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Abstract The human APOBEC3 (A3) cytidine deami-
nases, such as APOBEC3G (A3G) and APOBEC3F
(A3F), are potent inhibitors of Vif-deficient human immu-
nodeficiency virus type 1 (HIV-1). HIV-1 Vif (viral
infectivity factor) binds A3 proteins and targets these
proteins for ubiquitination and proteasomal degradation.
As such, the therapeutic blockage of Vif–A3 interaction is
predicted to stimulate natural antiviral activity by rescuing
APOBEC expression and virion packaging. In this study,
we describe a successful application of the Protein
Fragment Complementation Assay (PCA) based on the
enzyme TEM-1 β-lactamase to study Vif–A3 interactions.
PCA is based on the interaction between two protein
binding partners (e.g., Vif and A3G), which are fused to the
two halves of a dissected marker protein (β-lactamase).
Binding of the two partners reassembles β-lactamase and
hence reconstitutes its activity. To validate our assay, we
studied the effect of well-described Vif (DRMR, YRHHY)
and A3G (D128K) mutations on the interaction between the
two proteins. Additionally, we studied the interaction of
human Vif with other members of the A3 family: A3F and
APOBEC3C (A3C). Our results demonstrate the applica-
bility of PCA as a simple and reliable technique for the
assessment of Vif–A3 interactions. Furthermore, when
compared with co-immunoprecipitation assays, PCA

appeared to be a more sensitive technique for the
quantitative assessment of Vif–A3 interactions. Thus, with
our results, we conclude that PCA could be used to
quantitatively study specific domains that may be involved
in the interaction between Vif and APOBEC proteins.
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Abbreviations
PCA Protein Fragment Complementation Assay
HIV-1 Human immunodeficiency virus type-1
Vif Viral infectivity factor
A3G Apolipoprotein B mRNA-editing enzyme-

catalytic polypeptide-like 3G
A3F Apolipoprotein B mRNA-editing enzyme-

catalytic polypeptide-like 3F
A3C Apolipoprotein B mRNA-editing enzyme-

catalytic polypeptide-like 3C

Introduction

Apolipoprotein B mRNA-editing enzyme-catalytic
polypeptide-like 3G (A3G) is a single-stranded DNA
cytidine deaminase that targets lentiviral minus-strand
DNA and has potent antiviral activity against diverse
retroviruses. In order to successfully replicate in their hosts,
lentiviruses such as HIV-1 and simian immunodeficiency
virus (SIV) encode the Vif protein, which induces poly-
ubiquitination and proteasomal degradation of multiple A3
molecules (Conticello et al. 2003; Liu et al. 2004; Marin et
al. 2003; Mehle et al. 2004a, b; Sheehy et al. 2003; Stopak
de Noronha et al. 2003; Yu et al. 2003). Together with
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A3G, A3F displays the most potent effect against HIV-1
(Bishop et al. 2004). Other A3 family members, such as
A3C, have weaker anti-HIV-1 activities and are only
partially degraded by Vif (Marin et al. 2008).

Recent advances in the study of the biological role of HIV-
1 Vif and A3 proteins, together with progress in deciphering
how Vif counteracts A3G and A3F opened new opportunities
to develop anti-HIV drugs. Understanding the mode of action
of Vif and A3G can provide a number of attractive targets for
drug development since A3G displays the most potent activity
against HIV-1. Inhibition of this interplay could allow the host
innate defences to control viral replication.

Disruption of Vif–A3G interaction is predicted to rescue
A3G expression and virion packaging, consequently stim-
ulating intracellular antiviral activity. Similarly, pharmaco-
logic studies to suppress A3G proteasome-mediated
degradation have been shown to enhance A3G half-life
and consequently inhibit HIV-1 infection (Douaisi et al.
2005; Yu et al. 2003). In order to facilitate the rational
design of inhibitors of Vif–A3G interaction, experimental
assays have been devised to define features of Vif that are
involved in the interaction with A3G and vice-versa.

In the last decade, many residues have been described as
being involved in the interaction between the two proteins.
The N-terminal region of HIV-1 Vif is important for
binding and neutralization of A3G and A3F and also
contributes to species-specific recognition (Marin et al.
2003; Indrani et al. 2006; Simon et al. 2005; Schrofelbauer
et al. 2006; Tian et al. 2006). The highly conserved cysteine
residues at positions 114 and 133 and the S144LQXLA149

