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Nef is an accessory gene product unique to primate immunodeficiency viruses that is required for high-titer virus replication and AIDS pathogenesis in a monkey model (38). Furthermore, infection with nef-defective strains of human
immunodeficiency virus type 1 (HIV-1) has been associated
with the absence of disease progression in humans (28, 39, 45).
Numerous studies have shown that Nef downmodulates the
viral receptor CD4 from the cell surface, possibly to prevent
interference with the function of the viral envelope (Env) glycoproteins (4, 8, 12, 34, 35, 37, 40, 41, 46, 59, 63, 64, 66). Nef
also induces the selective downregulation of specific major
histocompatibility complex class I molecules from the cell surface and thereby protects infected cells against recognition by
cytotoxic T cells (60). Additionally, Nef affects the surface
expression of multiple other cellular proteins (60) and modulates the activation state of T cells and macrophages (33).
Although not essential for HIV-1 replication in cell culture,
Nef can significantly stimulate virus replication in primary peripheral blood mononuclear cells that are infected prior to
activation with mitogens (50, 70). Nef has been shown to increase virus release and infectivity by removing CD4 from the
surface of virus-producing cells (40, 63). However, Nef also
enhances the infectivity of HIV-1 if CD4-negative cells are
used to produce progeny virions (5, 24, 25). Nef-defective
HIV-1 can be rescued by providing Nef in trans in virus producer cells but not in target cells (5, 51), suggesting that Nef in
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some way alters the molecular makeup of the virion. While
small quantities of Nef are incorporated into viral particles (18,
56, 78), Nef otherwise has no evident effect on the protein
composition of virions and does not noticeably affect virion
morphology or core stability (32). Virion-associated HIV-1
Nef is largely cleaved by the viral protease, but this processing
event is not required for the ability of Nef to stimulate virion
infectivity (22). Whether Nef exerts its effect as a component of
the virion remains unclear, because a dominant-negative version of the Nef binding partner dynamin 2 inhibited the ability
of Nef to enhance infectivity without affecting the incorporation of Nef into virions (57).
HIV-1 virions produced in the absence of Nef are impaired
in their ability to reverse transcribe the viral RNA genome (5,
24, 68), indicating that Nef facilitates an early step of the viral
replication cycle. It has been proposed that the effect of Nef
becomes manifest at the level of virus entry, based on the
observation that Nef enhances the delivery of HIV-1 capsid
(CA) protein into the cytosol of target cells (67). However,
subsequent studies have shown that Nef does not affect the
initial steps of HIV-1 fusion with target cells up to the formation of a fusion pore (19, 20, 72). Nevertheless, the effect of
Nef on viral infectivity appears to depend on the route of entry,
because Nef was no longer required for maximal infectivity
after pseudotyping with pH-dependent Env proteins that mediate entry through endocytic compartments (3, 21, 42). Interestingly, the infectivity defect of Nef-deficient HIV-1 can also
be complemented by disrupting the actin cytoskeleton of target
cells (19). Together, these findings have been interpreted as
evidence for a role of Nef in facilitating viral penetration
through the cortical actin barrier, a function that would become dispensable if entry occurs through endocytosis (19).
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Nef is an accessory protein of human immunodeficiency virus type 1 (HIV-1) that enhances the infectivity of
progeny virions when expressed in virus-producing cells. The requirement for Nef for optimal infectivity is, at
least in part, determined by the envelope (Env) glycoprotein, because it can be eliminated by pseudotyping
HIV-1 particles with pH-dependent Env proteins. To investigate the role of Env in the function of Nef, we have
examined the effect of Nef on the infectivity of Env-deficient HIV-1 particles pseudotyped with viral receptors
for cells expressing cognate Env proteins. We found that Nef significantly enhances the infectivity of CD4chemokine receptor pseudotypes for cells expressing HIV-1 Env. Nef also increased the infectivity of HIV-1
particles pseudotyped with Tva, the receptor for subgroup A Rous sarcoma virus (RSV-A), even though Nef had
no effect if the pH-dependent Env protein of RSV-A was used for pseudotyping. However, Nef does not always
enhance viral infectivity if the normal orientation of the Env-receptor interaction is reversed, because the entry
of Env-deficient HIV-1 into cells expressing the vesicular stomatitis virus G protein was unaffected by Nef.
Together, our results demonstrate that the presence of a viral Env protein during virus production is not
required for the ability of Nef to increase viral infectivity. Furthermore, since the infectivity of Tva pseudotypes
was blocked by inhibitors of endosomal acidification, we conclude that low-pH-dependent entry does not always
bypass the requirement for Nef.
