
JOURNAL OF VIROLOGY, Jan. 2009, p. 1093–1104 Vol. 83, No. 2
0022-538X/09/$08.00�0 doi:10.1128/JVI.01633-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Human Immunodeficiency Virus Type 1 Nef Incorporation into
Virions Does Not Increase Infectivity�

Nadine Laguette,1,2 Serge Benichou,1,2* and Stéphane Basmaciogullari1,2*
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The viral protein Nef contributes to the optimal infectivity of human and simian immunodeficiency viruses.
The requirement for Nef during viral biogenesis particles suggests that Nef might play a role in this process.
Alternatively, because Nef is incorporated into viruses, it might play a role when progeny virions reach target
cells. We challenged these hypotheses by manipulating the amounts of Nef incorporated in viruses while
keeping its expression level constant in producer cells. This was achieved by forcing the incorporation of Nef
into viral particles by fusing a Vpr sequence to the C-terminal end of Nef. A cleavage site for the viral protease
was introduced between Nef and Vpr to allow the release of Nef fragments from the fusion protein during virus
maturation. We show that the resulting Nef-CS-Vpr fusion partially retains the ability of Nef to downregulate
cell surface CD4 and that high amounts of Nef-CS-Vpr are incorporated into viral particles compared with
what is seen for wild-type Nef. The fusion protein is processed during virion maturation and releases Nef
fragments similar to those found in viruses produced in the presence of wild-type Nef. Unlike viruses produced
in the presence of wild-type Nef, viruses produced in the presence of Nef-CS-Vpr do not have an increase in
infectivity and are as poorly infectious as viruses produced in the absence of Nef. These findings demonstrate
that the presence of Nef in viral particles is not sufficient to increase human immunodeficiency virus type 1
infectivity and suggest that Nef plays a role during the biogenesis of viral particles.

In addition to the structural proteins common to all retro-
viruses, the genome of primate lentiviruses encode auxiliary
proteins that regulate viral fitness in hosts. Among these pro-
teins, Nef has proven to play a major role in the progression of
infections with simian (SIV) and human (HIV) immunodefi-
ciency viruses toward AIDS in primates (18, 28, 39, 40, 46, 47,
71). Single-round infection assays based on cell-free recombi-
nant viruses also revealed that wild-type (WT) HIV type 1
(HIV-1) and SIV are more infectious than mutants lacking Nef
expression (�nef viruses) (4, 9, 37). The infectivity of �nef
viruses can be rescued by providing Nef in trans in virus-
producing cells but not in target cells (4). This Nef-dependent
increase of infectivity observed in vitro might explain the high
pathogenicity of WT HIV and SIV in vivo compared with their
�nef counterparts.

Little is known about the mechanisms underlying the gain of
infectivity conferred by Nef to HIV-1. One of the best-charac-
terized functions of Nef concerns its ability to affect the traf-
ficking of proteins expressed at the cell surface. Nef was ini-
tially shown to downregulate the cell surface expression levels
of proteins such as CD4 and a subset of major histocompati-
bility complex class I molecules (22, 38, 76), but additional
studies revealed that the expression of HIV but also SIV Nef
promotes the downregulation of other cell surface proteins,
such as mature major histocompatibility complex class II mol-
ecules, CD28, CD8, CXCR4, and CCR5, and the transferrin
receptor (43, 55, 58, 59, 83, 84, 87; for a review, see reference

48). The Nef-dependent downregulation of CD4 in virus-pro-
ducing cells was shown to favor efficient HIV-1 envelope gly-
coprotein incorporation into virions by preventing the forma-
tion of CD4/gp120 complexes at the cell surface (6, 26, 73). An
effect of Nef on T-cell activation leading to optimal conditions
for HIV-1 and SIV replication was also suggested (75, 81, 92);
however, it has been shown that Nef-dependent T-cell protein
kinase activation and infectivity increase are two independent
properties of Nef (52, 74). The fact that infectivity enhance-
ment can be seen when viruses are produced in non-T cells,
such as 293T, HeLa, or COS-7 cells, which do not express CD4,
further suggests that mechanisms other than CD4 downregu-
lation contribute to the Nef-dependent increase of viral infec-
tivity.

The route of viral entry was proposed to dictate the Nef
dependence for optimal infectivity. Indeed, Nef increases the
infectivity of HIV-1-based recombinant viruses pseudotyped
with envelope glycoproteins from HIV-1 or amphotropic mu-
rine leukemia virus that promote membrane fusion and entry
at the cell surface. On the contrary, Nef does not increase the
infectivity of viruses pseudotyped with the G protein of the
vesicular stomatitis virus (VSV-G) for which fusion and entry
take place after endocytosis upon the acidification of endocytic
vesicles (4, 5, 19, 53, 60). A specific role for Nef in HIV-1
entry into target cells at the fusion step has been suggested
(72), but other studies reported that similar amounts of viral
cores are released in target cells upon membrane fusion,
regardless of the presence of Nef during the assembly of
viral particles (16, 60, 86). Given that the Nef dependence
for optimal infectivity of viral particles is relieved when
target cells are treated with drugs that disrupt the cytoskel-
eton, it has been suggested that Nef might facilitate postfu-
sion events such as the trafficking of viral cores through the
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cortical actin network (15), although this hypothesis has
been recently challenged (65).

The incorporation of cellular proteins and accessory viral
proteins into virions can have a positive or negative impact on
HIV infectivity. ICAM-1 (intracellular adhesion molecule 1)
expressed at the surface of virion-producing cells was shown to
be incorporated into the viral membrane and to increase in-
fectivity of progeny virions by facilitating HIV-1 attachment to
target cells (10, 34, 70). On the contrary, the Vif-dependent
increase of HIV-1 infectivity relies on the specific exclusion of
APOBEC3G (the cellular apolipoprotein B mRNA-editing en-
zyme, catalytic polypeptide-like 3G) from virions during as-
sembly (56, 79, 80; for a review, see reference 21). HIV and
SIV Vpr proteins are incorporated into virions through an
interaction with the p6 domain of the Gag precursor during
assembly (1, 49, 50, 64, 78). Although Vpr is dispensable for
optimal infection of dividing cells, the association of Vpr with
viral cores of incoming virions and with the preintegration
complex was shown to play an important role in facilitating the
infection of macrophages (25, 42, 66, 67, 88).