motif (Fig. 1a) are required for Vif function and HIV-1
replication (Goncalves et al. 1994; Ma et al. 1994). Vif
associates with the Cul5–EloB–EloC complex by binding
directly to EloC via a BC box motif at positions 144 to 150
and to Cul5 via hydrophobic residues at positions 120, 123,
and 124 within a zinc-binding region formed by the highly
conserved HCCH motif (Fig. 1a) (Mehle et al. 2004b,
2006). The SLQXLA motif is essential for targeting A3G
for proteasomal degradation. Substitution of the SLQ
portion in SLQXLA motif has been reported to be sufficient
to prevent A3G degradation (Kobayashi et al. 2005; Sheehy
et al. 2003; Yu et al. 2003). The zinc-binding motif HCCH
is also involved in A3G degradation and is necessary for
the specificity of Vif–Cul5 interaction (Liu et al. 2005; Luo
et al. 2005; Xiao et al. 2007). Finally, the conserved
proline-rich P161PLP164 domain of Vif (Fig. 1a) was shown
to be crucial for Vif function and viral infectivity (Simon et
al. 1997; Yang et al. 2001, 2003). It can interact with A3G
(Donahue et al. 2008; Miller et al. 2007), Cul 5 (Yu et al.
2004a, b), Elo B (Bergeron et al. 2010; Wolfe et al. 2010),
and HIV-1 reverse transcriptase (Kataropoulou et al. 2009).
In addition, mutations in this domain were shown to
eliminate Vif oligomerization and nucleic acid binding

properties (Bernacchi et al. 2010). Indeed, Vif has been
shown to self-associate and form dimers, trimers, and
tetramers in vitro (Auclair et al. 2007; Yang et al. 2001),
as well as in mammalian cells (Yang et al. 2001).

Several groups have shown that Vif-induced degrada-
tion of A3G requires the physical interaction of the two
proteins and that a single amino acid change in A3G at
residue 128 is sufficient to abolish this interaction
(Bogerd et al. 2004; Mangeat et al. 2004; Schrofelbauer
et al. 2004). This assumption led to the conclusion that
Vif–A3G interaction is species-specific and is determined
by aspartic acid at position 128 in A3G and lysine in
African Green Monkey (AGM; Bogerd et al. 2004;
Mangeat et al. 2004; Schrofelbauer et al. 2004; Xu et al.
2004). Substitution of lysine 128 in human A3G (D128)
with aspartic acid in AGM A3G, results in a mutant
(D128K–A3G) protein that is resistant to Vif. This can be,
either because the mutant protein is no longer able to
interact with Vif or due to inhibition of subsequent
downstream effects (Bogerd et al. 2004; Mangeat et al.
2004; Schrofelbauer et al. 2006; Xu et al. 2004).

Asparagine at position 128 in A3G was shown to
interact with amino acids 15 or 17 of Vif, and mutations
in the DRMR conserved region of Vif can also alter its
species-specificity (Schrofelbauer et al. 2006). Substitution
of the DRMR sequence at positions 14 to 17 to SERQ or
SEMQ, which resembles the SIV Vif sequence, allowed Vif
to counteract the antiviral activity of AGM A3G and Rh
A3G (Schrofelbauer et al. 2006). The loss of species
restriction is probably caused by an overall increase in the
negative charge of amino acids in the 14–17 region of HIV-
1 Vif, which promotes effective interaction with the
positive charge of lysine present at residue 128 in AGM
A3G and Rh A3G. In addition, the DRMR region was also
shown to be critical for the strength of binding with A3G
(Schrofelbauer et al. 2006), but additional binding sites may
be required for stabilization of this interaction (Fig. 1a;
Russell and Pathak 2007).

By performing an extensive mutational analysis of Vif,
Russel, and Pathak identified a new motif, Y40RHHY44

motif, which was shown to be involved in binding to A3G
(amino acids 126–132; Fig. 1a; Russell and Pathak 2007).
Vif Y40RHHY44 motif was considered a critical domain for
binding to A3G while the D14RMR17 domain could be
involved in a secondary step involving A3G degradation
(Russell and Pathak 2007).

In vitro binding assays and cell-based assays have been
commonly used to identify binding regions between Vif
and A3G. However, these approaches offer some disadvan-
tages as the in vitro processing steps make it difficult to
assess the significance of the result. Probably due to
improper folding, cell-based assays are often complicated
due to the relative instability or structural dislocation of Vif
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Fig. 1 Schematic representation of Vif and A3G domains involved in
the interaction of both proteins. a Vif binds to A3G through specific
residues located in the N-terminal region. Amino acids in Vif that are
involved in the interaction with A3G are shown in pink. Vif C-
terminal domains, involved in targeting A3G for proteasomal
degradation, are shown in orange (zinc-binding HCCH domain), and