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MATERIALS AND METHODS
Plasmids. The Env-deficient HIV-1 proviruses HXB/Env⫺/Nef⫹ and HXB/
Env⫺/Nef⫺ have been described previously (30). HXB/Env⫺/Nef⫹ harbors the
intact nef gene of HIV-1LAI, whereas HXB/Env⫺/Nef⫺ encodes only the first 35
residues of Nef because of a frameshift mutation. HXB/Gag⫺ is a HIV-1HXB2based provirus that is unable to express Gag because of a premature termination
codon and a frameshift mutation in the gag gene (29). The pEnvHXB plasmid is
a pBJ5-based expression vector for HIV-1HXB2 Env (58), and pEnvHXB⌬CT is a
derivative of pEnvHXB that encodes a truncated HIV-1 Env that lacks 144
residues of the cytoplasmic domain (58).
pCHGFPW is a HIV-1 vector encoding green fluorescent protein (GFP) (74),
and pMD.G is an expression vector for the vesicular stomatitis virus G (VSV G)
protein (54). The pCD4⌬CT plasmid, which expresses a C-terminally truncated
human CD4, was obtained by inserting a PCR product encoding CD4 residues 1
through 408 followed by a premature termination codon into pBJ5. A PCR
product encoding full-length human CXCR4 with a C-terminal FLAG epitope
was inserted into a pcDNA6 expression vector (Invitrogen) to yield pcDNA6/
CXCR4-FLAG. The pKZ261 expression vector for hemagglutinin (HA)-tagged
Tva and the pAB6 expression vector for the Env glycoprotein (EnvA) of subgroup A Rous sarcoma virus (RSV-A) were donated by John Young (15, 82).
Transfections. To produce pseudotyped HIV-1 particles, 293T or Jurkat TAg
cells (4 ⫻ 106) were transfected using Lipofectamine 2000 (Invitrogen) with
HXB/Env⫺/Nef⫹ or HXB/Env⫺/Nef⫺, along with vectors expressing viral glycoproteins or receptors. Where indicated, a vector expressing Dyn2(K44A) and/or
pCHGFPW was also cotransfected. To obtain target cells susceptible to infection
with the pseudotypes, HeLa or TZM-bl indicator cells (3 ⫻ 105) were transfected
with expression vectors encoding the cognate viral glycoproteins or receptors, as
appropriate, using Fugene 6 (Roche).
RT assay. Virus-containing supernatants were harvested at 48 h posttransfection, clarified by low-speed centrifugation, and filtered through 0.45-m-pore
filters. Reverse transcriptase (RT) activity in the supernatants was quantified
using a Sybr green I-based real-time PCR enhanced RT assay that possess both
high sensitivity and an extraordinary dynamic range (6). Briefly, virions in cellfree supernatants were disrupted by adding an equal volume of a solution
containing 0.25% Triton X-100, 50 mM KCl, 100 mM Tris-HCl (pH 7.4), 0.4
U/l RNase inhibitor (RiboLock; MBI Fermentas), and 0.2 mM dithiothreitol.
Lysed virions were used for reverse transcription of a brome mosaic virus RNA
template (Promega) as previously described (69). Quantification of reversetranscribed products was carried out in a Light Cycler (Roche) using Sybr green
I, hot-start Taq and reaction buffer (Fermentas), and the primer set described

previously (69). A standard curve was obtained using known concentrations
(expressed in functional units) of recombinant HIV-1 RT (Ambion).
Infectivity assays. HIV-1 particle concentrations in different virus samples
were normalized to 5 U of recombinant HIV-1 RT per ml. Target cells (2 ⫻ 104)
were seeded into 48-well plates and challenged in triplicate with 10-fold serial
dilutions of each virus sample. Infectivities were evaluated at 48 h postinfection
by staining infected TZM-bl cells with X-Gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside) and by counting blue-stained foci under a light microscope.
The infectivities of virions packaging the vector encoding GFP were evaluated
either by counting GFP-positive foci at 48 h postinfection under a fluorescence
microscope or by flow cytometry.
Western blot analysis. To examine the association of viral receptors with
HIV-1 particles, viral particles present in filtered culture supernatants were
pelleted through sucrose cushions as described previously (2). Pelletable material
and the cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting, using a mouse monoclonal antibody to
HIV-1 p55/p24 and a sheep antiserum to CD4 (both from NIBSC, Centre for
AIDS Reagents), anti-HA antibody HA.11 (Covance), anti-FLAG M2 antibody
(Sigma-Aldrich), or a rabbit antiserum against Nef (18) as appropriate.
Cell surface biotinylation. Labeling was performed in suspension. After several washes in phosphate-buffered saline (pH 8.0), the cells were incubated on ice
for 1 h in 2 mM sulfo-NHS-LC-biotin (Pierce), followed by three washes in
phosphate-buffered saline with 100 mM glycine to quench the biotin reagent. The
cells were then lysed, and biotinylated proteins were collected on streptavidin
beads and analyzed by Western blotting.

