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The HIV-1 viral infectivity factor (Vif) is a small basic protein essential for viral fitness and pathogenicity. Vif allows productive
infection in nonpermissive cells, including most natural HIV-1 target cells, by counteracting the cellular cytosine deaminases
APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G [A3G]) and A3F. Vif is also associated with
the viral assembly complex and packaged into viral particles through interactions with the viral genomic RNA and the nucleo-
capsid domain of Pr55Gag. Recently, we showed that oligomerization of Vif into high-molecular-mass complexes induces Vif
folding and influences its binding to high-affinity RNA binding sites present in the HIV genomic RNA. To get further insight
into the role of Vif multimerization in viral assembly and A3G repression, we used fluorescence lifetime imaging microscopy
(FLIM)- and fluorescence resonance energy transfer (FRET)-based assays to investigate Vif-Vif interactions in living cells. By
using two N-terminally tagged Vif proteins, we show that Vif-Vif interactions occur in living cells. This oligomerization is
strongly reduced when the putative Vif multimerization domain (161PPLP164) is mutated, indicating that this domain is crucial,
but that regions outside this motif also participate in Vif oligomerization. When coexpressed together with Pr55Gag, Vif is largely
relocated to the cell membrane, where Vif oligomerization also occurs. Interestingly, wild-type A3G strongly interferes with Vif
multimerization, contrary to an A3G mutant that does not bind to Vif. These findings confirm that Vif oligomerization occurs in
living cells partly through its C-terminal motif and suggest that A3G may target and perturb the Vif oligomerization state to
limit its functions in the cell.

The human immunodeficiency virus type 1 (HIV-1) infects pri-
mary T cells, macrophages, and monocytes, ultimately leading

to the destruction of the immune system, infection by opportu-
nistic pathogens, and death, if viral propagation cannot be inhib-
ited. However, these cell lineages express two related cytidine
deaminases of the APOBEC (apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like) family, named APOBEC3G
(A3G) and A3F, that efficiently restrict HIV-1 replication (1–5). If
incorporated into budding virions, A3G and -F cause lethal mu-
tagenesis by cytidine deamination during negative-strand DNA
synthesis (4, 6, 7). Moreover, A3G and -F impair HIV-1 DNA
synthesis and integration independently of their catalytic activity,
suggesting that deamination is not the only determinant for anti-
viral activity (1, 8–10). This innate defense system most likely
evolved from a mechanism initially dedicated to target retrotrans-
posons and retroelements (11, 12).

In order to infect nonpermissive cells containing A3G or -F,
HIV-1 has evolved the HIV-1 viral infectivity factor (Vif), a 23-
kDa basic protein (13) required for in vivo viral propagation and
pathogenesis (14–16). Vif has been shown to efficiently counteract
the antiviral activity of A3G and -F by various mechanisms (1, 17).
Vif targets A3G and -F for degradation via the proteasome by
recruiting an E3 ubiquitin ligase cellular complex composed of
elongin B (EloB), elongin C (EloC), cullin 5 (Cul5), and RING-
box protein 2 (Rbx2) (1, 17–21). Recently, CBF-�, the transcrip-
tional core binding factor-�, has been shown to be an integral
component of this complex, directly interacting with Vif and fa-
voring the specific polyubiquitination and degradation of the A3G
protein (22, 23). Vif has also been shown to inhibit the antiretro-
viral activity of A3G and -F by interfering their packaging (24, 25)
and intracellular expression (26, 27). Importantly, the use of pro-

teasome inhibitors (24) showed that degradation and inhibition
of A3G translation are two independent pathways utilized by Vif
to reduce the expression of A3G (26, 27). In this context, we re-
cently showed that Vif downregulates A3G translation by binding
to the 5= untranslated region (UTR) of A3G mRNA (28).

In addition to its well-documented anti-A3G activity, Vif pos-
sesses RNA binding and chaperone properties (29, 30). Indeed,
Vif has been shown to bind specifically and cooperatively to the
5=-end region of HIV-1 genomic RNA in vitro (31, 32) in infected
cells (33, 34) and to the A3G mRNA (28). Vif also promotes sev-
eral steps involving RNA refolding during reverse transcription
and RNA dimerization (29, 35). Although the complete structure
of Vif is still unresolved, many studies have investigated the bio-
chemical and biophysical properties of this protein. In vitro, Vif
has been shown to self-associate and to form dimers, trimers, and
tetramers (36, 37). The region from positions 151 to 164, which
encompasses the conserved proline-rich region 161PPLP164, has
been shown to govern Vif multimerization (37, 38). This short
domain was found to be crucial for Vif function and viral infec-
tivity (37–39). Moreover, it can interact with A3G (40, 41), cullin
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5 (42), and the HIV-1 reverse transcriptase (35), and it was also
observed that an intact PPLP motif is required for interaction
between Vif and elongin B (43, 44). Considering the involvement
of the PPLP motif in Vif oligomerization, it is conceivable that all
of these binding functions could be linked to the multimerization
state of Vif. Indeed, we recently reported that alanine substitutions
in the Vif PPLP motif do not significantly affect the overall sec-
ondary structure of the protein, but impair its oligomerization
state in vitro, leading to decreasing binding affinity and specificity
for nucleic acids (45). Moreover, it seems that the oligomerization
and RNA binding properties of Vif are required to form high-
molecular-mass complexes composed of Vif and the HIV-1 trans-
activation response (TAR) element (45).

To investigate the multimerization properties of HIV-1 Vif in a
more physiological context, we characterized the interaction of
two Vif fusion proteins expressing enhanced green fluorescent
protein and mCherry (eGFP-Vif and mCherry-Vif, respectively)
in living cells by using a fluorescence resonance energy transfer
(FRET) approach analyzed by fluorescence lifetime imaging mi-
croscopy (FLIM) and fluorescence correlation spectroscopy
(FCS). We provide direct evidence that Vif multimerization oc-
curs in living cells and highlight the role of the PPLP motif in this
property. Moreover, in the presence of the Pr55Gag precursor, Vif
was largely relocalized to the cell membrane, where Vif multim-
erization also occurred. However, Vif oligomerization was not
required for Pr55Gag-induced relocalization to the cell membrane.
Finally, we showed that the interaction of A3G with Vif strongly
impairs Vif multimerization, most likely by a competition mech-
anism involving the Vif-binding domain of A3G and the PPLP
motif of Vif or by an A3G-induced conformational change in Vif
that prevents oligomerization.

MATERIALS AND METHODS
Plasmid construction. Vif-fusion expression plasmids were constructed
by two-step PCR and cloning into the pcDNA3.1 (Invitrogen) vector. A
first PCR amplification of eGFP and mCherry sequences was performed
from vectors expressing mCherry- and eGFP-Vpr (Vpr accession no.
ABN49562) (46). The forward primer (primer 1) 5=-CCCAAGCTTGCC
GCCACCATGGTGAGCAAGGGCGAG3= contains a HindIII restriction
site (underlined) upstream of a Kozak consensus sequence (boldface).
The reverse primer (primer 2) 5=-GAGAGAGGCGACATCGCCTCCCT
TGTACAGCTCGTCCATGC-3= contains a linker (boldface) coding for
the polypeptide GGDVASL to avoid quenching of the fluorophore by Vif.
The Vif sequence (codon optimized for expression in mammalian cells)
was amplified from pcDNA-hVif (accession no. AAB60573, codon opti-
mized [47]) (kindly provided by K. Strebel, NIH, Bethesda, MD) with
forward primer (primer 3) 5=-GGAGGCGATGTCGCCTCTCTCATGG
AGAACCGGTGGCAGGTG-3= containing a linker sequence (boldface),
and reverse primer (primer 4) 5=-CCCGAATTCTTAGTGTCCATTCAT
TGTATGGCTCCCTC-3= containing an EcoRI restriction site (under-
lined) and a stop codon (boldface). After purification of PCR products
(Macherey-Nagel), a second PCR was performed using both PCR prod-
ucts as the templates, together with primers 1 and 4. Full-length PCR
products were then purified, digested with HindIII and EcoRI, and cloned
into pcDNA3.1. Substitution of AALA for the 164PPLP169 motif was per-
formed by site-directed mutagenesis using Quick-Change mutagenesis
(Stratagene) as previously described (28).