light blue (SLQXLA). The multimerization domain is purple. b The
catalytic domains (CD1 and CD2) and Vif-binding regions of A3G
protein are represented. Amino acids 126–132 are involved in A3G
virion incorporation and interaction with Vif and are represented in
green and red
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deletion mutants (Marin et al. 2003). In order to circumvent
some of these problems, we used a strategy for detecting Vif
and APOBEC interactions based on protein interaction-
assisted folding of rationally designed fragments of enzymes.
This strategy is called Protein Fragment Complementation
Assay (PCA). This system circumvents some of the
problems of co-immunoprecipitation such as: (a) inefficient
washing of non-bound proteins from the solid support and
beads loss due to decanting; (b) antibody fragment interfer-
ence; (c) harsh elution conditions; (d) type of antibody that
can significantly affect the outcome of binding interaction.
Moreover, co-immunoprecipitation requires a great deal of
optimization and troubleshooting in high-throughput setting.

PCA has been used for many purposes, including the
study of protein folding (Ladurner et al. 1997; de Prat et al.
1994), gene structure (Ullmann et al. 1967), the role of
primary sequence in determining tertiary structure of
proteins (Taniuchi and Anfinsen 1971), the role of tertiary
structure elements in enzyme catalysis (Shiba and Schimmel
1992), to probe macromolecular assembly (Tasayco and
Carey 1992), and to test theories on protein evolution
(Bertolaet and Knowles 1995). More recently, Pelletier
and others (de Virgilio et al. 2004; Pelletier et al. 1998;
Philippon et al. 1998; Remy et al. 2004) have used the
PCA approach for the in vivo detection of protein–protein
interactions. PCA relies on engineering reporter protein
fragments that exhibit no functional activity by themselves
and do not spontaneously fold. When these fragments are
fused to interacting proteins, binding will bring the two
reporter fragments into proximity. Fragments will then fold
into an active three-dimensional (3D) structure of the
complete reporter protein (Remy and Michnick 1999; Remy
et al. 1999). Several proteins have been described as reporter
proteins in PCA such as β-lactamase, dihydrofolate reduc-
tase, Renilla, luciferases, green fluorescent protein, and
yellow fluorescent protein (Galarneau et al. 2002; Spotts et
al. 2002; Remy and Michnick 2001; Paulmurugan et al.
2002; Luker et al. 2004; Ghosh et al. 2000; Hu et al. 2002;
Remy et al. 2004; Subramaniam et al. 2001).

In this study, we used the enzyme TEM-1 β-lactamase
(EC, 3.5.2.6) as a reporter protein to detect Vif–A3
interaction. This strategy offered us the advantage of
performing the assays in a cell-based system without the
requirement for protein co-immunoprecipitation.

Materials and methods

Plasmids

pcDNA3.1-A3G-HA was used for the expression of human
A3G protein tagged at C terminus was kindly supplied by
Klaus Strebel (Kao et al. 2003). pcDNA-HVif was obtained

from the NIH AIDS Research and Reference Reagent
Program (Kao et al. 2003). pcDNA3.1 Zeo(+) was obtained
from the NIH AIDS Research and Reference Reagent
Program (#10077). Plasmids pcDNA3.1-ZIP-15a.a-BLF[1]
(ZIP-B1) and pcDNA3.1-ZIP-15a.a-BLF[2] (ZIP-B2) were
kindly supplied by W. Michnick and have been previously
described (Galarneau et al. 2002).

DNA constructs

Plasmids pcDNA3.1-ZIP-15a.a-BLF[1] (ZIP-B1) and
pcDNA3.1-ZIP-15a.a-BLF[2] (ZIP-B2) were used as cloning
vectors for the subsequent steps. Each cloning vector was
linearized with restriction enzymes NotI/AscI to remove ZIP
sequence. For the insertion of HVif, A3G-HA, A3F-HA,
A3C-HA, in fusionwithβ-lactamase fragment, each sequence
was amplified by PCR using specific oligonucleotides (HVif:
Not-HVif-F and Asc-HVif-R; A3G-HA: A3G-amp-F and
4BL-B1-Asc-R; A3F-HA: F-Not and R-Asc; A3C-HA: A3C-
F-Not and A3C-R-Asc). PCR products were digested with
NotI/AscI restriction enzymes and ligated to the linear vector.
This cloning strategy originated the following plasmids: Vif-
B2, A3G-B1, A3G-B2, A3F-B1, and A3C-B1.

Mutation of SLQ region in pcDNA–HVif was accomplished
by PCR overlap method of pcDNA–HVif originating the Vif
SLQ > AAA mutant. Vif SLQ > AAA mutant was generated
using oligos: SLQ-Vif-NIH-F and SLQ-Vif-NIH-R. Substitu-
tion of Vif YRHHY and DRMR regions by alanines was
accomplished by PCR overlap of Vif SLQ > AAA using
specific oligonucleotides (Vif YRHHY: Vif-YRHHY-F and
Vif-YRHHY-R; Vif DRMR:Vif-DRMR-F and Vif-DRMR-R).