RESULTS
Nef enhances the infectivity of CD4-chemokine receptor
pseudotypes. While the study by Zhou and Aiken suggested
that Nef does not act on receptor pseudotypes (81), the fact
that both virus-virus and virus-cell fusion events were required
for infection complicates the interpretation of the results. We
therefore examined whether Nef affects the ability of receptorpseudotyped HIV-1 to directly infect target cells expressing
HIV-1 Env.
To avoid the downregulation of cell surface CD4 molecules
by Nef, we pseudotyped HIV-1 particles with a truncated CD4
molecule (CD4⌬CT) that lacks the 25 C-terminal residues of
the cytoplasmic domain. In particular, the CD4⌬CT molecule
lacks a dileucine motif that is critical for Nef-induced downregulation (4). To provide a coreceptor for incorporation into
HIV-1 particles, we used a FLAG-tagged version of CXCR4 to
facilitate its detection in viral particle preparations. To obtain
receptor pseudotypes, 293T cells were transfected with Envdeficient proviral constructs that differed only in the presence
or absence of an intact nef gene, along with vectors expressing
CD4⌬CT and CXCR4-FLAG. To facilitate the quantification of
infectious events, a HIV-1-based vector capable of expressing
enhanced GFP upon transduction of target cells was also cotransfected. Viral particles released by the transfected cells
were normalized for RT activity and used to infect HeLa cells
that had been transiently transfected with a plasmid expressing
HIV-1 Env. Since it has been shown that the amount of Env
expression on the surface of target cells influences the efficiency of entry of receptor pseudotypes (31), we used a Cterminally truncated Env called EnvHXB⌬CT (44) in order to
maximize the surface levels of Env on the target cells.
EnvHXB⌬CT lacks the 144 C-terminal amino acids of the cytoplasmic domain of the transmembrane glycoprotein and thus
lacks dileucine- and tyrosine-based signals known to promote
the internalization of Env (13, 14, 16, 55, 79). For comparison,
we also complemented the Env-deficient proviruses with
HIV-1 Env expressed in trans and used the resulting recombi-
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Zhou and Aiken have shown that the infectivity enhancement by Nef does not require its presence during viral core
formation (81). In that study, the authors used an elegant
“virion transcomplementation” approach, which involved the
fusion of Env-bearing donor HIV-1 virions harboring defective
cores with Env-defective target virions pseudotyped with CD4
and CXCR4. Surprisingly, in this transcomplementation assay,
Nef enhanced infection only when present in the Env-bearing
donor virions. In contrast, Nef had no effect on infection resulting from virion transcomplementation when expressed during production of the receptor-pseudotyped target virions (81).
Pseudotyping per se could not account for this observation,
since it is well documented that Nef enhances the infectivity of
HIV-1 particles pseudotyped with amphotropic murine leukemia virus Env (5, 51, 68). Together, these observations raised
the possibility that the effect of Nef on infectivity depends on
its coexpression with a viral Env protein.
In the present study, we show that Nef can significantly
enhance the infectivity of receptor pseudotypes, ruling out that
the presence of a viral Env protein during virus production is
required for the Nef phenotype. We also show that Nef can
increase the infectivity of receptor-pseudotyped virions even if
entry is pH dependent, indicating that entry though endosomes
does not always bypass the stage of infection where Nef exerts
its effect.
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nant viruses to infect HeLa cells transfected with vectors expressing CD4 and CXCR4.
Consistent with a previous report (31), Env-deficient HIV-1
particles pseudotyped with CD4 and CXCR4 were capable of
infecting cells expressing HIV-1 Env (Fig. 1A). However, the
titers normalized for RT activity were about 100-fold lower
than those obtained with particles complemented with HIV-1
Env (Fig. 1A). Pseudotyping with CD4⌬CT alone did not result
in detectable levels of infectivity, indicating that the endogenous levels of CXCR4 expressed by 293T cells were not sufficient (data not shown). As expected, infection mediated by the
CD4-chemokine receptor pseudotypes depended on Env-receptor interactions, since cells not expressing Env were refractory to infection (data not shown). In repeated experiments,
CD4-chemokine receptor pseudotypes encoding Nef were
about four-to sixfold more infectious for cells expressing
HIV-1 Env⌬CT than pseudotypes that lacked an open nef gene
(Fig. 1A and B). This effect of Nef on the receptor pseudotypes
was similar in magnitude to the effect of Nef on the single-cycle
infectivity of Env-deficient virus complemented with HIV-1
Env (Fig. 1A).