The hVif coding sequence, excluding the first ATG, was also amplified
using forward primer 5 (5=-CGGGGATCCGAGAACCGGTGGCAGGTG
ATG-3=), containing a BamHI site (underlined), and reverse primer 4 and
cloned into pSA1B (48) previously digested by BamHI and EcoRI. The
resulting plasmid, pSA1B-Vif, expresses a hemagglutinin (HA)-tagged Vif

protein suitable for immunoprecipitation. Wild-type (WT) and mutant
A3G proteins were respectively expressed from pCMV-A3G (accession
no. NP_068594) and pCMV-A3G D128K (28). The Gag protein was ex-
pressed from the human codon-optimized Pr55Gag-TC expression vector
(accession no. AAB50258) (49) and the kinase Hck was expressed from
pcDNA3.1-Hck (kindly provided by E. Decroly, UMR-6098-AFMB, Mar-
seille, France). The integrity of all constructs was confirmed by DNA
sequencing (GATC Biotech, Germany).

Cell culture and transfection. HeLa cells were grown at 37°C in 5%
CO2 in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and penicillin and streptomycin antibiotics (Invitrogen).
For FLIM and FCS analyses, 2.105 cells were cultured on 35-mm �-dishes
(IBIDI-Biovalley, Strasbourg France). For fluorescence imaging and
Western blot analysis, 5.105 cells were cultured in 6-well plates, with or
without glass coverslips. HeLa cells were transfected with 0.5 �g of each
plasmid using JetPEI (PolyPlus transfection; Illkirch, France) or
X-tremeGENE-9 HD (Roche) according to the supplier’s instructions.

Western blot analysis. Twenty-four hours posttransfection, cells were
washed with 1� concentrated phosphate-buffered saline (PBS) (140 mM
NaCl, 8 mM NaH2PO4, 2 mM Na2HPO4) and lysed in radioimmunopre-
cipitation assay (RIPA) buffer (1� PBS, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.05% SDS) supplemented with protease inhibitors (complete
EDTA free cocktail; Roche). After centrifugation, total protein concentra-
tion was assessed by Bradford analysis (Bio-Rad), and 25 �g of total pro-
tein was loaded on a 4 to 12% NuPAGE Bis-Tris gel (Invitrogen). Proteins
were then transferred onto polyvinylidene difluoride (PVDF) membrane
(0.45-�m pore; Millipore) for 1 h 30 min at 30 V and detected by Western
blotting using antibodies directed against Vif (NIH Research and Refer-
ence Reagent Program, no. 319, from M. H. Malim) (with full-length
6His-Vif used as an immunogen to produce this antibody [50]), A3G
(NIH Research and Reference Reagent Program, no. 9906, from W.
Greene), GFP (sc-9996; Santa Cruz Biotechnology, Santa Cruz, CA),
mCherry (GTX59788; GeneTex), Hck (no. 610277; BD Transduction
Laboratory) (a gift from E. Decroly [51]), and �-actin (AC-74; Sigma-
Aldrich, St. Louis, MO), followed by horseradish peroxidase-conjugated
anti-mouse or anti-rabbit antibodies (Bio-Rad), revealed by the chemilu-
minescent ECL Prime system (GE Healthcare).

Immunoprecipitation. HeLa cells were cotransfected with HA-Vif
and eGFP-Vif (wild-type or AALA mutant), and 24 h posttransfection,
cells were washed in 1� PBS and lysed in 1� RIPA buffer supplemented
with protease inhibitors. After centrifugation, an input fraction (50 �l)
was kept to check the protein expression level, and the rest was split into
two fractions: one-half was incubated 2 h at 4°C with 1 �g of HA antibody
(sc-805; Santa Cruz, CA) on a rotating wheel, and the second half was
incubated without antibody and used as a negative control. After equili-
bration, protein A beads were added and the mixture was incubated for
1.5 h at 4°C. Beads were washed 5 times with cold 1� RIPA buffer, resus-
pended in Laemmli sample buffer, boiled for 5 min, and analyzed by
Western blotting. In a similar experiment, HeLa cells were transfected
with vectors expressing eGFP-Vif, mCherry-Vif, and either wild-type or
D128K mutant A3G.

Confocal microscopy for fluorescence and IF analyses. For confocal
microscopy, HeLa cells were seeded onto a 20- by 20-mm glass coverslip,
and 24 h posttransfection, cells were washed with 1� PBS and fixed for 5
min in 100% methanol. For the immunofluorescence (IF) assay, the cells
were permeabilized for 5 min with 0.1% Triton X-100 in 1� PBS before
blocking of nonspecific sites with PBS–3% bovine serum albumin (BSA)
for 1 h at 20°C. Cells were stained with mouse monoclonal antibodies
(MAbs) against Vif (NIH Research and Reference Reagent Program, no.
319), used in 1� PBS–3% BSA (1/500) for an overnight incubation at 4°C.
After several washes in 1� PBS, cells were incubated with anti-mouse
antibody labeled with Alexa Fluor 488 (Molecular Probes) for 1 h at 20°C.
Coverslips were then mounted on a glass slide in mounting medium con-
taining DAPI (4=,6-diamidino-2-phenylindole) (Slowfade reagent; Mo-
lecular Probes). Images were acquired on a Zeiss LSM700 confocal micro-
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scope (Strasbourg-Esplanade Cellular Imaging Facility—IBMP) with a
63� 1.4NA Plan-Apochromat oil objective. Images were processed (con-
trast, brightness, and merges) with ImageJ 1.43m software (W. J. Rasband,
ImageJ [1997 to 2012], National Institutes of Health, Bethesda, MD; http:
//imagej.nih.gov/ij/).

