding
at the highest peptide concentration (Fig. 2D). Peptide P7
enhanced the FRET signal, similar to results in the TRF assay
(Fig. 1D). The requirement for a large molar excess of P15 and
other Vif peptides for inhibition in the FRET and TRF assays
might be due to the fact that 15-amino-acid (aa) peptides
represent only a small fragment of the larger region involved in
APOBEC3G binding (see below). The MAb TGO002 inhibited
Vif-APOBEC3G binding in the FRET assay, similar to results
in the TRF assay (data not shown). Previous mutagenic anal-
ysis of Vif showed that mutation of the conserved residues
Tyr69 and Trp70 present in P15 inhibits Vif function in H9
cells, which express APOBEC3G endogenously (30). A mutant
P15 containing Y69A and W70A failed to inhibit Vif-
APOBEC3G binding, even at the highest concentration tested
(Fig. 2E); FRET signals with mutant P15 were similar to those
obtained in the presence of dimethyl sulfoxide alone. Binding
reactions were also performed in the presence of a competitor
APOBEC3G peptide (residues 110 to 148) lacking a biotin
moiety. The nonbiotinylated APOBEC3G peptide inhibited
Vif-APOBEC3G binding, whereas the peptide containing
the D128K mutation, which impairs species-specific Vif-
APOBEC3G interactions, had weaker inhibitory activity (Fig.
2F). These data confirm the specificity of the FRET binding
assay and demonstrate that the in vitro binding assay recapit-
ulates physiologically relevant interactions. Together, results
from coprecipitation experiments and the TRF and FRET
assays demonstrate that the N-terminal region of Vif is re-
quired for APOBEC3G binding and contains the binding site
for APOBEC3G.

The in vitro binding assays suggested that the N-terminal
region of Vif binds to APOBEC3G. Cell-based binding assays
using Vif mutants have been complicated by the relative insta-
bility and/or aggregation of Vif deletion mutants, possibly due
to improper folding (18). To identify the N-terminal region(s)
of Vif required for APOBEC3G binding in cells, we prepared
a series of red fluorescent protein (RFP) fusion proteins (Fig.
3), since this approach was expected to improve the stability of
Vif deletion mutants. Vif fragments were fused to the C ter-
minus of monomeric RFP (28) and coexpressed in 293T cells
with APOBEC3G-HA. RFP-Vif fusion proteins demonstrating
a punctate expression pattern by fluorescence microscopy [i.e.,
RFP-Vif(1-109)], indicative of protein aggregation, were ex-
cluded from further analysis (data not shown). Cells were
transfected with identical amounts of each RFP-Vif plasmid;
differences in expression levels (Fig. 3A) might therefore result
from intrinsic differences in protein folding or stability (data
not shown). APOBEC3G was immunoprecipitated with anti-HA
(Roche), and coprecipitating RFP-Vif fusions were detected
by Western blotting with anti-RFP (Stratagene). RFP-Vif(1-
71) was coprecipitated by APOBEC3G, suggesting that Vif
residues 1 to 71 are sufficient for APOBEC3G binding (Fig.
3A). In contrast, residues 84 to 109 failed to coprecipitate with
APOBEC3G despite high levels of expression detected by
Western blotting. RFP alone did not bind APOBEC3G. A
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FIG. 2. Peptide inhibition of Vif-APOBEC3G binding in a homogenous FRET assay (Lance). (A to C) Recombinant GST-Vif protein (15 nM)
was incubated with biotinylated APOBEC3G peptide (aa 110 to 148) (500 nM) in a 384-well plate. Binding was detected using APC-streptavidin
and Eu-anti-GST and expressed as a ratio [(fluorescence emission intensity at 665 nm/intensity at 615 nm) X 10*]. RNase A (10 pg/ml) was added
to reaction mixtures where indicated. (D to F) Peptide competition of Vif-APOBEC3G binding. Binding reactions were carried out as for panel
A with Vif peptides 7 (aa 25 to 39), 9 (aa 33 to 47), 15 (aa 57 to 71), mutant 15 (aa 57 to 71; Y69A/W70A), and 32 (aa 125 to 139) or wild-type
or D128K APOBEC3G peptide (aa 110 to 148) added at the indicated concentrations. Data are presented as means for duplicate samples *

standard deviations.