In a recent study, we obtained no evidence for an effect of Nef

on the incorporation of HIV-1 Env into virions (57). However, it
has also been reported that Nef can enhance the incorporation of
other retroviral Env proteins into HIV-1 by increasing their localization in late endosomes (65). It thus seemed possible that a
related mechanism accounted for the effect of Nef on CD4-chemokine receptor pseudotypes. To examine this possibility, we
compared the amounts of CD4⌬CT and CXCR4-FLAG that were
incorporated into viral particles in the presence and absence of
Nef. Viral particles released from transfected 293T cells were
partially purified by ultracentrifugation through 20% sucrose, and
pelleted material was analyzed by Western blotting. As a control,
we also analyzed particulate material released from cells that had
been transfected with a HIV-1 provirus unable to express Gag,
together with vectors expressing CD4⌬CT and CXCR4-FLAG. As
shown in Fig. 1C, CD4⌬CT and CXCR4-FLAG were both incorporated into HIV-1 particles, and Nef had no significant effect on
the amounts of particle-associated CD4⌬CT or CXCR4-FLAG.
As expected, Nef was detectable in virions produced by the nefpositive provirus (Fig. 1C). We conclude that the increased infectivity of the receptor pseudotypes expressing Nef was not due to
an increase in the incorporation of CD4 or CXCR4.
We also used the CD4-chemokine receptor pseudotypes as
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FIG. 1. Nef enhances the infectivity but not the formation of CD4-chemokine receptor pseudotypes. (A) 293T cells were transfected with
HXB/Env⫺/Nef⫹ or HXB/Env⫺/Nef⫺, along with a HIV-1 vector encoding GFP and either pCD4⌬CT together with pcDNA6/CXCR4-FLAG (left)
or pEnvHXB (right). Progeny virions were normalized for RT activity and used to infect HeLa cells that had been transfected with vectors expressing
either EnvHXB⌬CT (left), or CD4 together with CXCR4-FLAG (right). Infectivities were evaluated by counting GFP-positive foci. Values
represent the average from three parallel infections, and error bars correspond to one standard deviation. (B) HeLa cells expressing EnvHXB were
infected with Nef⫹ and Nef⫺ CD4⌬CT/CXCR4 receptor pseudotypes produced as described for panel A, and GFP-positive infected cells were
quantified by flow cytometry. The percentage of infected cells in each panel is indicated. (C) Nef does not affect the incorporation of CD4⌬CT or
of CXCR4-FLAG into Env-deficient HIV-1 particles. Aliquots of the receptor-pseudotyped viruses used for the infections shown in panel A were
pelleted through sucrose and analyzed by Western blotting with anti-FLAG, anti-CD4, anti-HIV-1 CA, and anti-Nef antibodies. A sample derived
from cells cotransfected with pCD4⌬CT, pcDNA6/CXCR4-FLAG, and a Gag-deficient HIV-1 provirus was included as a background control.
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“target” virions in the virion transcomplementation assay described by Zhou and Aiken (81). In this assay, infectious virus
results from the fusion of Env-deficient target virions bearing
CD4-chemokine receptors with donor virions that carry Env
but contain a defective core (81). To produce defective donor
virions, we used the CA1/M4I Gag cleavage site mutant (1),
which is equivalent to the CA5 proviral clone used by Zhou
and Aiken (81). As previously reported (81), CA1/M4I particles were poorly infectious for target cells expressing CD4.
When nef-negative CA1/M4I particles were mixed with Envdeficient CD4-chemokine receptor pseudotypes, we observed a
four- to fivefold increase in infectivity for CD4-positive
TZM-bl cells, irrespective of whether the receptor pseudotypes
were nef positive or nef negative (data not shown). As expected, the Env-deficient receptor pseudotypes by themselves
lacked any infectivity for TZM-bl cells. These results are in
agreement with the observation by Zhou and Aiken that Nef
had no effect in the virion transcomplementation assay when
present in the target virus (81). Nevertheless, the present study
reveals that Nef can enhance the infectivity of receptor
pseudotypes if target cells are infected directly and thus demonstrates that the ability of Nef to enhance infectivity does not
depend on the expression of a viral Env protein during virus
production.
Roles of dynamin 2 and of the actin cytoskeleton in the effect
of Nef on receptor pseudotypes. We recently showed that Nef
interacts with dynamin 2, a GTPase required for clathrin-mediated endocytosis (57). We also reported that the infectivity
enhancement function of HIV-1 Nef depends on dynamin 2
and is inhibited by Dyn2(K44A), a dominant-negative mutant
of dynamin 2 that blocks endocytosis (57). We therefore examined whether the effect of Nef on the infectivity of CD4chemokine receptor pseudotypes for target cells expressing
HIV-1 Env is sensitive to Dyn2(K44A). As previously reported
(57), Dyn2(K44A) expressed in virus producer cells inhibited
the single-cycle infectivity of Env-deficient, nef-positive prog-

FIG. 3. Actin depolymerization in target cells selectively enhances
the infectivity of nef-negative CD4-chemokine receptor pseudotypes.