Like the HIV and SIV Vpr accessory protein, Nef is incor-
porated into HIV and SIV virions (13, 33, 51, 89). The analysis
of WT and �nef viruses failed to identify significant differences
in the protein content of virions other than the presence of Nef
itself in WT viruses. This suggested that Nef molecules asso-
ciated with the cores of incoming viruses might increase the
efficiency of postentry events, resulting in an overall increase of
viral infectivity. In support of this hypothesis, Nef was shown to
increase the retrotranscription and expression of the inte-
grated viral genome (4, 77, 92). However, since the infectivity
of �nef viruses cannot be rescued by providing Nef in target
cells (4), the increase of infectivity might also rely on a Nef-
dependent mechanism that takes place during viral biogenesis.

Here, we tried to determine whether the CD4-independent
effect of Nef on HIV-1 infectivity depends on a specific func-
tion of Nef molecules incorporated into viral particles or on a
function of Nef during the assembly of the virus. To this aim,
we manipulated the proportionality between the amounts of
Nef expressed during the assembly of the virus and the
amounts of Nef incorporated into viral particles. Our results
show that the presence of intact Nef in viral particles is not
sufficient to increase HIV-1 infectivity.

MATERIALS AND METHODS

Cell culture. 293T and HeLa cells were obtained through the ATCC and
grown in complete medium (Dulbecco’s minimal essential medium supple-
mented with 10% fetal calf serum [FCS], 100 IU of penicillin/ml, and 100 �g of
streptomycin/ml [Invitrogen, Cergy-Pontoise, France]). HeLa CD4 cells were
obtained through the AIDS Research and Reference Reagents Program, Divi-
sion of AIDS, NIAID, NIH, and grown in complete medium supplemented with
G418, 0.2 mg/ml (PAA, Austria). All cells were grown at 37°C with 5% CO2.

Plasmids. The construct encoding hemagglutinin (HA)-tagged HIV-1 VprLAI

and green fluorescent protein-tagged Nef (Nef-GFP) were described elsewhere
(29, 55). The pSR�NefLAI plasmids encoding HA-tagged WT HIV-1 NefLAI and
the LL165/AA mutant were a kind gift from H. Gottlinger (University of Mas-
sachusetts Medical School, Worcester, MA). The Nef Xho construct used in
mock transfections was generated by digesting pSR�NefLAI with XhoI, followed
by 3� end filling and blunt-end ligation as described elsewhere (30). The Nef-Vpr
fusion was generated by standard overlapping PCR techniques. Briefly, the DNA
sequences of NefLAI and VprLAI were amplified separately with specific primers
containing appropriate sequences to allow 3�-to-5�-end annealing of the two
PCR products in a second PCR and the generation of a Nef-Vpr fragment. The
primers were also designed to allow the addition of three glycine residues be-

tween Nef and Vpr, the HA tag at the C-terminal end of Vpr, and a BamHI
restriction site 3� to the sequence of the HA tag. The final fragment was digested
with XhoI and BamHI and subcloned into the pSR�NefLAI plasmid digested
with the same restriction enzymes. Nef-M-Vpr and Nef-CS-Vpr were generated
using the same strategy and appropriate primers to allow the addition of the HA
tag between Nef and Vpr. A glycine stretch or the ERQANFLGKI sequence
corresponding to the NC-p1 junction in the Gag polyprotein was inserted be-
tween the sequence of the HA tag and that of Vpr to generate Nef-M-Vpr and
Nef-CS-Vpr, respectively. The amino acids are numbered according to the se-
quence of HIV-1 NefLAI.

Viral production. Single-round-infection HIV-1 virions carrying the GFP gene
were made in 293T cells as follows. 293T cells were seeded in T75 flasks at a
density of �2.5 � 106 cells/T75 flask and transfected after 16 h by the calcium
phosphate precipitation technique with a DNA mix containing the HIV-1-pack-
aging plasmid (pCMV�P1�envpA), the HIV-1 vector encoding GFP
(pHIvec2.GFP), the plasmids encoding the HIV-1 envelope glycoprotein HXBc2
(pSVIIIenv), and pSR�NefLAI at concentrations of 3, 3, 1, and 1 �g/T75 flask,
respectively. In the case where viruses were pseudotyped with VSV-G glycopro-
tein, the pHCMV-G plasmid and a Rev-encoding plasmid (each at 1 �g/T75
flask) were used instead of pSVIIIenv HXBc2. The amounts of plasmids encod-
ing HA-tagged Vpr and Nef-Vpr constructs were adjusted to achieve expression
levels similar to that of WT Nef in producing cells. Elsewhere (see Fig. 5 below),
1 �g of the construct encoding Nef-GFP was used. Cells were washed 6 and 24 h
posttransfection and then cultured in 10 ml of complete medium for 24 h, after
which the supernatant was collected, spun to remove cell debris, filtered through
a 0.45-�m-pore-size filter, and either ultracentrifuged to pellet viruses or stored
at �80°C until use in infectivity experiments.