FRET and FLIM analyses. Time-correlated single-photon-counting
(TCSPC) FLIM was performed on a custom two-photon system laser-
scanning setup based on an Olympus IX70 inverted microscope (Olym-
pus, Japan) with an Olympus 60� 1.2NA water immersion objective as
previously described (46). Two-photon excitation at 900 nm was pro-
vided by a mode-locked titanium-sapphire laser (Tsunami; Spectra Phys-
ics, CA), and the laser power was adjusted to give count rates with peaks
up to 106 photons · s�1, so that the pileup effect can be neglected. Imaging
was carried out with a laser-scanning system using two fast galvanometer
mirrors (model 6210; Cambridge Technology, MA), operating in the des-
canned fluorescence collection mode. Photons were collected using a set
of two filters: a two-photon short-pass filter with a cutoff wavelength of
680 nm (F75-680; AHF, Germany), and a band-pass filter of 520 � 17 nm
(F37-520; AHF, Germany). The fluorescence was directed to a fiber-cou-
pled Avalanche photodetector (APD) (SPCM-AQR-14-FC; PerkinElmer,
Canada), which was connected to a time-correlated single-photon-count-
ing module (SPC830; Becker and Hickl, Germany), which operates in the
reversed start-stop mode. Typically, the samples were scanned continu-
ously for about 60 s to achieve appropriate photon statistics to analyze the
fluorescence decays. Data were analyzed with a commercial software
package (SPCImage V3.2; Becker and Hickl, Germany), which uses an
iterative reconvolution method to recover the lifetimes from the fluores-
cence decays. In fluorescence resonance energy transfer (FRET) experi-
ments, when coexpressing donor and acceptor proteins, the FRET effi-
ciency reflecting the distance between the two chromophores was
calculated according to

E �
R0

6

R0
6 � R6 � 1 �

�DA

�D

where R0 is the Förster radius, R is the distance between donor and accep-
tor, �DA is the lifetime of the donor in the presence of the acceptor, and �D

is the lifetime of the donor in the absence of the acceptor.
FCS analysis. FCS was performed using the same core as the system

described for FLIM measurements, as previously described (52). The nor-
malized autocorrelation function was calculated online with a hardware
correlator (ALV5000; ALV GmbH, Germany). Due to the inherent heter-
ogeneity of the cellular medium, the FCS data were interpreted in terms of
anomalous diffusion. Therefore, curves were fitted according to

G (�) �
1

N�1 � � �

�A
�a��1

· �1 � � �

�A
�a

·
1
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where N is the average number of fluorescent species in the focal volume,

� is the lag time, �A is the average residence time in the focal volume, � is
the anomalous diffusion coefficient, and S is a structural parameter de-
fined as the ratio between the axial and lateral radii of the beam waist. The
molecular brightness (�) of the fluorescent species diffusing through the
excitation volume is obtained by dividing the average fluorescence inten-
sity 	F
 by N. In free lateral diffusion (� � 1), the mean-square displace-
ment of the diffusing species is proportional to time (	r2
�t). This is no
more valid for anomalous diffusion (�  1) that takes place in systems
containing obstacles. In that case, the mean-square displacement is de-
scribed by a power law (	r2
�t�) with coefficient � depending on the
concentration, size, mobility, and reactivity of the obstacles. Moreover, in
living cells, there is no real steady state for the fluorescence intensity fluc-
tuations. For this reason, FCS measurements were sequentially repeated,
typically 100� for 6 s. Each FCS curve was then fitted independently. A
Labview program was written to automatically process the data. The re-
sults represented only the brightness parameter, which is the most rele-
vant in terms of protein oligomerization and was calculated for each curve
in order to provide a population distribution curve.

Statistical analysis. Statistical analyses were performed using R ver-
sion 2.14.0 (http://www.R-project.org/). Fluorescence mean lifetimes and
bias-corrected bootstrapped confidence intervals (CI) were calculated
based on 50 to 70 cells from at least three independent experiments (Table
1). Posterior FRET distributions and 95% CI estimates were computed
using Markov chain Monte Carlo (MCMC) algorithms implemented in
OpenBugs version 3.2.1 (http://www.openbugs.info), assuming poorly
informative Gaussian priors. The level of statistical significance was set
at 5%.

RESULTS
Expression of eGFP- and mCherry-Vif fusion proteins. To in-
vestigate Vif multimerization in living cells by FRET or FLIM, we
first labeled the Vif protein with two fluorophores compatible
with FRET analysis: eGFP and mCherry. As a donor, eGFP pres-
ents the advantage of possessing a high quantum yield (0.8), and
its time-resolved fluorescence decay is monoexponential, with a
lifetime of about 2.6 ns (53). The mCherry tag was used as an
acceptor due to the strong overlap between its absorption spec-
trum and the emission spectrum of eGFP, resulting in a large
Förster distance, R0 (about 54 Å) (54). The other advantage of
using mCherry as an acceptor was its monomeric and fully mature
state, which enables the protein to conserve its spectroscopic
properties when it is fused to a target protein (55). Moreover,
several studies have already successfully used the eGFP-mCherry
fluorophore pair to investigate protein-protein interactions and

TABLE 1 Average lifetimes and FRET efficiencies of eGFP-Vif proteins in cytoplasma

Transfection(s) Avg lifetime, ns (95% CI) No. of cells FRET efficiency, % (95% CI)

eGFP-Vif 2.53 (2.52–2.54) 71
eGFP-Vif � mCherry 2.48 (2.46–2.49) 61 2.0 (�3.0–6.8)
eGFP-Vif � mCherry-Vif 2.21 (2.19–2.25) 71 12.2 (2.6–21.7)
eGFP-Vif AALA � mCherry-Vif AALA 2.35 (2.34–2.38) 74 6.6 (�0.5–13.5)
eGFP-Vif AALA � mCherry-Vif 2.35 (2.33–2.37) 14 6.6
eGFP-Vif � mCherry-Vif AALA 2.35 (2.34–2.36) 12 6.6
eGFP-Vif � A3G 2.52 (2.51–2.53) 38 0.3 (�4.7–5.1)
eGFP-Vif � mCherry � A3G 2.49 (2.47–2.51) 29 1.4 (�3.8–6.4)
eGFP-Vif � mCherry-Vif � A3G 2.38 (2.36–2.40) 54 5.7 (�2.2–13.5)
eGFP-Vif � mCherry-Vif � A3G D128K 2.26 (2.23–2.29) 73 10.4 (�0.9–21.4)
eGFP-Vif AALA � mCherry-Vif AALA �A3G 2.40 (2.37–2.42) 52 5.1 (�2.5–12.4)
eGFP-Vif � mCh-Vif � Hck 2.33 (2.32–2.35) 33 7.6 (�2.4–12.3)
a Results in boldface represent the highest FRET efficiency.
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protein oligomerization by FRET analysis, further validating our
selection (46).

These two fluorophores were therefore fused to the N or C
terminus of the Vif protein. To avoid quenching of the fluoro-
phores, a short linker (7 amino acids) was inserted between the
fluorophore and the Vif coding sequence (Fig. 1). Western blot
analysis showed that both N-terminus-tagged proteins were ex-
pressed in HeLa cells (Fig. 2A, lanes 5 and 7) at a level comparable
to that of the wild-type Vif protein (Fig. 2A, lane 3), but with a
slight degradation of the chimeric proteins (a light slower band is
visible on the blots with a Vif or GFP antibody). On the contrary,
the C-terminus-tagged Vif proteins were expressed at a low level
(data not shown). Hence, we carried out the rest of our study using
only the N-terminus-tagged Vif proteins. We next checked that
the Vif fusion proteins were fully functional and could reduce the
expression of A3G. As shown in Fig. 2A, A3G expression was af-
fected by all Vif constructs (lanes 3, 5, and 7), but the effect was a
slightly more pronounced with the wild-type Vif protein than the
chimeric Vif proteins (80% inhibition versus 60%) (Fig. 2B). This
difference most probably results from the steric hindrance of the
tag proteins. To investigate Vif multimerization, the same expres-
sion vectors were constructed using a mutant of Vif in which the
160PPLP164 motif was substituted for an oligomerization-defec-
tive AALA motif (Fig. 1). Although we detected a lower yield of Vif
AALA compared to wild-type Vif fusion proteins using a Vif-spe-
cific antibody (Fig. 2A, lanes 6 and 8), this is probably due to a
defect in the antibody recognition motif (56). Indeed, eGFP-Vif
and eGFP-Vif AALA were detected at the same level using an an-
tibody directed against the GFP- or mCherry-tagged proteins (Fig.
2A, middle panels, lanes 5 and 6 and 7 and 8, respectively). Thus,
these two proteins were also efficiently expressed in HeLa cells. As
previously observed (40, 57), these Vif AALA mutants were inef-
ficient in counteracting A3G (Fig. 2A, lanes 4, 6, and 8, and B),
confirming the importance of the PPLP motif in the A3G regula-
tion. These control analyses confirmed the mechanism of Vif
function and established that our fusion proteins reliably monitor
the effects of Vif on A3G in cells.