A3G mutant D128K was generated by PCR using specific
oligonucleotides (A3G-D128K-F and A3G-D128K-R). All
Vif and A3G mutants generated by PCR were digested with
restriction enzymes NotI/AscI and ligated to the linear vector
in fusion with β-lactamase fragment. This cloning originated
the plasmids: VifSLQ>A3-B2, VifSLQ>A3+YRHHY>A5-
B2, VifSLQ>A3+DRMR>A4-B2, and A3GD128K-B1. All
constructs were subjected to sequencing analysis for the
detection of undesirable mutations. The sequence of primers
used is listed in Table 1.

Antisera

Anti-HA Horseradish Peroxidase (HRP) monoclonal antibody
(Roche) was used for the detection of A3GHA. Anti-HAHigh
Affinity Matrix (Roche) was used for co-immunoprecipitation
assays. Vif was detected using the anti-Vif rabbit polyclonal
antibody supplied by the NIH AIDS Research and Reference
Reagent Program Catalogue (#2221). GAPDH was used as a
loading control, and the antibody used was purchased from
Santa-Cruz Biotechnology (GAPDH 6C5). Anti-rabbit IgG
HRP antibody was purchased from Cell Signaling (#7074).
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Cell culture and transfections

Human embryonic kidney cell line 293T was obtained from
the NIH AIDS Research and Reference Reagent Program
Catalogue and cultivated in Dulbecco’s Modified Eagle’s
medium containing 10% fetal calf serum, 1× penicillin–
streptomycin–fungizone mixture and L-glutamine (Bio
Whittaker). For transfections, 293T cells were grown to
near 70% confluence in 60-mm plates. Twenty micrograms
of each plasmid, Vif-B2, Vif SLQ>A3-B2, VifSLQ>A3+
YRHHY>A5-B2, VifSLQ>A3+DRMR>A4-B2, and
10 μg of each A3G-B1, A3G-B2, A3GD128K-B1, A3F-
B1, A3C-B1, ZIP-B1, and ZIP-B2 were transfected in 60-
mm plates, unless otherwise stated. Transfections were
carried using the calcium phosphate precipitation method.
Total amount of transfected DNA were kept constant in all
samples of any given experiment by adding empty
pcDNA3.1 plasmid as appropriate. Cells were harvested at
40–44 h post-transfection.

β-lactamase PCA colorimetric assay

Forty to 44 h after transfection, media was removed, and
cells were washed twice in phosphate-buffered saline. We
resuspended 1/3 of the transfected 293T cells were in 100μl
of 100 mM phosphate buffer (K2HPO4 50 mM, pH=7.0) and
lysed them by three freeze–thaw cycles. Cell debris was
removed by centrifugation at 16,000×g for 2 min at 4°C. To
test for β-lactamase activity, 100 μl of phosphate buffer
(100 mM, pH=7.0) was added to each sample to a final
concentration of 60 mM and containing 2 μl of 10 mM of

CENTA β-lactamase substrate (final concentration, 100 μM;
Calbiochem).

Western blot and co-immunoprecipitation analysis

The remaining pool of transfected 293T cells was collected
for protein detection and co-immunoprecipitation of Vif and
APOBEC proteins. Cells were disrupted in 500 μl of lysis
buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 1 mM NaCl, and
1% Triton X-100) containing complete protease inhibitor
cocktail (Roche).

For co-immunoprecipitation analysis of A3 proteins and
Vif, cell extracts were clarified at 13,000×g for 3 min, and
the supernatant was incubated overnight on a rotating wheel
at 4°C with Anti-HA High Affinity Matrix (ROCHE).
Immune complexes were washed three times with 50 mM
Tris, pH 7.4, 50 mM NaCl, 1 mM NaCl, and 1% Triton X-
100 pH 7.4. Bound proteins were eluted from beads by
heating in sample buffer for 5 min at 95°C to be analyzed
by immunoblotting.