Ultracentrifugation. Whole-virus pelleting was performed as follows. Super-
natants obtained from 2.5 T75 flasks (25 ml/sample) were layered on 4 ml of
phosphate-buffered saline (PBS) supplemented with 20% (wt/vol) sucrose in
centrifuge tubes (Beckman Instruments, Inc., California). Samples were placed
in swinging buckets on a Surespin 630 rotor and centrifuged at 4°C for 1.5 h at
27,000 rpm in a Sorvall centrifuge. Viral cores were pelleted as described pre-
viously with minor modifications (2). Briefly, supernatants (25 ml/sample) were
centrifuged through a sucrose step gradient composed of 1.5 ml of PBS-sucrose
7.5%, 3.5 ml of PBS-sucrose 15%, and 3.5 ml of PBS-sucrose 30%. Igepal
CA-630 (Sigma-Aldrich, Inc., MO) was added to the 15% sucrose fraction
(0.03%) to allow shedding of the viral membrane. Tubes were centrifuged as
described above. Pelleted material was resuspended in 80 �l of Laemmli sample
buffer containing 5% of 2-mercaptoethanol (Sigma-Aldrich). The p24 contents
of viral particles were analyzed by resolving 2 �l of the samples by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The incorpo-
ration of Nef, Vpr, and fusion protein into viral particles was analyzed by loading
20 �l of the samples on the gels.

Electrophoresis and Western blot analysis. Virus-producing cells were solu-
bilized and protein quantification was performed as described elsewhere (7),
except that Igepal CA-630 was used instead of 3-[(-cholamidopropyl)dimethyl-
ammonio]-2-hydroxyl-1-propanesulfonic acid (CHAPS) in the lysis buffer.
Cleared lysates containing �20 �g of total proteins were resolved by SDS-PAGE
with 12% acrylamide (Sigma-Aldrich) to analyze the expression levels of the
molecular species described in the figure legends. Proteins were then visualized
by Western blotting followed by immunodetection with the following reagents.
Rabbit polyclonal antibodies directed against HIV-1 p24 and p17 were obtained
through the AIDS Research and Reference Reagents Program, Division of
AIDS, NIAID, NIH and used at dilutions of 1:10,000 and 1:1,000, respectively.
The rat polyclonal antibody directed against the HA tag (clone 3-F10; Roche
Diagnostics GmbH, Germany) was used at a 1:500 dilution. GFP was detected
with the rabbit polyclonal antibody (sc-8334; Santa Cruz Biotechnology, Inc.,
California) used at a 1:500 dilution. Secondary reagents were peroxidase-coupled
goat antibodies directed against mouse or rat immunoglobulin G and used at a
1:2,000 dilution (Sigma-Aldrich).

Infectivity assay. Virus concentration in cell culture supernatant was measured
by reverse transcriptase (RT) assay as described elsewhere (69). HeLa CD4 cells
were seeded in 24-well plates at a density of 30,000 cells/well. After an overnight
incubation, viruses were added to the cells. The same RT counts were used for
all the viruses used in the same experiment and varied from 200,000 to 400,000
RT cpm/ml between different experiments depending on the viral production.
Sixteen hours postinfection, cells were washed once and cultured for 48 h. Cells
were then harvested with trypsin (Invitrogen), fixed in 500 �l of PBS supple-
mented with formaldehyde at 3.7% (Sigma-Aldrich), and analyzed on a Cytomix
FC500 cytometer (Beckman-Coulter, California). The percentage of GFP-posi-
tive cells was determined by analyzing the data with the RXP analysis software.
Depending on the viral input, Nef-negative viruses infected between 5 and 10%
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of cells. Viral infectivity was calculated by normalizing the percentage of GFP-
positive cells of each sample to that obtained in cells infected with viruses
produced in the absence of Nef.

CD4 downregulation. CD4 downregulation was analyzed in 293T cells coex-
pressing CD4 and various forms of Nef. 293T cells were seeded in T75 flasks at
a density of �2.5 � 106 cells/T75 and transfected after 16 h by the calcium
phosphate precipitation technique with a DNA mix containing a GFP-coding
plasmid, plasmids coding WT CD4 or CD4 �CT, and the different Nef constructs
at concentrations of 2, 4, and 7 �g/T75 flask, respectively. Cells were washed 6
hours posttransfection and harvested after an additional 36-h incubation time.
Cells were detached with PBS and incubated in PBS supplemented with FCS at
2% (PBS-FCS). Cells (�1 � 106) were pelleted and incubated for 45 min on ice
with 20 �l of a 1:2 dilution of the phycoerythrin-Cy5-coupled anti-CD4 antibody
(BD Biosciences, Belgium) in PBS-FCS. Cells were then washed twice in PBS-
FCS and once in PBS, fixed in 500 �l of PBS supplemented with formaldehyde
at 3.7%, and analyzed on a Cytomix FC500 cytometer. Data were analyzed with
the RXP analysis software. The efficiency of CD4 downregulation was calculated
for each construct as follows: (pCD4�CT construct/pCD4�CT Nef Xho) �
(pCD4WT construct/pCD4WT Nef Xho), where p represents the percentage of
cells coexpressing the indicated form of CD4 and Nef in the CD4high gate. The
number obtained was normalized to that obtained in the presence of WT Nef and
expressed as a percentage.

Immunofluorescence. HeLa cells were seeded in 24-well plates on coverslips at
a density of �125,000 cells/well and transfected after 16 h by Lipofectamine 2000
(Invitrogen) with the indicated constructs at a concentration of 0.25 �g/well.
Cells were washed 6 h posttransfection, and coverslips were processed after a
24-h incubation time. Cells were washed twice in PBS and fixed for 30 min at 4°C
in PBS supplemented with paraformaldehyde at 4% (Sigma-Aldrich). The reac-
tion was quenched for 10 min at room temperature with PBS supplemented with
50 mM NH4Cl, and the mixture was washed twice in PBS supplemented with
bovine serum albumin (BSA) at 0.1% (Sigma-Aldrich). Coverslips were then
incubated with PBS-BSA supplemented with Triton X-100 at 0.1% (Sigma-
Aldrich) and the anti-HA 3F10 antibody at a 1:250 dilution. Cells were incubated
45 min on ice, washed twice in PBS-BSA, and incubated 45 min on ice in
PBS-BSA supplemented with Alexa488-coupled goat antibodies directed against
rat immunoglobulin G (Invitrogen) at a 1:250 dilution. Coverslips were then
washed twice in PBS-BSA and once in PBS and inverted on glass slides in
mounting medium containing 4�,6�-diamidino-2-phenylindole (DAPI) (Slow-
Fade; Invitrogen). Samples were examined under an epifluorescence microscope
(Zeiss) with a cooled charge-coupled device camera (Micromax; Roper Scien-
tific, Evry, France) by use of a plan apochromatic 100� objective coupled to a
piezo positioning system allowing the acquisition of images in the z plane. The
acquisition of images and the deconvolution of z stacks were done with Meta-
Morph (Universal Imaging, Downingtown, PA).