Biochemical characterization of Vif oligomerization. To in-
vestigate Vif-Vif interaction in HeLa cells, we first coexpressed the
different eGFP fusion proteins (eGFP-Vif and eGFP-Vif AALA)
together with an HA-tagged Vif protein (HA-Vif). If chimeric Vif
proteins are still able to form multimers, we should be able to
coimmunoprecipitate eGFP-Vif proteins using an antibody di-
rected against the HA tag. As we previously showed that anti-Vif

antibody did not efficiently recognize Vif AALA (Fig. 2A, lane 6
and 8), detection was also performed with an antibody directed
against the eGFP moiety (Fig. 3). Under these conditions, we ob-
served that eGFP-Vif and eGFP-Vif AALA were similarly ex-
pressed in HeLa cells (Fig. 3A, lanes 3 and 4). In the presence of HA
antibody, we showed that eGFP-Vif coprecipitates with the HA-
Vif protein (Fig. 3B, lane 3), suggesting that Vif-Vif interaction
occurs in HeLa cells. When using the eGFP-Vif AALA, we ob-
served a significant 2-fold reduction (0.48) in protein immuno-
precipitated with HA-Vif (Fig. 3B, middle panel, compare lanes 4
and 3), suggesting the Vif AALA protein partially lost its capacity
to form multimers. This result is consistent with previous obser-
vations indicating that regions outside the PPLP motif also partic-
ipate in Vif oligomerization (58). Indeed, although the AALA mu-
tation impaired oligomerization (36, 44, 45; this study),
dimerization of the protein was still observed in vitro (45) and
could be sufficient to be detected by immunoprecipitation. Alter-
natively, cell lysis treatment may have induced conformational
changes in the Vif protein that could have exposed secondary in-
teraction domains and induced binding. To further clarify the role
of the PPLP motif, we analyzed Vif multimerization directly in
living cells by using fluorescence microscopy techniques.

Vif oligomerizes in living cells through its PPLP motif. As a
prerequisite for fluorescence assays and because eGFP and
mCherry are large with respect to Vif, we also checked whether
they affect the intracellular localization of Vif. To this end, we
analyzed by confocal microscopy at 24 h posttransfection the ex-
pression of eGFP- and mCherry-Vif (wild-type and mutant) fu-
sion proteins in HeLa cells. As shown in Fig. 4A, both eGFP- and
mCherry-Vif proteins were mainly localized in the cytoplasm of
transfected cells (80 to 90%) but were also present in the nucleus
(10 to 20%), in agreement with previous observations (59–61).
This localization is not due to the eGFP and mCherry since both
fluorescent proteins were found throughout the cell when ex-
pressed in their free form (Fig. 4B). Interestingly, a nearly com-
plete colocalization of the two Vif fusion proteins in the same
cellular compartments was further evidenced by the overlap of
their emissions (Fig. 4A, panels c). Similar results were obtained
with the Vif AALA mutants (Fig. 4A, lower panel), demonstrating
that mutation in the PPLP motif did not alter Vif localization.
Localization of wild-type Vif in an expression (pcDNA-hVif) or
proviral (pNL4.3-Env1) vector context by immunofluorescence
(IF) confirmed that these proteins were predominantly localized
in the cytoplasm with some nuclear localization (Fig. 5). Thus, the

FIG 1 Structural and functional organization of Vif proteins. Vif functional domains are indicated. For eGFP or mCherry fusion proteins, a small linker coding
for 7 amino acids (GGDVASL) was added to avoid quenching of the fluorophore. The sequences of the multimerization domains of WT and mutant Vif proteins
are indicated.
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FIG 2 Activity of Vif fusion proteins against A3G. (A) Cells were transfected with 0.5 �g of each plasmid, and total cell extracts were harvested 24 h
posttransfection. The Vif (wild-type and AALA mutant) or Vif fusion proteins A3G and A3G D128K were detected by Western blotting (antibody 319 for Vif
[�-Vif], 9906 for A3G [�-A3G], sc-9996 for GFP [�-eGFP], GTX59788 for mCherry [�-mCherry], and AC-74 for �-actin [�-Actin]). �-Actin was used as a
loading control. (B) A3G degradation efficiency of the different Vif proteins. A3G signals (from panel A) were quantified (A3G/�-actin ratio), and the lane
without Vif (lane 2) was set at 100%. Error bars represent standard deviations from three independent experiments. (C) Cells were transfected with vectors
expressing Vif (lanes 4, 7, and 9) or eGFP-Vif (lanes 5, 8, and 10) together with A3G (lanes 2 and 3 and 6 to 10) and/or Hck (lanes 3, 4, 5, 9, and 10). Total cell
extracts were harvested 24 h posttransfection and analyzed by immunoblotting using antibodies directed against A3G, Vif, and Hck (610277). �-Actin was used
as an internal control. In all panels, proteins are identified on the left and the antibody used for the detection is indicated on the right-hand side.
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fusion of either mCherry or eGFP to the N terminus of Vif has a
limited effect on Vif localization in the cell.

Although confocal microscopy showed that fusion Vif proteins
colocalized in the cells, a direct Vif-Vif interaction cannot be
proven by this technique. We thus measured the FRET efficiency

between the two fluorophores, by using FLIM. FRET is a potent
tool to investigate interactions in living cells as it only occurs be-
tween eGFP- and mCherry-tagged proteins when the two fluoro-
phores are less than 10 nm apart (62, 63). In living cells, FRET can
be imaged by monitoring the fluorescence lifetime decrease of the

FIG 3 Vif fusion proteins interact in cells. Cells were transfected with 1 �g of each Vif expression vector. Total cell extracts were harvested 24 h posttransfection.
(A) The input fractions were revealed by anti-Vif (319) and anti-eGFP (sc-9996) antibodies. The latter was used to allow the detection of the Vif AALA mutant
(as observed in Fig. 2A, lane 6). �-Actin was used as an internal control (AC-74). (B) Immunoprecipitation assays were performed using an anti-HA antibody
(sc-805) directed against the HA-Vif protein. A negative control without HA-Vif (lane 1) and a specificity control without eGFP-Vif (lane 2) were also included.
The fraction of Vif fusion proteins interacting with HA-Vif is indicated. (C) Immunoprecipitation of eGFP-Vif and mCherry-Vif (mCh-Vif) with A3G and A3G
D128K proteins. The input fractions were revealed by anti-Vif (antibody 319) and anti-A3G (antibody 9906) antibodies. Immunoprecipitation assays were
performed using an anti-Vif antibody directed against the eGFP- and mCherry-Vif proteins. The fraction of A3G proteins interacting with eGFP- and mCherry-
Vif is indicated.
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eGFP donor with the FLIM technique. This lifetime (i.e., the av-
erage time that molecules stay in their excited state) is an intrinsic
and specific parameter for each fluorophore. In contrast to fluo-
rescence intensity, fluorescence lifetime depends neither on in-

strumentation setup nor on local concentration of the fluorescent
molecules and is not affected by photobleaching. A threshold
value of 5% for FRET efficiency is commonly required to define a
bona fide interaction between two partners (for a review, see ref-
erence 62).