Results

Detection of HIV-1 Vif and human A3G interactions
using PCA

The method used in this study involves a simple colori-
metric in vitro assay using a chromogenic β-lactamase
substrate (CENTA). TEM-1 β-lactamase is a relatively
small monomeric protein that has been well characterized

Oligonucleotide Sequence (5′–3′)

A3G-amp-F ata aga atg cgg ccg cta aac tat atg aag cct cac ttc aga aac aca gtc

4BL-B1-Asc-R acc gcc acc ggc gcg cca aga agc gta gtc cgg aac gtc

F-Not ata aga atg cgg ccg cta aac tat atg tac ccg tac gac gtt ccg gac tac
gct tct gcc cag aag gaa gag gct gc

R-Asc acc gcc acc ggc gcg cca ctc gag aat ctc ctg cag ctt g

A3C-F-Not ata aga atg cgg ccg cta aac tat atg tac ccg tac gac gtt ccg gac tac
gct tct aat cca cag atc aga aac ccg atg

A3C-R-Asc acc gcc acc ggc gcg cca ctg gag act ctc ccg tag cct tc

Not-HVif-F ata aga atg cgg ccg cta aaa tgg aga acc ggt ggc agg

Asc-HVif-R acc gcc acc ggc gcg ccc gtg tcc att cat tga atg gct ccc

A3G-D128K-F cta ctt ctg gaa gcc aga tta cca g

A3G-D128K-R ctg gta atc tgg ctt cca gaa gta g

SLQ-Vif-NIH-R ctg cta gtg cca agt atg ctg ctg ctc ct acct tgt tat gtc ctg ctt

SLQ-Vif-NIH-F gca gca tac ttg gca cta agc agc att taa taa aa

Vif-YRHHY-F gca gct gca gct gct gag agc acc aac ccc aag att ag

Vif-YRHHY-R cg caa agc taa gga ctg gtt cgc agc gct gca gca gct gct gag agc

Vif-DRMR-F gca gct gca gct att aac acc tgg aag cgc ctg

Vif-DRMR-R cca ggt gtt aat agc tgc agc tgc cac ctg cca cac aat cat cac c

Table 1 The sequence of
oligonucleotides used for
construction of chimeric and
mutant proteins
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functionally and structurally (Matagne et al. 1998; Remy
and Michnick 2001). It has been shown to be easily
expressed, and it is not toxic to prokaryotic and eukaryotic
cells (Remy and Michnick 2001, 2004). Furthermore, PCA
based on β-lactamase can be used in eukaryotes and many
prokaryotes without any detectable background activity
(Galarneau et al. 2002). A schematic representation of the
PCA principle is shown in Fig. 2. In order to test PCA as a
valid tool for study of Vif–A3G interaction, we replaced the
homodimerizing GCN4 parallel coiled-coil leucine Zipper
(ZIP) sequence by Vif and A3G sequences (Fig. 3a) and
expressed both plasmids into 293T cells. Leucine zippers
(ZIP) are strong interacting proteins that display a strong β-
lactamase activity when fused to the two halves of β-
lactamase (B1 and B2; Fig. 3d). Therefore, we decided to
use ZIP proteins as a positive control in all our subsequent
experiments.

Intracellular interaction between Vif and A3G will
bring together the two fragments of the β-lactamase
(referred here as B1 and B2) allowing the reconstitution
of the reporter β-lactamase enzymatic activity. Therefore,
by using the PCA principle we aimed to characterize
several specific domains that have been previously
shown to be involved in Vif-A3G interaction. As seen
in Fig. 3b (lane 1), detection of A3G was not possible
in the presence of Vif as it triggers its degradation in
the proteasome and consequently β-lactamase activity
could not be detected. As such, we decided to replace
the SLQ region of Vif by alanines. This will render the
protein the inability to form the Cul5–EloB–EloC
complex, which is responsible for targeting these
proteins to the ubiquitin–proteasome pathway and
consequent degradation (Conticello et al. 2003; Liu et
al. 2004; Marin et al. 2003; Mehle et al. 2004a, b; Sheehy
et al. 2003; Stopak de Noronha et al. 2003; Yu et al. 2003,
2004a, b). The replacement of Vif SLQ region by alanines
does not affect the ability of protein binding to A3G
(Marin et al. 2003) allowing the study of Vif–A3G
interaction by PCA. Furthermore, by avoiding proteaso-
mal degradation, we were able to increase the intracellular

concentration of both proteins enhancing the detection of
β-lactamase activity (Fig. 3b). The sensitivity of PCA to
protein concentration could be further confirmed by
increasing the intracellular concentration of either Vif
SLQ>A3 or A3G proteins, which resulted in an increase
in CENTA hydrolysis rate (Fig. 3c). Therefore, in all our
subsequent experiments, we decided to use Vif SLQ>A3
mutant instead of Vif WT (Figs. 4 and 5).