RESULTS

Viral infectivity correlates with cellular and viral levels of
Nef. In order to determine whether HIV-1 infectivity enhance-
ment requires the presence of Nef in virion-producing cells or
in the virus, we analyzed the correlation between the cellular
amounts of Nef, the amounts of Nef incorporated into viral
particles, and viral infectivity. 293T cells were cotransfected
with a fixed amount of plasmids required for the production of
infectious viral particles and increasing amounts of a plasmid
encoding WT Nef fused to the HA tag at its C-terminal end
(Fig. 1). As shown in Fig. 2A, left, this resulted in increasing
amounts of Nef expressed in virus-producing cells (bottom)
without affecting the expression of the Gag polyprotein (top).
The presence of Nef in virions pelleted from the cell culture
supernatant was analyzed (Fig. 2A, right). The expression of
increasing amounts of Nef in virus-producing cells did not
affect the amount of viral particles released (Fig. 2A, right,
top); however, it resulted in the cosedimentation of increasing
amounts of Nef with virions (bottom). The presence of several
additional anti-HA reactive molecular species migrating faster
than Nef in the pelleted material reflects the processing of Nef
by the viral protease (13) and confirms the presence of Nef in

virions (Fig. 2B). The 18-kDa band likely derives from the
processing of Nef at the WL58 motif previously identified,
while the 13-kDa band corresponds to the cleavage of Nef in its
C-terminal domain (35, 36). This fragment has been previously
described (61), but the exact cleavage site has not been char-
acterized yet. A minor band with an apparent molecular mass
of 17 kDa was also detected, suggesting the presence of an
additional cleavage site C terminal to the WL58 motif. We then
analyzed the infectivity of viruses produced in the absence or in
the presence of increasing amounts of Nef. As shown in Fig.
2C, Nef enhanced HIV-1 infectivity up to fivefold. Moreover,
viral infectivity was strictly correlated to the amount of Nef
expressed in the cells and incorporated into virions. From this
correlation, one cannot conclude whether the increase of
HIV-1 infectivity requires the presence of Nef in producer cells
or in virions, and the necessity for uncoupling cellular and viral
levels of Nef is also highlighted.

A Nef-Vpr fusion protein is efficiently incorporated into
HIV-1 particles. In order to uncouple the concentrations of
Nef in producer cells and in virions, we generated a construct
encoding a fusion between Nef and Vpr. Previous work showed

FIG. 1. Nef-based constructs used in this study. The various do-
mains of the chimeric proteins are illustrated. Except for Nef-GFP, all
constructs are HA tagged to facilitate the immunodetection in West-
ern blotting experiments. The HA tag was added to the C-terminal
ends of the proteins in order to preserve the myristoylation site of Nef.
In the case of Nef-CS-Vpr, an HIV-1 protease recognition motif cor-
responding to the NC-p1 junction in the Gag-Pol precursor was in-
serted between Nef and Vpr. The HA tag was moved between Nef and
this motif in order to visualize Nef fragments generated from the
cleavage of the fusion protein in the virus. A similar construct was also
generated that contains a glycine stretch in place of the protease
recognition motif. Because the processing of Nef-CS-Vpr is supposed
to release Nef fragments with the ERQAN sequence C terminal to the
HA tag, a Nef-ERQAN was also generated and analyzed in incorpo-
ration and infectivity experiments.
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that more Vpr than Nef molecules are incorporated into viri-
ons (62, 90), suggesting that a Nef-Vpr fusion would be more
efficiently incorporated into virions than WT Nef. In addition,
various proteins fused to Vpr were shown to be efficiently
incorporated into HIV-1 particles while retaining their original
properties (17, 32, 57, 93, 94). Since the myristoylation of Nef
is important for most of the functions of Nef investigated so far
(8, 82, 91), we decided to fuse Vpr to the C-terminal end of Nef
as depicted in Fig. 1.

Viruses were produced in 293T cells expressing Nef, Nef-
Vpr, or Vpr. Cell lysates and viruses were analyzed by Western
blotting as described for Fig. 2. Figure 3A, top, shows that the
presence of Nef, Nef-Vpr, or Vpr affected neither the expres-

FIG. 2. Expression of Nef during HIV-1 production: impact on
viral infectivity. GFP reporter viruses were produced in 293T cells in
the presence of increasing amounts of a Nef-coding plasmid (0.125 to
2 �g/T75 flasks). (A) Producer cells were solubilized (left) and viruses
were pelleted from the cell culture supernatant by ultracentrifugation
(right). Samples were resolved by SDS-PAGE and visualized by West-
ern blotting (WB) followed by immunodetection with p24 (top)- and
HA (bottom)-specific antibodies. (B) Molecular species derived from
the processing of Nef in mature viruses. The lane showing the incor-
poration of Nef into viral particles (panel A, lane 10) is shown next to
a schematic representation of Nef processed by HIV-1 protease. The
position of the processing sites (green arrows) was determined accord-
ing to published data and the measurement of the mobility of the
anti-HA reactive proteins in the gel. (C) Viral infectivity was assayed
with HeLa CD4 cells. HeLa CD4 cells were incubated with increasing
amounts of viruses (50 � 103 to 400 � 103 RT cpm/ml) produced in the
presence of the indicated amounts of Nef-coding plasmid, and the
percentages of GFP-positive cells were measured by fluorescence-
activated cell sorting 60 h postinfection.