FLIM measurements were monitored 24 h posttransfection
and reported using an arbitrary color scale from blue to red, illus-
trating short to long lifetimes. Using this scale, an absence of en-
ergy transfer will appear in yellow (free eGFP-Vif lifetime, 2.53 �
0.01 ns), whereas significant efficient transfer will appear in blue
(lifetime, 2.30 ns). We first measured eGFP-Vif fluorescence in
the nuclear, cytoplasmic, and cell membrane compartments (Fig.
6). As the eGFP lifetimes in these different cell compartments did
not show any significant differences (data not shown), for the rest
of our article we focus on the average lifetimes of eGFP-Vif in the
cytoplasm, except when otherwise mentioned. Control FLIM ex-
periments were performed with HeLa cells transfected either with
eGFP-Vif alone or together with free mCherry (Fig. 6A). As shown
in Fig. 6C (green dots), the average lifetimes of eGFP-Vif ex-
pressed alone (2.53 � 0.04 ns) or coexpressed with mCherry
(2.48 � 0.05 ns) were similar to the expected lifetime of eGFP
alone (46, 53), indicating that the eGFP fluorescence was not al-
tered when fused to Vif and no interaction takes place between
eGFP-Vif and free mCherry (Table 1).

In contrast, when eGFP-Vif was coexpressed with mCherry-
Vif (Fig. 6B), the eGFP-Vif fluorescence lifetime dropped to
2.21 � 0.11 ns (Table 1). The distribution of eGFP-Vif fluores-
cence lifetimes in the presence of mCherry-Vif was found to be
clearly different from that in the presence of mCherry (Fig. 6C,
blue dots). This fluorescence lifetime decrease was measured on
more than 70 cells from at least 3 independent transfections and
corresponded to a transfer efficiency of 12.2% (Fig. 6D), indicat-

FIG 4 Localization of eGFP- and mCherry-Vif fusion proteins. HeLa cells were transfected with 0.5 �g of each plasmid. Twenty-four hours posttransfection,
cells were fixed with methanol and analyzed by confocal microscopy. (A) Colocalization of wild-type (upper panel) and AALA mutant (lower panel) eGFP-Vif
(a) and mCherry-Vif (mCh-Vif) proteins (b). Merged images are shown in panels c. Colocalization of the two proteins is indicated by the color yellow. (B)
Localization of free eGFP and mCherry proteins.

FIG 5 Immunolocalization of Vif in cells. Vif proteins were expressed in trans-
fected HeLa cells from either pcDNA-hVif in the absence (A) or presence (B) of
Pr55Gag or from pNL4-3-Env1 plasmid (C). After methanol fixation, cells were
permeabilized in 0.1% Triton X-100 in 1� PBS, and Alexa Fluor 488 (AF 488)-
coupled anti-rabbit secondary antibody (Molecular Probes) was used to detect
primary Vif antibody (panel column 1) (antibody 319). Cell nuclei were stained
with DAPI (panel column 2) contained in the mounting reagent (Slowfade re-
agent; Molecular Probes) (panel column 3 [merged images]).
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ing a direct interaction between the two Vif fusion proteins in
living cells. In order to confirm this interaction, FRET and FLIM
experiments were further performed on the Vif AALA mutant
(Fig. 6B). Interestingly, eGFP-Vif AALA displayed an intermedi-
ate fluorescence lifetime of 2.35 � 0.08 ns (Fig. 6C and Table 1),
resulting in a lower transfer efficiency of 6.6% (Fig. 6D), suggest-
ing a modification in the Vif interaction and reduced oligomer-
ization of this mutant. Note that the residual FRET efficiency is
close to the commonly considered lowest value (5%) for a bona
fide interaction (62). Interestingly, mutation of the PPLP motif of
only one of the Vif species was sufficient to prevent oligomeriza-
tion, as the FRET efficiencies observed with the eGFP-Vif AALA–
mCherry-Vif and eGFP-Vif–mCherry-Vif AALA combinations
were similar to the one observed when the mutation was present
on both Vif partners (FRET efficiency of 6.6%) (Table 1). Besides,
the nuclear foci observed in our different experiments could
mainly be explained by the shuttling of Vif between the cytoplasm
and the nucleus and by interactions with nucleolar proteins (59–
61). Nevertheless, the Vif lifetime measured in these specific foci
did not significantly differ from the lifetimes in other cellular
compartments.

Bayesian analyses (see Materials and Methods) of fluorescence
lifetimes showed a 20 to 25% reduction of Vif oligomerization
when the PPLP motif was substituted for AALA. Moreover, the

distribution of the fluorescence lifetime of eGFP-Vif or mCherry-
Vif was more dispersed than the one observed for eGFP-Vif alone
or eGFP-Vif AALA or mCherry-Vif AALA (Fig. 6C), suggesting
that wild-type Vif oligomers may be heterogeneous in the cell.

Taken together, these data indicate that Vif-Vif interactions
occur in living cells and that the PPLP motif, located at the C
terminus of the protein, is involved in Vif oligomerization. Nev-
ertheless, and as previously observed in vitro, other domains in Vif
may also participate in this property (46, 53), as oligomerization
was not completely abrogated by mutation of the PPLP motif.

Vif multimerization monitored by FCS in living cells. To fur-
ther characterize Vif oligomerization in cells, fluorescence corre-
lation spectroscopy (FCS) was performed. This technique is based
on the measurement of the fluctuations of the fluorescence inten-
sity in the femtoliter volume defined by the two-photon laser ex-
citation. These fluctuations mainly characterize the translational
dynamics of the fluorescent molecules that diffuse through the
excitation volume. FCS can be performed in any liquid environ-
ment such as the cell cytoplasm and allows the determination of
several physical parameters, such as diffusion time, local concen-
tration, and molecular brightness. The last parameter corresponds
to the average number of photons emitted by a diffusing particle
per second and is therefore the most relevant to analyze Vif oli-
gomerization in cells. That is, the brightness of a particle increases

FIG 6 FLIM analyses of the eGFP- and mCherry-Vif WT and AALA mutant. HeLa cells were transfected with 0.5 �g of each plasmid and were observed 24 h
posttransfection by confocal microscopy or by FLIM using a two-photon microscope. (A and B) Images are representative of cells expressing eGFP by
fluorescence microscopy (left; grayscale) or by FLIM using an arbitrary color scale for the lifetimes expressed in nanoseconds. (C) Lifetime distribution of all
analyzed cells under each condition. Controls in the absence of acceptor are depicted in green, the Vif WT in blue, the Vif AALA mutant in red, and the Hck in
orange. Black bars indicate the mean values. (D) Box plots depicting the posterior FRET efficiencies distributions. The mean FRET efficiency is represented by
the white diamonds. Whiskers (vertical dotted lines) represent the interval containing 95% of the FRET efficiencies.