Detection of A3G protein dimerization by PCA

A3G is known to form dimers trough interactions within
its C terminus (Bennett et al. 2008). In order to detect
intracellular A3G dimerization, we expressed A3G pro-
teins in fusion with the two halves of the β-lactamase
enzyme (A3G-B1 and A3G-B2). As similar to positive
control (ZIP-B1 and ZIP-B2), hydrolysis of CENTA
substrate from 293T lysates transfected with equal
amounts of A3G-B1 to A3G-B2 showed a strong
interaction [Fig. 3b (lane 7)]. Interestingly, when we
added RNase A to the lysates, β-lactamase activity was
not inhibited (data not shown) suggesting an RNA-
independent oligomerization of A3G, which is in accor-

Fig. 2 Schematic representation of PCA strategy used to study
protein–protein interaction. a Intracellular interaction between proteins
A and B, fused to fragments of β-lactamase, bring fragments into
proximity allowing correct folding and reconstitution of enzyme
activity. b The in vitro assay uses a chromogenic cephalosporin

(CENTA), which is readily hydrolysed by β-lactamases. Hydrolysis of
the beta-lactamase ring causes a color change from light yellow
(λmax, 340 nm) to chrome yellow (λmax, 405 nm; figure from:
Bebrone et al. 2001

Fig. 3 Detection of HIV-1 Vif and human A3G interaction using the
PCA principle. a Schematic representation of Vif, Vif SLQ>A3, and
A3G fusions to the β-lactamase fragments B2 and B1, respectively. b
Upper panel: hydrolysis rate of CENTA substrate for Vif, Vif SLQ>A3
and A3G interacting pairs of proteins. Hydrolysis of CENTA for fusion
proteins alone is also represented as negative control; Lower panel:
Western blot analysis of cell lysates and co-immunoprecipitation. c
Upper panel: Hydrolysis of CENTA after transfection of increasing
amounts of A3G or Vif plasmid DNA. Briefly, 10 μg of A3G-B1 along
with increasing amounts of Vif SLQ > AAA-B2 (0, 5, 10, and 20 μg) or
20 μg of Vif SLQ > AAA-B2 along with increasing amounts of A3G-
B1 (0, 3, 5, and 10 μg) were used; Lower panel: Western blotting
analysis of cell lysates and co-immunoprecipitation. d Upper panel:
Hydrolysis of CENTA for interacting pairs of homodimerizing GCN4
leucine zipper (ZIP) plasmids. Briefly, 10 μg of each ZIP plasmid (ZIP-
B1 and ZIP-B2) was used. DNA amounts were adjusted to 30 μg using
empty pcDNA3.1 vector DNA, when appropriated. Mean hydrolysis
rate was determined from four independent experiments to normalized
for cell number and protein content

�
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dance with a previous report (Bennett et al. 2008). Finally,
all interactions were specific as observed in control
experiments using non-interacting proteins (e.g., A3G-B1
and ZIP-B2).

Analysis of Vif and A3G mutations by PCA

One of the key residues of A3G that have been extensively
studied is amino acid 128 in A3G that is responsible for the
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species-specific recognition of A3G by Vif (Bogerd et al.
2004; Mangeat et al. 2004; Schrofelbauer et al. 2004; Xu et
al. 2004). Replacement of aspartic acid, which naturally
occurs at position D128 in human A3G, with lysine present
in AGM A3G, abrogates the interaction with HIV-1 Vif.
However, it is still unclear whether A3G D128K is no
longer able to interact with human Vif (Bogerd et al. 2004;
Mangeat et al. 2004; Schrofelbauer et al. 2004) or,
following Vif-A3G D128K binding, a subsequent down-
stream step is inhibited (Xu et al. 2004). Nonetheless, this
residue (D128) is a good candidate to prove the applicabil-
ity of the β-lactamase assay, since it has been shown to be
pivotal in the formation of Vif-A3G complexes (Bogerd et
al. 2004; Mangeat et al. 2004; Schrofelbauer et al. 2004; Xu
et al. 2004).

According to our results, A3G D128K mutation greatly
impaired interaction with human Vif (Fig. 4a) supporting
previous reports of Vif–A3G interaction (Bogerd et al.
2004; Mangeat et al. 2004; Schrofelbauer et al. 2004). This
was further confirmed by co-immunoprecipitation analysis,
in which the D128K mutation reduced the binding Vif to
A3G (Fig. 4a, lower panel).