HeLa cells transiently expressing EnvHXB⌬CT were pretreated for 1 h
with 3 M cytD and then infected in the continued presence of the
drug with nef-positive or nef-negative CD4-chemokine receptor
pseudotypes produced as described in the legend to Fig. 1. The drug
was removed at 18 h postinfection, and infectivities were scored at 48 h
postinfection. As a control, identical infections were carried out in the
absence of cytD. Error bars indicate standard deviations.

eny virions that were complemented with HIV-1 Env in trans
(Fig. 2, left). In contrast, Dyn2(K44A) did not reduce the residual infectivity of nef-negative virions complemented with
HIV-1 Env, confirming that Dyn2(K44A) selectively inhibits
the effect of Nef on HIV-1 infectivity. Similarly, Dyn2(K44A)
expressed in producer cells reduced the infectivity of nef-positive but not of nef-negative CD4-chemokine receptor
pseudotypes (Fig. 2, right).
It has been shown that the treatment of target cells with
compounds known to disrupt the actin cytoskeleton can relieve
the infectivity defect of HIV-1 virions lacking Nef (19). For
instance, when single-cycle infections were performed in the
presence of cytochalasin D (cytD), the infectivity of a ⌬nef
derivative of HIV-1LAI for a HeLa-derived indicator cell line
became comparable to that of the wild-type virus (19). Based
on these findings, we determined whether disruption of the
actin cytoskeleton in target cells stimulates the infectivity of receptor pseudotypes lacking Nef. As shown in Fig. 3, the infectivity
of nef-positive CD4-chemokine receptor pseudotypes for HeLa
cells expressing HIV-1 Env was slightly reduced when infections
were carried out in the presence of cytD. In contrast, the infectivity of nef-negative CD4-chemokine receptor pseudotypes was
enhanced in the presence of cytD and reached levels close to
those obtained with the nef-positive receptor pseudotypes under
the same conditions. Taken together, these observations indicate
that the mechanisms by which Nef enhances the infectivities of
authentic HIV-1 virions and of receptor pseudotypes are related.
Nef enhances infectivity of HIV-1 pseudotyped with the receptor for an unrelated retrovirus. A recent study suggests that
HIV-1 Nef can reduce the cell surface levels of CXCR4, in
addition to its well-documented effect on the surface expression of CD4 (76). While our results demonstrate that Nef did
not affect the virion association of overexpressed CXCR4, it
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FIG. 2. Dominant-negative Dyn2(K44A) expressed in virus-producing cells selectively inhibits the effect of Nef on the single-round
infectivity of Env-deficient virions complemented with HIV-1 Env in
trans (left) and of CD4-chemokine receptor pseudotypes (right).
Pseudotypes were produced in the presence of a HIV-1 vector encoding GFP and used to infect TZM-bl cells or HeLa cells transiently
expressing EnvHXB⌬CT, as appropriate. Infectivities were evaluated by
counting GFP-positive foci. Error bars indicate standard deviations.
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remained possible that the effect of Nef on the infectivity of
receptor pseudotypes was related to its effect on the trafficking
of CXCR4. We therefore wished to determine whether Nef
can also enhance the infectivity of HIV-1 after pseudotyping
with an unrelated viral receptor. To this end, we examined
whether HIV-1 can be pseudotyped with Tva, the receptor for
RSV-A. Tva was chosen because it has been shown that murine
leukemia virus particles bearing Tva can infect cells expressing
the cognate Env protein (7). Tva is a small type I membrane
glycoprotein that is unrelated to CD4 or to other retroviral
receptors and binds tightly to the RSV-A glycoprotein EnvA
(10, 27). Furthermore, in contrast to HIV-1, RSV-A does not
require a coreceptor to mediate entry.
HIV-1(Tva) pseudotypes were produced by cotransfecting
293T cells with Env-deficient HIV-1 proviruses along with
plasmid pKZ261, which encodes an HA-tagged transmembrane form of Tva (11, 82). As previously described, pKZ261
produced a heterogeneous array of products as a result of
extensive posttranslational modification by N- and O-linked
sugars (11, 62). All forms of Tva were incorporated into HIV-1
particles irrespective of the presence or absence of Nef (Fig.
4A, lanes 1 and 2). The appearance of Tva in the particulate
fraction was dependent on the coexpression of HIV-1 Gag,
confirming that Tva was incorporated into viral particles (Fig.
4A, lane 3). Although a previous study had suggested that only
the higher-molecular-weight forms of Tva are present at the
cell surface (11), we found that all forms of Tva could be
recovered from cell lysates on streptavidin-agarose beads after
cell surface biotinylation (Fig. 4B).