HIV-1 Vif Multimerization and APOBEC3G

June 2013 Volume 87 Number 11 jvi.asm.org 6499

http://jvi.asm.org


proportionally with the number of fluorescent molecules inside it.
First, we monitored the brightness distribution of free eGFP in the
cytoplasm of transfected HeLa cells. As expected, the brightness
distribution of eGFP followed a Gaussian distribution centered at
0.16 kHz per particle, reflecting the presence of only one, most
likely monomeric (63), protein population (Fig. 7, solid black cir-
cles). As a positive control, HeLa cells were transfected with a
Vpr-eGFP expression vector. Two main Vpr-eGFP populations
were observed: a major one presenting a 2-fold-higher brightness
than free eGFP (0.35 kHz per particle) and a minor one showing a
4-fold higher brightness (about 0.55 kHz per particle), confirming
that Vpr was able to form dimers and multimers in cells (Fig. 7, red
triangles) (46). A different behavior was observed when eGFP-Vif
was transfected. The distribution curve of eGFP-Vif showed a
broad distribution with a main population centered at 0.20 kHz
per particle (as free eGFP) (Fig. 7, green squares) and two minor
populations centered at �0.4 kHz per particle and �0.8 kHz per
particle, indicating that Vif exists as a mix of monomers and oli-
gomers in cells (Fig. 7). This result may reflect the large distribu-
tion of eGFP-Vif lifetimes observed by FLIM (Fig. 6C). Moreover,
when eGFP-Vif AALA was analyzed, a single population, similar
to the one obtained for free and monomeric eGFP was obtained
(Fig. 7, yellow diamonds), suggesting that this mutant remains
largely monomeric. Together, these results confirm that Vif forms
oligomers in cells, as observed by FLIM, and validate the PPLP
motif as part of an oligomerization domain.

Vif oligomerization is not a prerequisite to induce its relocal-
ization at the plasma membrane by Pr55gag. Since Vif and
Pr55Gag have been shown to interact in cells through their C-ter-

minal and nucleocapsid domains, respectively (64, 65), we asked
whether Vif oligomerization was required for its interaction with
Pr55Gag. To test this hypothesis, we first performed confocal mi-
croscopy on HeLa cells transfected with eGFP- and mCherry-Vif
(wild type or AALA mutant) and with unlabeled Pr55Gag protein
(Fig. 8). As expected, expression of eGFP-Vif and mCherry-Vif
was not affected by Pr55Gag (Fig. 8A). However, Pr55Gag partially
relocalized Vif to the cell membrane, irrespective of the presence
of the wild-type PPLP motif, suggesting that oligomerization of
Vif, or the motif by itself, is not involved in Pr55Gag recognition.

It is, however, possible that Vif-Pr55Gag interaction affected the
multimerization of Vif. We therefore carried out FLIM acquisi-
tions on HeLa cells transfected with Vif fusion proteins and
Pr55Gag (Fig. 8B, left panels). Since the transfer efficiency mea-
sured for eGFP-Vif in the presence of Pr55Gag was 10.7% (Fig. 8C
and D), a value very similar to the one observed in the absence of
Pr55Gag (12.2%) (Fig. 6D), we confirmed that Vif binding to
Pr55Gag did not significantly affect its multimerization capacity.
Consistent with the presence of Vif at the cell membrane, the
eGFP-Vif transfer efficiency measured at this location was some-
what more efficient (13.4%), suggesting that Pr55Gag promoted a
closer proximity between the Vif molecules or, alternatively, a
higher degree of oligomerization (Table 2). The same experiments
were performed using the eGFP-Vif AALA and mCherry-Vif
AALA mutants in the presence of Pr55Gag (Fig. 8B, right panels,
and C). As previously observed, eGFP-Vif AALA presented a very
low transfer efficiency of 4.2% (Fig. 8D), and Bayesian analyses of
fluorescence lifetimes showed a 20 to 25% reduction of Vif oli-
gomerization when the PPLP motif was substituted, thus confirm-
ing its defect in oligomerization. Similarly, in the presence of
Pr55Gag, the FRET efficiency of Vif AALA at the plasma membrane
was decreased compared to that of wild-type Vif (6.1% versus
13.4%) (Table 2). Interestingly, as observed in the absence of
Pr55Gag, the distribution of the fluorescence lifetime of eGFP-Vif
or mCherry-Vif was more dispersed than the one observed for
eGFP-Vif alone or eGFP-Vif AALA or mCherry-Vif AALA (Fig.
8C), suggesting again that wild-type Vif oligomers are heteroge-
neous in cells.

Taken together, these results show that Pr55Gag interacts with
Vif proteins, independently of its oligomerization state, and pro-
motes their redistribution at the plasma membrane. This interac-
tion is probably at the origin of Vif incorporation into nascent
virions.

Interaction of APOBEC3G with Vif affects its oligomeriza-
tion state in living cells. The A3G protein is a potent innate anti-
viral factor, and Vif has been shown to restrict its activity by in-
ducing its degradation through the proteasome, inhibiting its
translation and its incorporation into viral particles (for reviews,
see references 1 and 5). Most of these activities involve physical
interactions between Vif and A3G, and interacting motifs have
been previously defined, mostly in the N terminus of each protein
(66), but discrete motifs in the C terminus of Vif, such as the PPLP
motif, have also been shown to bind A3G (40, 57). To investigate
whether the binding of A3G to Vif affects its oligomerization, we
transfected HeLa cells with the eGFP- and mCherry-Vif con-
structs together with an A3G expression vector and analyzed the
eGFP-Vif lifetime 24 h posttransfection (Fig. 9). A3G constructs
were previously checked for their correct expression and behavior
in HeLa cells (Fig. 2A). The results were compared to those ob-
tained with cells expressing an A3G D128K mutant that has been

FIG 7 FCS analysis of eGFP-Vif WT and AALA mutant. (A) Brightness dis-
tribution of free eGFP (black circles), Vpr-eGFP (red triangles), eGFP-Vif WT
(green squares), and eGFP-Vif AALA (yellow diamonds). The FCS measure-
ments were performed 24 h posttransfection in HeLa cells with 0.5 �g of the
appropriate expression vector. Distributions were calculated according to flu-
orescence fluctuations (FCS) calculated from 100 autocorrelation curves indi-
vidually fitted with the appropriate model (see Materials and Methods). (B)
Table with the brightness median for each condition, together with the values
at the two quartiles.
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shown to be defective in Vif interaction (67–69). As expected, A3G
D128K protein is insensitive to Vif-induced proteasomal degra-
dation (Fig. 2A, right panel, and B). It also does not interact with
our eGFP-Vif and mCherry-Vif constructs (Fig. 3C, lanes 3 and 6)
nor does it significantly impair the coimmunoprecipitation of
eGFP-Vif with HA-Vif (Fig. 3B, lane 7), contrary to the wild-type
A3G, which interacts with eGFP- and mCherry-Vif proteins

(Fig. 3C, lanes 2 and 5) and leads to a 2-fold reduction (0.47) of Vif
multimerization (Fig. 3B, lane 6). Next, as a negative control, A3G
was transfected with eGFP-Vif in presence or absence of the
mCherry fluorophore. In this case, no difference was observed,
with an average fluorescence lifetime of 2.49 � 0.02 ns (Table 1).
However, in the presence of wild-type A3G, the FRET efficiency
between eGFP-Vif and mCherry-Vif dropped from 12.2% to 5.7%

FIG 8 FLIM analyses of Vif proteins in the presence of Pr55Gag protein. (A) Confocal microscopy showing the localization of Vif fusion proteins coexpressed with
Pr55Gag in HeLa cells. (B) eGFP fluorescence intensity (greyscale) and eGFP lifetime (arbitrary color scale) are indicated. (C) Lifetime distribution of all analyzed
cells. The horizontal black bars indicate mean values. Controls in the absence of acceptor are depicted in green, the Vif WT in blue, and the Vif AALA mutant in
red. (D) Box plots depicting the FRET efficiency distributions. The mean FRET efficiency is represented by the white diamonds. Whiskers (vertical dotted lines)
represent the interval containing 95% of the FRET efficiencies.
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(Fig. 9B and Table 1). In contrast, the fluorescence lifetime of
eGFP-Vif in the presence of A3G D128K was similar to that ob-
served in the absence of A3G (2.26 � 0.13 ns) (Table 1), corre-
sponding to a transfer efficiency of 10.4% (Fig. 9B). These results
clearly indicate that the binding of A3G affects the capacity of Vif
to oligomerize.