FIG. 3. Characterization of viruses produced in the presence of
Nef, Nef-Vpr, and Vpr. 293T cells were cotransfected with Gag-Pol in
combination with either Nef, Nef-Vpr, or Vpr expression plasmids as
indicated, along with the plasmids required for the production of
infectious particles. (A) Cells and viruses were analyzed as described in
the Fig. 2A legend. (B) The processing of the Nef-Vpr fusion protein
(bottom) was analyzed as described in the Fig. 2B legend and com-
pared to that of WT Nef (top). Thick arrows indicate Nef-WT cleavage
sites; thin arrows indicate three additional sites where Nef-Vpr also
appears to be susceptible to the viral protease. (C) HXBc2 Env- or
VSV-G-pseudotyped viruses were produced in the absence or in the
presence of WT Nef or the Nef-Vpr fusion protein. Viral infectivity
was measured as described in the Fig. 2C legend and normalized to
that of viruses produced in the presence of Nef Xho.
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sion levels of Gag in producer cells (lanes 2, 4, and 6) nor the
release of viral particles in the supernatant (lanes 8, 10, and
12). Traces of Nef and Nef-Vpr but no Vpr was detected in the
material pelleted from the supernatant of cells that did not
express Gag-Pol (Fig. 3A, bottom, lanes 7 and 9). In the pres-
ence of Gag-Pol, however, significant amounts of Nef, Nef-
Vpr, and Vpr cosedimented with virions. The incorporation of
these proteins into viral particles was further confirmed by the
presence of cleaved forms of Nef and Nef-Vpr (Fig. 3A, bot-
tom, lanes 8 and 10). In agreement with published results (62,
90), higher amounts of Vpr than of Nef were found to be
incorporated into viral particles in spite of similar cellular
expression levels (Fig. 3A, bottom). Fusion of a Vpr sequence
to the C-terminal end of Nef increased the amounts of Nef
associated with viral particles (Fig. 3A, bottom, compare lanes
8 and 10). Analysis of the molecular species derived from the
Nef-Vpr fusion protein showed that the processing of Nef-Vpr
by HIV-1 protease resembles that of WT Nef (Fig. 3B, bot-
tom). The fragments with apparent molecular masses of 26, 24,
and 19 kDa probably reflect the cleavage of Nef-Vpr at sites
identified in Nef, but the fusion protein also appears to be
susceptible to the viral protease at three additional sites, gen-
erating 30-, 15-, and 13.5-kDa fragments.

We then compared the infectivities of viruses produced in
the presence of Nef or Nef-Vpr. Figure 3C shows that viruses
pseudotyped with the HIV-1 HXBc2 Env and produced in the
presence of Nef were fivefold as infectious as viruses produced
in the absence of Nef (Nef Xho). On the contrary, no increase
of infectivity was detected when viruses were produced in the
presence of Nef-Vpr. Consistent with previous results (5),
VSV-G-pseudotyped viruses were equally infectious regardless
of the presence of Nef. Of note is that the infectivity of VSV-
G-pseudotyped viruses produced in the presence of Nef-Vpr
was identical to that of viruses produced in the absence or in
the presence of Nef. This means that the lack of effect of
Nef-Vpr on the viral infectivity of HXBc2 Env-pseudotyped
viruses cannot be explained by a deleterious effect of Nef-Vpr
on the overall viral fitness.

Altogether, the results reported in Fig. 3 show that the
expression of the Nef-Vpr fusion protein in virus-producing
cells is not able to restore the infectivity of �nef viruses, even
if the fusion protein is efficiently incorporated and processed in
viral particles.

CD4 downregulation activity and subcellular localization of
Nef-Vpr. In order to gain insight into the functional differences
between Nef and Nef-Vpr, we analyzed the ability of Nef-Vpr
to downregulate cell surface CD4 in 293T cells. Figure 4A
shows that WT Nef was able to downregulate cell surface levels
of WT CD4 but had no effect on CD4�CT (compare dot plots
a and b to f and g). The quantification of CD4 downregulation
activity revealed that Nef-Vpr retained 40% of the activity of
WT Nef (Fig. 4B). As expected, Vpr and the well-characterized
Nef LL165/AA mutant that fails to downregulate CD4 (11, 23,
41) displayed similar residual activities in this assay. The sub-
cellular localization of these proteins was analyzed by immu-
nofluorescence microscopy. As shown in Fig. 4C, Vpr mostly
localized to the nucleus (top) and an evident Vpr staining was
detected around the nucleus in a DAPI-negative area (top,
insets), confirming the accumulation of Vpr at the nuclear
envelope (29, 88). The staining of Nef-expressing cells revealed

a punctated pattern in the cytoplasm and at the plasma mem-
brane (Fig. 4C, middle) compatible with endocytic vesicles and
clathrin-coated pits as previously described (14). As opposed
to Vpr, Nef was detected neither in the nucleus nor at the
nuclear envelope (Fig. 4C, middle, insets). The staining of cells
expressing Nef-Vpr revealed punctated structures in the cyto-
plasm and at the plasma membrane that were reminiscent of
Nef; however, Nef-Vpr was also detected in a perinuclear
region (Fig. 4C, bottom, insets) distinct from the nuclear en-
velope. These subtle differences in the localizations of Nef and
Nef-Vpr might explain why Nef-Vpr conserved a partial activ-
ity for CD4 downregulation but failed to increase viral infec-
tivity.