To examine the infectivity of HIV-1(Tva) pseudotypes, a
plasmid expressing EnvA was transfected into HeLa-derived
TZM-bl indicator cells, which express ␤-galactosidase upon
infection with HIV-1 (77). Additionally, to obtain target cells
permissive for HIV-1(EnvA) pseudotypes, TZM-bl cells were

transfected with the Tva expression vector pKZ261. nef-positive HIV-1(Tva) pseudotypes were infectious for cells expressing EnvA, although the titers normalized for RT activity were
about 80-fold lower than those obtained with HIV-1(EnvA) on
cells expressing Tva (Fig. 4C). Interestingly, nef-negative HIV1(Tva) pseudotypes were nearly 10-fold less infectious for EnvAexpressing cells than nef-positive HIV-1(Tva) pseudotypes (Fig.
4C). This result demonstrated that Nef can enhance the infectivity
of HIV-1 particles pseudotyped with a receptor that is unrelated
to those normally used by HIV-1.
Entry of HIV-1(Tva) receptor pseudotypes is pH dependent.
As shown in Fig. 4C, Nef had no effect on the infectivity of
HIV-1(EnvA) pseudotypes. Since entry mediated by EnvA depends on a critical low-pH step and is inhibited by dominantnegative dynamin (52), this result was consistent with the notion that targeting virus entry to an endocytic pathway
circumvents the requirement for Nef (3, 21, 42). However,
since Nef clearly enhanced the infectivity of the Tva receptor
pseudotypes, it remained possible that in this case entry occurred through a pH-independent route.
To examine this possibility, infections were carried out in the
absence or presence of bafilomycin A1 (baf A1), an inhibitor of
the vacuolar H⫹/ATPase that prevents endosomal acidification
and blocks the entry of pseudotypes bearing EnvA (52). As
shown in Fig. 5A, baf A1 at 25 or 50 nM nearly blocked the
infectivities both of nef-positive HIV-1(EnvA) and of nef-positive HIV-1(Tva) pseudotypes. Similarly, even 25 nM of baf A1
was sufficient to completely prevent the infection of cells expressing EnvA with nef-negative HIV-1(Tva) pseudotypes
(data not shown). In contrast, the infectivity of HIV-1 particles
complemented with HIV-1 Env was only modestly affected, as
expected since HIV-1 entry is thought to occur at the plasma
membrane and is pH independent (47, 71).
The pH dependence of virus entry has also been studied
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FIG. 4. Nef enhances the infectivity of HIV-1 particles pseudotyped with the receptor for an avian retrovirus. (A) Nef does not affect the
incorporation of Tva into Env-deficient HIV-1 particles. 293T cells were transfected with HXB/Env⫺/Nef⫹, HXB/Env⫺/Nef⫺, or HXB/Gag⫺, along
with a vector expressing HA-tagged Tva. Progeny virions were pelleted and analyzed by Western blotting with anti-HA antibody to detect Tva and
with anti-HIV-1 CA antibody to monitor particle production. The expression levels of Tva in the virus producer cells were also examined by
Western blotting. (B) All forms of Tva-HA can be detected at the cell surface. Control and Tva-HA-expressing 293T cells were surface biotinylated
with the membrane-impermeative reagent sulfo-NHS-LC-biotin, and proteins recovered on streptavidin beads from cell lysates and the unfractionated cell lysates were analyzed by Western blotting with anti-HA. (C) Effect of Nef on the infectivities of HIV-1(Tva) and HIV-1(EnvA)
pseudotypes. To produce pseudotyped viral particles, 293T cells were transfected with HXB/Env⫺/Nef⫹ or HXB/Env⫺/Nef⫺, along with vectors
expressing HA-tagged Tva or EnvA as indicated. Supernatants were normalized for RT activity and used to infect TZM-bl indicator cells expressing
either EnvA or Tva, as appropriate. Infectious events were quantified by counting blue foci after staining with X-Gal. Error bars indicate standard
deviations.
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FIG. 6. Nef does not enhance the infectivity of naked HIV-1 virions
for cells expressing VSV G. (A) Naked virions are capable of infecting
target cells expressing VSV G. To obtain viral particles, 293T cells
were transfected with HXB/Env⫺/Nef⫹ or HXB/Env⫺/Nef⫺ in the
presence or absence of a vector expressing VSV G. Supernatants
normalized for RT activity were used to inoculate either untransfected
TZM-bl indicator cells or TZM-bl cells transfected with the VSV G
expression vector, as indicated. Infectivities were evaluated after staining with X-Gal. (B) Nef does not affect VSV G-mediated entry even if
the number of infectious events is lowered by titrating down the
amount of VSV G expression vector transfected into the target cells, as
indicated. Error bars indicate standard deviations.

using the acidotropic weak base NH4Cl, which neutralizes the
pH of acidic intracellular organelles such as endosomes (36,
48). Consistent with previous studies (47, 48, 71), we observed
that the titer of HIV-1 particles bearing HIV-1 Env proteins
was only moderately reduced if infections were carried out in
the presence of 25 mM NH4Cl, and even at 100 mM NH4Cl
titers were reduced only slightly more than twofold (Fig. 5B).