Next, we tested whether another PPLP-binding protein could
also compete and perturb Vif oligomerization. To this aim, we
tested the cellular Hck kinase as it has previously been shown to
interact, through its SH3 domain, with a large domain containing

the PPLP motif of Vif (51). In a first set of experiments, we trans-
fected HeLa cells with unlabeled or eGFP-Vif proteins together
with A3G in the presence or absence of Hck and analyzed A3G
degradation (Fig. 2C). Western blot analyses showed that Hck
altered neither A3G and Vif (untagged and eGFP-tagged) expres-
sion (Fig. 2C, left panel) nor A3G degradation (Fig. 2C, right
panel). The relative expression of A3G was in the same order of
magnitude as that observed in Fig. 2A, suggesting that Hck did not
influence A3G degradation. Next, we investigated whether the
binding of Hck to Vif affects its oligomerization. We transfected

TABLE 2 Average lifetimes and FRET efficiencies of eGFP-Vif proteins in the presence of Gaga

Transfection(s)

Cytoplasm Membrane

Avg lifetime, ns
(95% CI)

No. of
cells

FRET efficiency, %
(95% CI)

Avg lifetime, ns
(95% CI)

No. of
cells

FRET efficiency, %
(95% CI)

eGFP-Vif 2.51 (2.49–2.52) 69 2.47 (2.46–2.48) 64
eGFP-Vif � mCherry 2.48 (2.47–2.49) 36 0.8 (�3.7–6.4) 2.47 (2.46–2.48) 36 0.0 (�5.1–5.2)
eGFP-Vif � mCherry-Vif 2.25 (2.22–2.28) 75 10.7 (2.7–21.5) 2.14 (2.12–2.17) 72 13.4 (3.9–23.2)
eGFP-Vif AALA � mCherry-Vif AALA 2.42 (2.39–2.44) 76 4.2 (�3.4–11.7) 2.31 (2.29–2.34) 73 6.1 (�2.1–13.0)
eGFP-Vif � mCherry � A3G 2.53 (2.52–2.54) 36 �0.3 (�4.8–4.1) 2.49 (2.5–2.53) 36 �0.7 (�6.1–5.3)
eGFP-Vif � mCherry-Vif � A3G 2.36 (2.33–2.38) 52 6.5 (�0.2–13.1) 2.23 (2.21–2.26) 52 9.7 (1.3–18.6)
eGFP-Vif � mCherry-Vif � A3G D128K 2.30 (2.27–2.33) 43 8.8 (0.8–16.7) 2.18 (2.16–2.20) 42 11.8 (4.8–19.4)
eGFP-Vif AALA � mCherry-Vif AALA � A3G 2.39 (2.37–2.40) 38 5.5 (0.5–10.3) 2.30 (2.28–2.32) 37 7.0 (0.8–13.7)
a Results in boldface represent the highest FRET efficiencies.

FIG 9 FLIM analyses of Vif in the presence of A3G protein. (A) eGFP fluorescence intensity (greyscale) and eGFP lifetime (arbitrary color scale) are indicated.
(B) Box plots depicting the FRET efficiency distributions in the absence (white diamonds) or presence (black dots) of Pr55Gag. Whiskers (vertical dotted lines)
represent the interval containing 95% of the FRET efficiencies. P values for the different assays are indicated. **, 0.01.

Batisse et al.

6502 jvi.asm.org Journal of Virology

http://jvi.asm.org


HeLa cells with the eGFP-Vif and mCherry-Vif constructs to-
gether with Hck and analyzed the eGFP-Vif lifetime 24 h post-
transfection (Table 1 and Fig. 6C and D). We observed an inter-
mediate but reproducible decrease of the FRET efficiency in the
presence of Hck (7.6% versus 5.7% in the presence of A3G and
12.2% for Vif alone), suggesting that Hck, like A3G, is able to
reduce multimerization of Vif in cells.

Finally, in order to establish a relationship between the binding
of A3G to Pr55Gag and its interaction with Vif, the same FRET and
FLIM approach was repeated in the presence of unlabeled Pr55Gag

(Fig. 9A, right panel). As previously observed (Fig. 8C and D and
Table 2), the oligomerization of Vif was not affected by the pres-
ence of Pr55Gag, with a transfer efficiency of 10.7% (versus 12.2%
without Pr55Gag) (Fig. 8B and Table 2). When wild-type A3G was
added, a decrease of FRET efficiency was observed (6.5%), similar
to the one obtained without Pr55Gag (5.7%) (Fig. 9B and Table 2).
When mutant A3G D128K was used, the transfer efficiency was
not significantly affected (8.8% versus 10.4% in the absence of
Pr55Gag), confirming the absence of interaction with Vif oligom-
ers (Fig. 9B). Concerning the Vif AALA mutant, we did not ob-
serve any effect of A3G on the FRET efficiency in the absence
(5.1%) or in the presence (5.5%) of Pr55Gag. In the presence of
Pr55Gag, FRET efficiency was also measured at the cell membrane
(Table 2). The values obtained in this case were always higher than
the ones determined in the cytoplasm and may reflect structural
constraints of Vif at this site due to its relocation by Pr55Gag. Al-
together, these results show that A3G strongly affects the oli-
gomerization of Vif, at a level very similar to that of a mutation in
the PPLP motif of Vif, and this effect is not dependent on the
presence of Pr55Gag.

DISCUSSION

Most HIV-1 proteins have been shown to form dimers or multi-
mers in vitro and in cellulo, and this characteristic is crucial for
their function. Concerning Vif, the oligomerization sequence has
been mapped between residues 151 and 164 in the C-terminal
domain and more specifically to the 161PPLP164 motif (37, 38, 45).
The PPLP motif was found to be required for the assembly of an
active E3 ubiquitin ligase complex (43, 44), and mutation of this
sequence or the use of antagonist peptides has been shown to
result in an important loss of viral infectivity (57), one of the
reasons being an increased incorporation of A3G into viral parti-
cles as a consequence of the inhibition of its degradation (37, 40,
41, 57).