Vpr has a cis-inhibiting effect on the functions of Nef re-
quired for infectivity enhancement. Figure 4 demonstrates that
Nef-Vpr retains 40% of the CD4 downregulation activity me-
diated by Nef but lacks the specific functions that are impor-
tant for viral infectivity enhancement. In order to determine
whether this lack of function is specific to the addition of the
Vpr sequence to the C-terminal end of Nef, the activity of
another Nef-based fusion protein containing the GFP se-
quence (Fig. 1) was analyzed. It has been shown that the
Nef-GFP fusion protein downregulates CD4 as efficiently as
the native Nef protein and that the same motifs of Nef are
required for CD4 downregulation both for WT Nef and in the
context of the Nef-GFP fusion (11, 23, 41). We thus charac-
terized the Nef-GFP fusion protein in incorporation and in-
fectivity assays. Figure 5A shows that Nef-GFP was efficiently
incorporated and processed in virions and was also able to
complement �nef viruses in the infectivity assay (Fig. 5B). As
described previously (27), the introduction of the LL165/AA
mutation in Nef severely altered the ability of Nef to increase
viral infectivity. Therefore, these results indicate that the Vpr
sequence specifically inhibits the functions of Nef that are
important for infectivity enhancement in the context of the
Nef-Vpr fusion protein.

We then investigated the inhibitory effect of Vpr on these
functions. To address this question, viruses were produced in
cells expressing Nef alone or in combination with Nef-Vpr or
Vpr. The incorporation of these proteins and the infectivities
of the corresponding virions were analyzed. Consistent with
previous results (Fig. 3A), Nef-Vpr and Vpr were incorporated
into viral particles better than WT Nef with respect to their
cellular expression levels (Fig. 5C, bottom). The coexpression
of Nef with either Nef-Vpr or Vpr resulted in the incorpora-
tion of both proteins in amounts comparable to those of pro-
teins expressed alone (Fig. 5C, bottom, compare lanes 8, 9, and
11 to lanes 8, 10, and 12). Regardless of the proteins coex-
pressed with Nef in producer cells and coincorporated into
viral particles, viruses produced in these conditions were three-
fold more infectious than viruses produced in the absence of
Nef (Fig. 5D). This indicates that in the context of the Nef-Vpr
fusion, Vpr has a cis- but not a trans-inhibitory effect on the
functions of Nef required for infectivity enhancement.

Intravirion release of Nef from a Nef-CS-Vpr fusion protein
does not rescue Nef functions essential for viral infectivity
enhancement. The use of Vpr as a carrier results in a more
efficient incorporation of the Nef-Vpr fusion protein into viri-
ons than WT Nef; however, the Vpr sequence has a cis-inhib-
itory effect on Nef-mediated increase of viral infectivity. In
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order to release native Nef into virions after virus maturation,
we generated a Nef-Vpr fusion protein containing an HIV-1
protease-specific cleavage site between Nef and Vpr (Nef-CS-
Vpr). Another construct that included a glycine linker in place
of the protease cleavage site (Nef-M-Vpr) was also generated
and used as a control (Fig. 1).

Similar to what was observed with Nef-Vpr, high amounts of
Nef-M-Vpr and Nef-CS-Vpr fusion protein were incorporated
into viral particles relative to amounts of WT Nef (Fig. 6A,
bottom, lanes 4 to 6). Figure 6B also shows that the molecular
species generated from the processing of the Nef-M-Vpr fu-
sion protein were similar to those generated from Nef-Vpr
(Fig. 3B). The presence of a cleavage motif between Nef and
Vpr modified the pattern of Nef-associated bands detected in
virions (Fig. 6A, bottom, compare lanes 5 and 6), indicating
that Nef-CS-Vpr is efficiently processed at the protease cleav-
age site. The comparison of the molecular species generated
from the Nef-M-Vpr and Nef-CS-Vpr fusion proteins also re-
vealed that most of the Nef-CS-Vpr molecules incorporated

into virions were cleaved between Nef and Vpr (Fig. 6B). Nef
released from Nef-CS-Vpr was itself processed at sites previ-
ously identified in Nef. In addition, Fig. 6A shows that the
molecular species generated from the processing of the Nef-
CS-Vpr fusion protein cosedimented with viral cores (bottom,
compare lanes 4 to 6 and 7 to 9).

The ability of Nef-CS-Vpr to increase HIV-1 infectivity was
analyzed. As shown in Fig. 6C, there was no significant infec-
tivity enhancement when viruses were produced in the pres-
ence of either Nef-M-Vpr or Nef-CS-Vpr compared with what
was seen for viruses produced in the absence of Nef. The fact
that both fusion proteins were 40% as efficient as WT Nef
in the CD4 downregulation assay (Fig. 6D) confirms that
Nef-CS-Vpr selectively lacks functions important for HIV-1
infectivity enhancement.

The ERQAN amino acids that remain fused to Nef follow-
ing Nef-CS-Vpr processing likely account for the slight de-
crease in mobility of the molecular species derived from Nef-
CS-Vpr compared with what was seen for fragments generated