minimal fragment containing Vif residues 54 to 71 bound
APOBEC3G, but Vif-APOBEC3G binding was enhanced by the
presence of flanking residues based on the levels of coprecipitated
full-length RFP-Vif, RFP-Vif(54-71), RFP-Vif(40-71), and
RFP-Vif(54-109) compared to their relative expression in cell
lysate (Fig. 3A; also data not shown). RFP-Vif(40-71) was
more efficiently coprecipitated by APOBEC3G than RFP-
Vif(54-71), even though RFP-Vif(54-71) was expressed at
higher levels. Binding assays with full-length GST-Vif and
GST-Vif(40-160) proteins suggested that Vif residues 1 to 40

are important for APOBEC3G binding (Fig. 1A) (20). In con-
trast, results from cell-based binding assays (Fig. 3) suggested
these residues are dispensable for APOBEC3G binding by
RFP-Vif fusion proteins, consistent with results of the peptide
inhibition studies (Fig. 1D). This discrepancy, which might
result from the use of different fusion tags and/or intrinsic
differences in protein folding or differences between cell-based
and in vitro assays, raises the possibility that residues upstream
of position 40 might contribute to APOBEC3G binding. None-
theless, binding experiments using RFP-Vif fusions suggest
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teins were detected by Western blotting using anti-RFP (top) or
anti-HA (a-HA) (middle). Expression of RFP fusions was confirmed
by anti-RFP Western blotting of cell lysates (bottom). (B) Diagram of
RFP-Vif fusions.

that amino acids 40 to 71 comprise the major region in Vif
important for APOBEC3G binding in cells (Fig. 3B).

We next used Vif point mutants to investigate the Vif-
APOBEC3G interaction and determine functional conse-
quences of binding mutations on the anti-APOBECS3 activity of
Vif. The charged residue at position 128 in human
APOBEC3G regulates species-specific interaction with Vif,
suggesting the presence of a complementary charge on Vif
(25). Therefore, we analyzed the importance of conserved
charged residues in the N-terminal region of Vif for
APOBEC3G degradation (Fig. 4A). Vif and APOBEC3G-HA
were coexpressed in 293T cells, and the ability of Vif to induce
APOBEC3G degradation was determined by Western blotting
of cell lysate. Mutation of the histidines at positions 42 and
43, which are conserved in >99% of HIV-1 Vif sequences,
prevented Vif-mediated degradation of APOBEC3G;
APOBEC3G levels were similar to those present in the ab-
sence of Vif. Notably, these residues are located within the
APOBEC3G binding region and the inhibitory peptide P9
identified in the preceding experiments. Furthermore, histi-
dine 43 was previously identified as being important for Vif
function during virus production in H9 cells (30). Mutation
of the conserved histidines at positions 27 and 28 resulted
in only a minor reduction in Vif-mediated degradation of
APOBEC3G, whereas mutation of other charged residues
within the N terminus, R36, R50, R56, D61, and R63, had no
significant effect. Residue 19 has been suggested to be impor-
tant for APOBEC3G binding based on results obtained with
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YFP-Vif fusions (35). However, in the context of Vif alone, the
I9A mutant functioned similar to the wild type for Vif-medi-
ated degradation of APOBEC3G (Fig. 4A).