In this study, we used fluorescence confocal microscopy, two-
photon FCS, and FLIM approaches to compare the oligomeriza-
tion properties of wild-type protein and a mutant Vif protein with
a substitution in its multimerization motif. Although previous
studies have documented the oligomerization status of Vif in vitro
(36, 37, 44, 45) and in cell culture by coimmunoprecipitation
(co-IP) and a mammalian two-hybrid system (37), to our knowl-
edge, the present study constitutes the first report in which Vif
oligomerization is directly visualized in living cells and a relation-
ship to its Pr55Gag and A3G binding is established. To this end, we
generated wild-type and Vif AALA mutant proteins tagged at their
N termini with two FRET-compatible fluorophores, eGFP and
mCherry (Fig. 1). To gain insight into the oligomerization status
of these chimeric Vif proteins, we performed immunoprecipita-
tion and showed that eGFP-Vif is able to copurify with an HA-Vif
protein (Fig. 3B) and that an A3G mutant (D128K) that does not

interact with Vif does not perturb this interaction (Fig. 3C). This
interaction was further validated by FLIM-based FRET analyses
(Fig. 6), where we observed an energy transfer of 12.2% between
eGFP- and mCherry-tagged Vif proteins. Interestingly, the FRET
efficiency was reduced to 6.6% when the PPLP motif of one or of
the two tagged Vif proteins was mutated, confirming the implica-
tion of the PPLP sequence in the oligomerization of Vif in living
cells. This result suggests that even if oligomerization is consider-
ably diminished (2-fold), it is not completely abolished and that
regions outside the PPLP domain are also involved in protein-
protein association. This interpretation would be consistent with
previous studies using purified Vif protein (45); however, it has to
be taken with caution as the residual FRET efficiency is rather
close to the significance limit (62). On one hand, a very recent
study also pointed out the involvement of domains such as the
HCCH motif, the BC box, and downstream residues (S165 and
V166) in the oligomerization property of Vif (58). This could
explain the interaction observed by co-IP between the eGFP-Vif
AALA mutant and wild-type HA-Vif (Fig. 3B). On the other hand,
FCS indicated that Vif AALA proteins behaved as a single popu-
lation of monomeric molecules (Fig. 7), reinforcing the observa-
tions that the PPLP motif is one of the key domains involved in
oligomerization. The origin of the discrepancy between FLIM and
FCS techniques regarding a potential residual oligomerization of
Vif AALA is still unclear. However, FCS experiments showed that
wild-type Vif could form at least two populations of particles in
the cell, a main population consisting of monomers and a second
one composed of a larger number of molecules (Fig. 7). The fact
that only 30% of the Vif population is multimeric may explain the
lower FRET efficiency measured in comparison to Vpr (46). The
heterogeneity of Vif oligomers is in agreement with biochemical
data showing that the oligomerization state of Vif could vary from
1 to 9 (36, 45).

Although Vif protein oligomerizes in vitro (36, 37, 45) and in
cells (37; this study), the functional role of Vif oligomerization
remains elusive. Indeed, the coexpression of eGFP- and mCherry-
Vif proteins with unlabeled Pr55Gag clearly showed that Pr55Gag

redistributes the fluorescently tagged Vif proteins to the cell mem-
brane (Fig. 8A). Moreover, Vif oligomerization still occurred at
this site, as indicated by the high FRET efficiency (13.4%) (Fig. 8B
and Table 2). It is likely that Vif follows the intracellular trafficking
of Pr55Gag, as its recruitment by Pr55Gag was found to be indepen-
dent of the anchoring of Pr55Gag to the plasma membrane (70),
emphasizing that Pr55Gag-mediated packaging of cofactors is not
the result of a simple colocalization at the plasma membrane, but
probably takes place at the site of their synthesis. Moreover, the
fact that Vif was not observed at the plasma membrane in the
absence of Pr55Gag indicates that the C terminus of Vif (residues
171 to 192) is not a specific domain required for its targeting to the
plasma membrane through electrostatic interactions (71). We
showed that the redistribution of Vif to the plasma membrane is
independent of its multimerization state since the Vif AALA mu-
tant was also relocated at the membrane in the presence of Pr55Gag

(Fig. 8B). Thus, even if the oligomerization domain is adjacent to
and overlaps the putative Pr55Gag binding site (through the NC
domain), located around residues 157 to 179 (64), its mutation
does not seem to perturb its binding to Pr55Gag. This suggests that
other motifs in Vif may interact with Pr55Gag protein.

Besides its interaction with Pr55Gag, it has been shown that the
PPLP motif of Vif is necessary for binding to A3G (40, 57) and
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could influence the binding to proteins containing an SH3 do-
main, such as Hck (51). Interestingly, we found that A3G signifi-
cantly impaired Vif multimerization (Fig. 9). In contrast, an A3G
mutant (A3G D128K) that does not interact with Vif (Fig. 3C)
(67–69) has no effect, indicating that the inhibition of Vif multi-
merization by wild-type A3G is likely a consequence of the direct
interaction between these two proteins. Altogether, these results
demonstrate that the binding of A3G to the N terminus and/or the
PPLP motif of Vif affects the capacity of Vif to form oligomers. As
previously mentioned, this could be explained by the partial over-
lap of the A3G binding site and the PPLP motif of Vif (40, 41, 57).
Indeed, the Hck kinase significantly reduced the oligomerization
of Vif (Fig. 6D), strengthening the fact that the PPLP motif is
crucial for Vif multimerization. These data corroborate size exclu-
sion chromatography studies in which the addition of cullin 5 to
Vif results in the formation of monomeric complexes due the
occlusion of the PPLP dimerization site (44). However, as previ-
ously proposed by Walker et al. (57), it could be that substitution
of the PPLP motif instead imposes conformational constraints,
thus preventing proper folding of Vif and thereby indirectly pre-
cluding A3G interaction. This hypothesis is unlikely, as we showed
by circular dichroism that the PPLP-to-AALA substitution does
not perturb the overall conformation of the protein (45). Conse-
quently, the oligomerization of Vif may be functionally relevant
not only to allow its correct conformation but also to interact with
A3G and induce its degradation. Indeed, the Vif AALA mutant
does not interact with A3G anymore and is defective in inducing
its degradation (40, 57) (Fig. 2); this is likely to result in a higher
capacity for A3G to be incorporated into viral particles (40).

Although it is known that Vif and A3G interact with the same
domain of Pr55Gag (70, 72–76), their relationship relative to Vif
multimerization has never been investigated. Here, we found that
in the presence of Pr55Gag, A3G preserves its ability to affect the
multimerization of Vif (Fig. 9B), suggesting that Pr55Gag and A3G
interact with different domains of Vif. However, this result may
reflect a direct competition between A3G and Vif and explain how
Vif might prevent the packaging of A3G into viral particles inde-
pendently of A3G degradation (77), in addition to a competitive
process resulting from the binding of Vif and A3G to a common
packaging signal on the viral genomic RNA (29, 32, 78, 79).

In conclusion, we used fluorescent approaches to show for the
first time that Vif oligomerizes in living cells. Our results con-
firmed the importance of the PPLP motif in Vif oligomerization,
and this property most probably facilitates A3G binding and deg-
radation. Moreover, A3G was able to impair the multimerization
of Vif, at a level similar to that of a mutant (Vif AALA) disrupting
Vif oligomerization. Finally, Pr55Gag relocated Vif oligomers to
the plasma membrane without preventing A3G from impairing
Vif oligomerization. Altogether, our results suggest that disrup-
tion of the Vif oligomer interface may affect the overall Vif/A3G
complexes (and their interactions), thus likely promoting an in-
crease in A3G packaging and reduced viral infectivity. Further
studies will be required to understand how A3G or other binding
partners affect the oligomerization state of Vif. Validation of these
conclusions awaits the determination of the tridimensional struc-
tures of Vif and Vif/A3G complexes.
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