FIG. 4. CD4 downregulation activity and subcellular localization of Nef-Vpr. (A) Cell surface CD4 expression was analyzed with cells
coexpressing CD4 or CD4�CT along with Nef variants or Vpr as indicated. Cells were also cotransfected with a plasmid encoding GFP to gate
the analysis of cell surface CD4 expression on transfected cells. Dot plots of cells stained with a CD4-specific antibody are shown. (B) Quanti-
fication of the CD4 downregulation activity of Nef variants measured as described for panel A. (C) Cellular distribution of Nef, Nef-Vpr, and Vpr.
HeLa cells were grown on coverslips and transfected with the indicated HA-tagged constructs. Twenty-four hours posttransfection, cells were
permeabilized and stained with an HA-specific antibody and an Alexa488-coupled secondary antibody. Coverslips were transferred to slides in
mounting medium supplemented with DAPI and samples were analyzed by immunofluorescence microscopy followed by deconvolution as
described in Materials and Methods.
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from the processing of WT Nef (Fig. 6B). In order to test this
hypothesis and to rule out an inhibitory effect of these residues
on the functions of Nef, an additional fusion protein was gen-
erated by fusing the ERQAN stretch C terminal to the HA tag
(Nef-ERQAN [Fig. 1]). Viruses were produced in the presence
of Nef, Nef-ERQAN, and Nef-CS-Vpr and analyzed as de-
scribed previously. The amounts of Nef and Nef-CS-Vpr plas-
mids were adjusted to achieve similar incorporation levels of
Nef into viruses, as opposed to what was the case for Fig. 3, 5,
and 6, where similar expression levels were achieved in pro-
ducing cells. Figure 7A shows that Nef and Nef-ERQAN dis-
play similar expression and incorporation levels in producing
cells and viruses, respectively (bottom, lanes 2, 3, 8, and 9). As
expected, the mobility of the Nef-ERQAN fusion was slightly
lower than that of Nef both in cell lysates (Fig. 7A, lanes 2 and
3) and after cleavage by the viral protease (Nef* and Nef-
ERQAN*; lanes 8 and 9). Of note is that the �19-kDa Nef
fragment derived from the cleavage of the Nef-CS-Vpr by
HIV-1 protease has an apparent molecular mass similar to that
of Nef-ERQAN (Fig. 7A, compare lanes 9 and 10), which
further confirms that the cleavage of Nef-CS-Vpr releases a
Nef-ERQAN fragment in the virus. Figure 7B shows that vi-
ruses produced in the presence of Nef or Nef-ERQAN are
more infectious than viruses produced in the absence of Nef.

Similar to what was previously observed, Nef-CS-Vpr failed to
increase viral infectivity. In addition, this fusion had a signifi-
cant trans-inhibitory effect neither on Nef nor on Nef-ERQAN.
Together, these results indicate that the presence of full-length
Nef as well as Nef fragments in viruses is not sufficient to
increase HIV-1 infectivity.

DISCUSSION

Soon after its initial description as a negative factor of HIV-1
replication (3, 54, 63), Nef was shown to be required for opti-
mal HIV and SIV infectivity in vitro and pathogenicity in vivo
(4, 9, 18, 28, 37, 39, 40, 46, 47, 71). Several mechanisms have
been put forward to explain the gain of infectivity conferred by
Nef to HIV-1; however, these mechanisms fail to fit all the
experimental systems in which the gain of infectivity can be
observed. Our work questioned the relationship between Nef
incorporation into viral particles and viral infectivity. We char-
acterized the ability of various Nef-based fusion proteins to
increase viral infectivity. We found that the incorporation of
the Nef-CS-Vpr fusion protein and the efficient release of
full-length Nef and Nef fragments during virion maturation
were not accompanied by an increase of viral infectivity. These

FIG. 5. Differential consequences of the addition of GFP or Vpr to the C-terminal end of Nef. (A) Viruses were produced in the presence of
WT Nef (left) or Nef-GFP (right). Cells and viruses were analyzed as described in the Fig. 2A legend. Nef-GFP was detected with GFP-specific
antibodies. (B) Viral infectivities of viruses produced in the presence of the indicated variants of Nef were analyzed as described in the Fig. 2C
legend. (C) Viruses were produced in the presence of the indicated combination of Nef, Nef-Vpr, or Vpr. Cells and viruses were analyzed as
described in the Fig. 2A legend. Arrowheads point out the 27- and the 18-kDa forms of Nef. (D) Viral infectivities of viruses produced in the
presence of the indicated combinations of Nef, Nef-Vpr, and/or Vpr were measured as indicated in the Fig. 2C legend and normalized to that of
viruses produced in the presence of Nef Xho.
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data demonstrate that the presence of Nef in viral particles is
not sufficient to promote the increase of viral infectivity.

The mechanism that drives Nef to the assembly platform of
viral particles is not fully understood. Our results show that in
the absence of Gag-Pol, significant amounts of Nef, Nef-Vpr,
and Nef-GFP (not shown), but not of Vpr, can be pelleted
from cell culture supernatants. This suggests that Nef can be
found in vesicles secreted from cells independently of any
other viral component. Thus, the incorporation of Nef into
viral particles might only reflect the propensity of Nef to asso-
ciate to membranes.

The single-amino-acid substitution (G2/A) that prevents Nef
myristoylation abolishes the incorporation of Nef into viral
particles and severely affects its ability to increase viral infec-
tivity (8, 13, 20, 61, 91). Since myristoylation is also required
for most of the other functions of Nef investigated so far, a
direct link between the lack of incorporation and the lack of
effect on viral infectivity cannot be drawn. Extensive site-di-
rected mutagenesis has been performed to map the determi-
nants on Nef responsible for its incorporation into virions.
Mutation of the six lysine and arginine residues located in the
amino terminus of Nef prevents its incorporation (8, 91). De-

spite retaining a WT-like myristoylation pattern, this mutant
fails to increase viral infectivity and to downregulate cell sur-
face CD4 (8, 91). Therefore, drawing definitive conclusions as
to a particular phenotype is hazardous.

On the contrary, several Nef mutants that are efficiently
incorporated into viral particles but fail to increase viral infec-
tivity are reported in the literature. Such mutants do not allow
one to discriminate whether Nef is required in producer cells
or in the virus. A mutation in Nef affecting incorporation
without compromising viral infectivity enhancement would
support the hypothesis stating that the presence of Nef is
required during viral production but not when progeny virions
reach target cells. One study shows that a mutant of Nef, with
alanine substitution for the N-terminal acidic cluster (EEEE69/
AAAA), is not detected in pelleted viruses yet potently in-
creases viral infectivity (31); however, these results have been
challenged in a recent study mentioning that this mutant is
efficiently incorporated into viral particles (68). These conflict-
ing results leave the relevance of the incorporation of Nef into
viral particles for infectivity increase unanswered.