In contrast, 25 mM NH4Cl was sufficient to largely prevent the
infection of susceptible target cells with HIV-1(EnvA) and
HIV-1(Tva) pseudotypes (Fig. 5B). Collectively, these results
imply that Nef enhances the infectivity of HIV-1(Tva)
pseudotypes even though their entry depends on a low-pH
step.
Entry of Env-deficient HIV-1 into cells expressing VSV G is
unaffected by Nef. The results described above raised the possibility of a relationship between the differential effects of Nef
on HIV-1(Tva) versus HIV-1(EnvA) and the considerably
lower baseline infectivity of receptor pseudotypes. To further
investigate this possibility, we examined whether Env-deficient
HIV-1 particles can infect cells expressing VSV G. Although a

specific receptor for VSV has yet to be identified (26), the
pantropism of VSV implies that any specific molecules required for entry are widely expressed. If expressed from a
self-replicating RNA, VSV G can propagate in an infectious
manner in the absence of any other viral protein (61), implying
that VSV G-mediated infection is extremely efficient. We
therefore speculated that the putative receptor for VSV G may
be incorporated into naked HIV-1 particles in sufficient quantities to support detectable levels of entry into cells expressing
VSV G. As shown in Fig. 6A, Env-deficient HIV-1 produced in
293T cells was indeed able to infect TZM-bl cells that had been
transfected with an expression vector for VSV G. However, the
titers obtained with the naked particles were nearly 100-fold
lower than those obtained with HIV-1(VSV G). Nevertheless,
as in the case of HIV-1(VSV G), Nef had no effect on the
infectivity of naked HIV-1 particles measured on VSV Gexpressing cells (Fig. 6A). To reduce the VSV G-mediated
infectivity even further, we titrated down the amount of VSV
G expression vector that was transfected into the target cells.
As expected, this led to a corresponding reduction in the num-
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FIG. 5. Infection with HIV-1(Tva) pseudotypes is pH dependent.
To produce recombinant virions, 293T (A) or Jurkat TAg (B) cells
were transfected with HXB/Env⫺/Nef⫹, along with vectors expressing
HIV-1 Env (pEnvHXB), EnvA (pAB6), or Tva (pKZ261). To obtain
indicator cells susceptible to EnvA and Tva pseudotypes, TZM-bl cells
were transfected with pKZ261 and pAB6, respectively. Target cells
were pretreated with the indicated concentrations of baf A1 (A) or
NH4Cl (B), and infections were carried out for 12 h (A) or 6 h (B) in
the continued presence of drug. The medium was then replaced, and
infectivities were evaluated at 48 h postinfection after staining with
X-Gal. Error bars indicate standard deviations.
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ber of infectious events obtained with naked HIV-1 particles
(Fig. 6B). However, their infectivity remained unaffected by
Nef, even at titers that were lower than those obtained with
CD4/CXCR4 or Tva receptor pseudotypes. Together, these
observations demonstrate that there is no strict correlation
between baseline infectivity and the effect of Nef on infectivity.
DISCUSSION

Nef enhances the infectivity of authentic virions and of receptor pseudotypes by a similar mechanism.
It has been suggested that Nef enhances viral infectivity by
increasing the levels of newly synthesized cholesterol in progeny virions (80). However, we recently observed that dominant-negative dynamin 2 counteracts the effect of Nef on infectivity without decreasing overall virion cholesterol levels
(57). More recently, Brugger et al. have analyzed the lipidome
of HIV-1 particles produced in T lymphocytes by a highly
sensitive and quantitative mass spectrometry approach, and
they failed to detect any appreciable impact of Nef on the
overall cholesterol content of HIV-1 virions (17). Thus, although Nef affects cholesterol homeostasis (53, 75), the study
by Brugger et al. clearly demonstrates that Nef can enhance
virion infectivity without affecting overall virion cholesterol
levels.
Nef did not enhance the infectivity of HIV-1 particles
pseudotyped with EnvA, a retroviral glycoprotein that requires
exposure to low pH to elicit full fusion and to mediate viral
penetration into the cytosol (9, 52). While this result appeared
consistent with the model that entry through an endosomal
compartment circumvents the requirement for Nef, we also
observed that Nef did significantly enhance viral infectivity if
the orientation of the EnvA-Tva interaction was reversed. Previous work has suggested that Tva pseudotypes are duplicating
the events of normal viral entry, because the functional requirements for Tva and EnvA are the same whether they are
on the virion or on the target cell surface (7). Furthermore, our
results show that the infectivity of HIV-1(Tva) pseudotypes for
cells expressing EnvA is profoundly inhibited by baf A1 and
NH4Cl, implying that Tva pseudotypes maintain the requirement for exposure to low pH in an acidic intracellular compartment. We thus infer that an entry pathway that involves
fusion at the plasma membrane is not an absolute requirement
for the enhancement of infectivity by Nef.