The DRMR and YRHHY regions of Vif have been
implicated in the interaction with A3F and A3G, respec-
tively (Russell and Pathak 2007). Therefore, to validate our
assay, we replaced these amino acids by alanines and tested
their effect on the interaction with A3G and A3F. Our
results using PCA showed that Vif YRHHY>A5 mutation
impaired the interaction with A3G and A3F by nearly 90%

(Fig. 4b, lane 2) and 40% (Fig. 4c, lane 2), respectively.
This result underlines the importance of this region for Vif–
A3G interaction. When we replaced Vif DRMR region by
alanines, we observed that despite having a stronger effect
on A3F interaction (80% reduction), it also affected
interaction with A3G by more than 50% (Fig. 4b, lane 3).
This result is in accordance with a previous report showing
that Vif DRMR sequence may be critical for the binding
affinity with A3G, although it may not be the sole
determinant of this protein–protein interaction (Schrofelbauer
et al. 2006). Surprisingly, co-immunoprecipitation analysis
showed that Vif DRMR mutation did not affect its ability to
interact with A3G (Fig. 4b, lower panel, lane 3). This data
indicates that co-immunoprecipitation assays may not be as
sensitive as PCA for a quantitative assessment of protein–
protein interactions and can sometimes lead to misinterpre-
tation of the results.

Analysis of Vif interaction with A3F and A3C by PCA

A3F has strong antiviral activity, however, its effect on viral
restriction is less pronounced than A3G (Holmes et al.
2007; Zennou and Bieniasz 2006). Additionally, A3C has
been reported to be relatively resistant to Vif action
(Langlois et al. 2005; Yu et al. 2004a, b). According to
this, we decided to test the ability of HIV-1 Vif to interact
with A3F and A3C. As observed in Fig. 4, Vif–A3C
interaction displayed the lowest β-lactamase activity (23%).
It has been reported that A3C is partially degraded by Vif

Fig. 4 Effect of A3G and Vif
mutations on protein–protein
interaction. Upper panels: Rela-
tive hydrolysis rate of CENTA
determined from lysates of 293T
cells transiently transfected
with: a Vif SLQ > AAA-B2
together with A3G WT-B1, or
A3G D128K-B1; b A3G WT-
B1 together with either
Vif SLQ > AAA-B2, Vif SLQ >
AAA YRHHY>A5-B2, or Vif
DRMR>A4-B2; c A3F WT-B1
with either Vif WT-B2, Vif
YRHHY>A5-B2, or Vif
DRMR>A4-B2. Lower panels:
Western blotting analysis of cell
lysates and co-
immunoprecipitation. Mean
hydrolysis rates were deter-
mined from four independent
experiments to normalized for
cell number and protein content
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(Marin et al. 2008), suggesting an unstable or weak
interaction which is in accordance with our PCA results.
Surprisingly, co-immunoprecipitation analysis demonstrated a
similar binding Vif to both A3F and A3C (Fig. 5, lanes 2 and
3). Again, our results indicate that co-immunoprecipitation
assays may not be as sensitive and specific as PCA for the
discrimination between stable/strong and unstable/weak
protein–protein interactions.

Conclusions

A detailed knowledge of the protein domains involved in
Vif–A3G interaction is extremely important for the rational
design of new antiviral drugs. Antiviral drugs that could
inhibit Vif and enhance A3G/A3F activity are emerging as
attractive candidates. Until this date, several regions in
Vif and A3G have been mapped, and the effect on
their interaction was studied. Nevertheless, the three-
dimensional molecular structure of both proteins has not
yet been determined, and only theoretical predictions
providing structural information on Vif domains are
available (Auclair et al. 2007; Balaji et al. 2006; Barraud
et al. 2008; Huthoff and Malim 2007; Lv et al. 2007; Zhang
et al. 2008).

Blocking the binding of Vif to A3G in vivo is certainly
one of the most obvious therapeutic strategies. Several
authors reported that Vif may function at multiple levels to
prevent incorporation of A3G into viral particles (Mehle et
al. 2004a; Kao et al. 2007; Santa-Marta et al. 2005; Stopak
de Noronha et al. 2003). Therefore, inhibiting the binding
of Vif to A3G may have two outcomes: (1) reduction in
A3G proteasomal degradation and (2) increase the amount

of A3G at viral assembly locations, resulting in higher level
of A3G incorporation into virions.

As described in this study, the most important domain in
A3G responsible for Vif interaction involves the asparagine
at position 128 and its surrounding residues. The charge of
A3G D128 amino acid markedly influences the interaction
with Vif indicating that the contact is dependent on
electrostatic forces (Schrofelbauer et al. 2006). Thus,
chemical compounds targeting this region could be effec-
tive in preventing Vif–A3G interaction. Importantly, mol-
ecules targeting amino acid 128 are not predicted to
interfere with A3G enzymatic activity, which is conferred
by other domains of the protein (Li et al. 2004; Navarro et
al. 2005). The screening of unknown target libraries is
based on the competition between the bait molecule and
unknown target molecules, and high-throughput screen-
ing (HTS) assays based on this strategy are often used
for discovering inhibitors of protein interaction. The
present study demonstrates that β-lactamase comple-
mentation is a useful tool that can be applied to HTS
assays.