Our results demonstrate that the presence of a functional
form of Nef is important during the biogenesis of viral particles

FIG. 6. Characterization of a Nef-Vpr fusion protein containing a protease specific cleavage site between Nef and Vpr. (A) Viruses were
produced in the presence of WT Nef, Nef-M-Vpr, or Nef-CS-Vpr as indicated. Cells (left) and viruses (middle) were analyzed as described in the
Fig. 2A legend. Viral core purification (right) was performed by pelleting cell culture supernatant through a thin detergent layer as indicated in
Materials and Methods. Viral matrix and capsid were detected with p17- and p24-specific antibodies, respectively. Film obtained with a short
exposure time (30 s) is shown in order to better distinguish Nef-Vpr-derived fragments in whole viruses and cores. This explains the weak signal
obtained with Nef, since Nef-Vpr fusion proteins are better incorporated than Nef. (B) The processing of the Nef-M-Vpr (top) and Nef-CS-Vpr
(bottom) fusion proteins was analyzed as described in the Fig. 2B legend. For Nef lanes, film obtained with a longer exposure time was used (5
min). The arrowhead indicates cleavage of the Nef-CS-Vpr fusion protein at the HIV-1 protease-specific cleavage site (CS) introduced between
Nef and VPR. The ability of the indicated constructs to increase HIV-1 infectivity (C) and to downregulate cell surface CD4 (D) was analyzed as
described in the Fig. 2 and 4 legends, respectively.
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and that the presence of WT Nef in viral particles does not
suffice to increase viral infectivity. In a recent work published
by Qi and Aiken (68), Nef was fused to cyclophilin A (CypA)
in order to control the incorporation of the resulting CypA-Nef
fusion protein into viral particles. The authors showed that
the CypA-Nef fusion protein retains the Nef-specific ability
to increase HIV-1 infectivity. Of note is that when an ala-
nine substitution was made for arginine 55 in CypA to pre-
vent the CypA/Gag interaction, viruses produced in the
presence of the corresponding mutant (CypA.R55A-Nef)
were as poorly infectious as viruses produced in the absence
of Nef. This indicates that Nef is not functional in the
CypA.R55A-Nef construct and implies that it lacks the func-
tions required to increase HIV-1 infectivity. In light of our
results, this indicates that the Nef-dependent increase of
HIV-1 infectivity requires a functional interaction between
Nef and Gag. It also suggests that additional mechanisms
are involved in virus-producing cells in order to achieve
optimal infectivity, since the presence of Nef in viral parti-
cles does not suffice to increase HIV-1 infectivity.

If the Nef-dependent increase of HIV-1 infectivity reflects a
specific function of Nef carried by incoming viruses to target
cells, the loss of function of the Nef-CS-Vpr fusion protein
suggests that Nef fragments released from WT Nef and Nef-
CS-Vpr in mature virions might differ. It is well established
that posttranslational modifications of Nef are required for
Nef to exert specific functions such as CD4 downregulation
(31, 45). Since Nef and Nef-Vpr do not have the same subcel-
lular distribution, it is conceivable that Nef-Vpr does not un-
dergo the same posttranslational modifications as WT Nef.
Differences in maturation patterns could be responsible for the
specific loss of infectivity enhancement of the Nef-Vpr fusion
protein.

Alternatively, Nef could increase viral infectivity by modify-
ing viral particles in the course of their biogenesis. In agree-
ment with this hypothesis, Nef was found to alter the lipid

composition of viral membranes (12, 95, 96) and to increase
the incorporation of HIV-1 envelope glycoproteins into the
membrane of the virus (6, 26, 73). Nef-associated kinases
were also shown to phosphorylate HIV-1 matrix during viral
assembly (85). Although these modifications might contrib-
ute to an overall increase of viral infectivity, additional
mechanisms are likely involved. Indeed, it has been shown
that the efficiency of the fusion process is not affected by Nef
(16, 86) and that viruses harboring major deletions in matrix
are as sensitive as WT viruses to the presence of Nef for
optimal infectivity (30).

The LL165 motif of Nef is involved in the interaction be-
tween Nef and clathrin-associated AP complexes and its integ-
rity is required for functions of Nef such as CD4 downregula-
tion (11, 24, 27, 41, 44). The fact that the LL165/AA mutant no
longer enhances viral infectivity suggests that an interaction
between Nef and AP complexes is directly involved in this
phenotype. It is possible that Nef affects the trafficking of
cellular proteins and promotes their incorporation into viral
particles. Nef might also promote the exclusion of cellular
factor from viral particles by redirecting these factors away
from HIV assembly platforms. A thorough proteomic analysis
of WT and �nef viruses should help identify differences that
could explain the gain of infectivity conferred by Nef to WT
viruses.

Our study suggests that Nef might promote structural mod-
ifications of the virus or might itself be subjected to structural
modifications in order to increase HIV-1 infectivity. In either
case, the Nef-dependent increase of HIV-1 infectivity should
be investigated in virion-producing cells. The determination of
the binding partners of Nef and Nef-Vpr might reveal factors
that interact with Nef but fail to interact with Nef-Vpr. This
might allow the identification of cellular factors specifically
hijacked by Nef in the virus-producing cells and target cells to
optimize postfusion events.

FIG. 7. Characterization of the Nef-ERQAN fusion protein. (A) Viruses were produced in the presence of the indicated combination of Nef,
Nef-ERQAN, and Nef-CS-Vpr. Cells and viruses were analyzed as described in the Fig. 2A legend. The amounts of Nef-CS-Vpr-coding plasmid
cotransfected with Nef and Nef-ERQAN were adjusted to achieve incorporation of similar amounts of Nef-CS-Vpr and Nef in viral particles.
(B) Viral infectivities of viruses produced in the presence of the indicated combinations of Nef, Nef-ERQAN, and Nef-CS-Vpr were measured as
indicated in the Fig. 2C legend and normalized to that of viruses produced in the presence of Nef Xho. * indicates a product cleaved by the viral
protease.
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