Why did the effect of Nef on infectivity differ depending on
the direction of the EnvA-Tva interaction? It is possible that
this difference is related to the markedly different baseline
infectivities of the EnvA and Tva pseudotypes. Consistent with
this notion, the magnitude of the effect of Nef on HIV-1
infectivity appears to correlate inversely with the baseline infectivity observed in the absence of Nef (73). Also, the requirement for Nef for optimal HIV-1 infectivity can be reduced by
increasing the amount of Env on the virion or the receptor
density on the target cells (73). Thus, Nef may become more
important if the number or affinity of functional Env-receptor
interactions is relatively low, which we assume tends to be the
case if the normal direction of the interaction is reversed.
However, the effect of Nef is not strictly linked to baseline
infectivity, because Nef did not enhance the relatively low
infectivity of naked HIV-1 virions for cells expressing VSV G.
It has been demonstrated that Nef does not affect the transfer of a ␤-lactamase–Vpr protein chimera from virions into
target cells as a result of Env-mediated fusion (20, 72). However, this observation does not rule out that Nef facilitates an
entry step subsequent to the formation of an initial fusion pore,
such as fusion pore expansion, which is necessary to deliver the
relatively bulky viral core into the cytosol. Indeed, a study
which monitored individual retroviral fusion events by fluorescence microscopy indicates that pore expansion to allow the
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HIV-1 strains differ significantly in their dependence on Nef
for optimal infectivity (43), and in the case of HIV-1SF2 it has
been shown that the relatively high Nef dependency of this
particular isolate is determined by its env gene (73). A role for
Env in the function of Nef is also suggested by the observation
that pseudotyping of HIV-1 particles with the glycoproteins of
some unrelated viruses largely suppresses the requirement for
Nef (3, 21, 42, 65). In particular, Nef was no longer required
after pseudotyping with glycoproteins that fuse at low pH.
Based on these findings, it has been proposed that the effect of
Nef on infectivity depends on whether entry occurs at the cell
surface or through endocytosis (3, 21, 42). However, it is noteworthy that a substantial effect of Nef on infectivity has been
observed only when retroviral glycoproteins were used to complement HIV-1 particles (21, 42, 65). Thus, it has not been
ruled out that the dependency on Nef is a specific property of
retroviral Env proteins. Consistent with this possibility, it was
recently reported that Nef stimulates the formation of
pseudotypes with the glycoproteins of certain retroviruses but
not with those of other viruses (65).
In a study by Zhou and Aiken, Nef differentially affected the
infectivity resulting from intervirion fusion after mixing donor
HIV-1 particles containing defective cores with target virions
pseudotyped with the HIV-1 receptors (81). Intriguingly, Nef
enhanced infection only when present in the donor virus. This
finding supported the hypothesis that Nef affects the function
of HIV-1 Env during virus production and therefore does not
act on receptor pseudotypes. However, our results now show
that Nef can increase the infectivity of receptor pseudotypes
for Env-expressing target cells, and they thus rule out the
possibility that the presence of a viral glycoprotein during virus
production is required for the function of Nef.
While Nef enhanced the infectivity of CD4/CXCR4 and Tva
receptor pseudotypes, it had no effect on pseudotype formation, because the incorporation of viral receptors into Envdeficient HIV-1 particles was unaffected. This observation
contrasts with a recently described effect of simian immunodeficiency virus Nef on the incorporation of glycoproteins derived from distantly related retroviruses, which appeared to be
due to increased colocalization of Gag and Env proteins in late
endosomes (65). However, it is perhaps worth noting in this
regard that we have not observed any effects of Nef on the
incorporation of HIV-1 Env protein into HIV-1 particles (57).
Interestingly, the effect of Nef on CD4-chemokine receptor
pseudotypes was inhibited by dominant-negative dynamin 2,
which also inhibits the effect of Nef on the infectivity of authentic HIV-1 virions (57). Furthermore, as has been shown
for HIV-1 virions lacking Nef (19), the infectivity of nef-negative receptor pseudotypes could be enhanced to levels close to
those obtained with nef-positive pseudotypes by disrupting the
actin cytoskeleton in target cells. These parallels suggest that
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cytosolic delivery of viral cores occurs only slowly after Envinduced lipid mixing (49). Also, it is thought that fusion pore
expansion is the most energy-demanding fusion stage that requires the participation of the largest number of activated
fusion proteins (23). As has been pointed out previously (20),
a role of Nef in facilitating this apparently rate-limiting step
would be consistent with the finding that Nef enhances the
cytoplasmic delivery of HIV-1 cores (67) and could also explain the dependence of the effect of Nef on the Env-receptor
interaction. However, by showing that receptor pseudotypes
remain responsive to Nef, the present study argues against a
simple model in which Nef would act directly on Env.
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