Developing specific and effective small chemical inhib-
itors to directly inhibit Vif–A3G interaction faces many
challenges due to the multiple binding regions involved. In
addition, in vitro binding assays and cell-based assays,
which have been used to decipher the dynamic principles
behind protein functional association, make it sometimes
difficult to assess the in vivo significance of the results. In
particular, co-immunoprecipitation assays which have been
commonly used to study specific domains involved in Vif–
A3G interaction are questioned. One study has shown that
Vif was able to inhibit virion incorporation and the antiviral
activity of an A3G degradation-resistant mutant (C97A;
Opi et al. 2007), suggesting a direct inhibition of A3G by
Vif. However, the authors could not rule out the possibility
that Vif–A3G complexes could have been formed after cell
lysis, during co-immunoprecipitation assay. In addition, no
one so far has been able to demonstrate a direct Vif–A3G
interaction with purified components at physiological
concentrations. Therefore, we cannot rule out the need for
post-translational modifications, interactions during synthe-
sis, or the need for additional components in the interaction
complex.

Moreover, many properties of Vif may influence its
interaction with A3G, such as oligomerization, which has
been shown to be essential for its function and viral
infectivity (Bernacchi et al. 2010). Therefore, it is important
to consider that mutations in some Vif domains (e.g., PPLP
motif) may induce substantial changes in Vif structure
resulting in loss of protein specificity and affinity.

Therefore, assessing the intracellular behavior of Vif and
A3G without the requirement for in vitro manipulation is of
great importance. This is particularly important in the case

Fig. 5 Vif interaction with A3F
and A3C. Upper panel: Relative
hydrolysis rate of CENTA de-
termined from lysates of 293T
cells transiently transfected with
Vif-B2 and either A3G-B1,
A3F-B1, or A3C-B1. Lower
panel: Western blotting analysis
of cell lysates and co-
immunoprecipitation. Mean hy-
drolysis rates were determined
from four independent experi-
ments to normalized for cell
number and protein content
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of a multi-functional protein like Vif where the lack of a
well-defined structure poses many challenges for its study.
It is also conceivable that the protein conformation may be
dependent on different binding partners in its native
environment. Thus, PCA can be a very useful technique
to help in this endeavor as it allows studying protein
interactions within the cell.

It is plausible that the contribution of unstructured
domains in Vif C-terminus for interaction with Gag/Gag–
Pol and multimerization of Vif can be assessed in an
environment where the conditional conformation of Vif is
promoted (Henriet et al. 2009). Interaction of Vif with
A3G, Gag, Gag–Pol, or HIV-1 genomic RNA has been
shown to be mediated by protein domains scattered
throughout its sequence. The hypothesis that the flexibility
of these domains is important for binding different protein
partners could be assessed by PCA in conditions where
Gag/Gag–Pol proteins were present together with A3G and/
or HIV-1 genomic RNA. This would allow a better
understanding of Vif interaction with viral structural
proteins. Therefore, β-lactamase fragment complementa-
tion presents itself as a suitable method to uncover the role
of Vif domains in the cytoplasm or within virions.

Moreover, protein complementation can also be used for
studying A3G interaction with Gag or cellular proteins. As
showed in Results section, A3G–A3G interaction can be
easily assessed by this method, and by using mutational
analysis, it would be possible to study whether their
interaction in the cytoplasm is similar to that into virions.

One can also imagine the possibility of using this
technology to identify different cellular partners of Vif
and A3G by screening and selecting cDNA libraries that
complement an active β-lactamase (Pelletier et al. 1999).
Nevertheless, some issues should be addressed with this
system concerning the orientation of protein–protein inter-
action. This is of major importance since the method of β-
lactamase fragment complementation presented here only
allows parallel orientation of protein domains (Michnick et
al. 2000). This weakness may be translated in reduced
sensitivity of the method to detect specific protein–protein
interactions.

In addition, major concern should be addressed when co-
expressing Vif and A3G, since it was elegantly shown by
Mercenne and co-workers that HIV-1 Vif binds to A3G 5′
UTR mRNA and inhibits deaminase translation (Mercenne
et al. 2009). Thus, it is advisable to express A3G in these
studies with an expression vector coding A3G gene
sequence alone.

The data presented here show that the β-lactamase
fragment complementation assay is effectively applicable
to the intracellular assessment of Vif interaction with
A3G and other members of the APOBEC family.
Therefore, we propose that PCA could be used in the

future in conjunction with other binding assays or as an
alternative method for detection of Vif–A3 complexes in
cellular lysates. This technique was also shown to be
highly reproducible with a low probability of false-
negatives. Furthermore, we believe that it could be used
in the future to clarify on specific domains that may be
involved in the interaction between Vif and APOBEC
proteins and in drug screening systems.
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