To confirm the biological relevance of these observations,
we tested the ability of mutant Vif proteins to support the
production of infectious virus in the presence of APOBEC3G.
Vif H42/43N was severely impaired for the production of in-
fectious HIV-1 (Fig. 4B), consistent with the reduced capacity
of this mutant to induce APOBEC3G degradation (Fig. 4A).
In contrast, Vif H27/28N supported the production of infec-
tious virus at levels near those of wild-type Vif. Coprecipitation
experiments demonstrated that Vif H42/43N is defective for
APOBEC3G binding (Fig. 4C), suggesting that decreased Vif-
APOBEC3G binding is responsible for the reduced capacity to
enhance viral infectivity. Vif H42/43N retained the ability to
bind to EloB, EloC, and Cul5, suggesting that the loss of
APOBEC3G binding did not result from a global defect in
protein folding (Fig. 4D). Finally, we tested whether His42/43
were important for APOBEC3F binding and degradation.
Analysis of naturally occurring Vif variants demonstrated the
differential requirement for certain residues to overcome
APOBEC3G versus APOBEC3F (32). Vif H42/43N bound to
and induced degradation of APOBEC3F at levels similar to
those of wild-type Vif (Fig. 4E and F), indicating that these
residues are not important for APOBEC3F binding or degra-
dation. These results are in agreement with those recently
reported by Russell and Pathak, which demonstrated a re-
quirement for Vif residues 40 to 44 (and the importance of the
individual histidine residues at positions 42/43) to counteract
APOBEC3G but not APOBEC3F (23). Together, these data
suggest that H42/43 are selectively required for counteracting
APOBEC3G but not APOBEC3F.

In summary, we demonstrated that residues 40 to 71 in the
N terminus of Vif contain a nonlinear binding site for
APOBEC3G. Vif residues 54 to 71 are sufficient for APOBEC3G
binding, but amino acids 40 to 71 bind APOBEC3G more effi-
ciently and His42/43 are important for Vif-APOBEC3G bind-
ing and Vif-mediated APOBEC3G degradation in vivo. Func-
tional analysis of Vif variants isolated from patients
demonstrated that mutations within the APOBEC3G binding
region (Y40H and E45G) compromise the ability of Vif to
overcome APOBEC3G (32). These data from patient isolates
suggest that the region we identified as important for
APOBEC3G binding is likely to be important for HIV repli-
cation in vivo, but they do not exclude possible involvement of
other regions of Vif in binding to APOBEC3 proteins. For
example, RFP-Vif(54-71) and RFP-Vif(54-109) bound to
APOBEC3G in cells (Fig. 3A) even though they lack His42/43,
which appear to be important for APOBEC3G binding by
full-length Vif (without RFP) in cells (Fig. 4A). The conserved
tryptophan residues at positions 11 and 79 are important for
Vif-mediated suppression of APOBEC3F but not APOBEC3G.
In addition, residues 14 to 17 (DRMR), which are not essential
for Vif binding to APOBEC3G, facilitate species-specific rec-
ognition of APOBEC3G (23, 26). Together these results sug-
gest that the N terminus of Vif contains a nonlinear structure
that forms the APOBEC3 protein binding site and binds to
APOBEC3G and APOBEC3F through distinct interfaces (23,
25, 34). Vif may function like a molecular scaffold, since it
contains at least four sites that mediate protein-protein inter-
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a-Vif, anti-Vif. (F) Vif residues His42/43 are dispensible for Vif-mediated degradation of APOBEC3F. APOBEC3F-V5 was expressed in 293T cells with
WT and mutant Vif proteins. Protein expression was detected by Western blotting.

Vif »

actions—Vif-APOBEC3G (Fig. 1 to 4) (23), Vif-APOBEC3F
(23, 34), Vif-EloC (19, 39), and Vif-Cul5 (21). The
APOBEC3G and APOBEC3F binding sites likely overlap. Im-
portantly, results from the Vif-APOBEC3G TRF and FRET

binding assays establish a format for high-throughput screens
to identify small-molecule inhibitors that disrupt this critical
interaction and validate the Vif-APOBEC3 interface as a po-
tential drug target.
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