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The human immunodeficiency virus type 1 (HIV-1) accessory protein Nef stimulates viral infectivity by an
unknown mechanism. Recent studies have suggested that Nef may act by regulating the efficiency of virus entry
into cells. Here we provide evidence to the contrary. Using a quantitative assay of HIV-1 virus-cell fusion, we
observed equivalent rates and extents of fusion of wild-type and Nef-defective HIV-1 particles with MT-4 cells
and CD4-expressing HeLa cells. In studies using soluble CD4 (sCD4) to inhibit infection, wild-type and
Nef-defective HIV-1 escaped the sCD4 block with similar kinetics. We conclude that Nef acts at a postentry step
in infection, probably by facilitating intracellular transport of the HIV-1 ribonucleoprotein complex.

Nef is an accessory protein encoded specifically by the pri-
mate lentiviruses human immunodeficiency virus type 1 (HIV-
1), HIV-2, and simian immunodeficiency virus. Studies with
infected macaques and humans indicate that Nef plays a key
role in AIDS pathogenesis (15, 17, 23, 25, 31, 39, 40), and the
wide array of activities attributed to Nef has led to intensive
mechanistic analysis of Nef functions (for a review, see refer-
ence 4). Nef regulates the surface expression of numerous
T-cell molecules involved in HIV-1 infection and T-cell func-
tion, including CD4, MHCI, CD3, DC-SIGN, and Fas ligand
(5, 20, 43, 44, 46). In the case of CD4, Nef recruits plasma
membrane CD4 into clathrin-coated pits via binding to the
intracellular domain of CD4 and to clathrin-associated adaptor
proteins (for a review, see reference 16). Nef enhances the
infectivity of HIV-1 particles through an additional activity
that is distinct from CD4 downregulation (2, 22). Although the
mechanism is not well defined, early studies indicated that Nef
acts in the virus producer cell to modify the HIV-1 virion (3,
12, 33, 42). Nef does not detectably alter virion protein or
RNA composition, nor does it affect the structure or stability
of the viral core (3, 34, 42). Indeed, the sole virion modification
that has been confirmed is the presence of Nef protein itself
within the virion (6, 37), where it is cleaved by the viral pro-
tease. Estimates of the quantity of virion-associated Nef range
from 10 to 70 molecules per particle (10, 37). Cleavage of Nef
is not required for infectivity enhancement (10, 32), and it
remains unclear whether Nef must be present in the virion to
enhance infectivity. Nef-defective HIV-1 particles are attenu-
ated during an early step in the virus life cycle, as shown by
their impaired ability to undergo reverse transcription in target
cells (3, 11, 42). However, the virions themselves contain nor-
mal levels of reverse transcriptase activity when assayed in
vitro. The requirement for Nef is not specific for CD4-medi-
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ated HIV-1 entry, since infection of CD4-negative cells by
pseudotyped HIV-1 particles bearing the amphotropic murine
leukemia virus envelope proteins is also Nef dependent (3, 34,
42). Based on these observations, it was previously concluded
that Nef enhances HIV-1 fusion by facilitating an early post-
fusion step in the virus life cycle. However, a significant limi-
tation of the previous studies was the inability to specifically
quantify the efficiency of virus-cell fusion leading to infection.

Results of several recent studies have revived the hypothesis
that Nef may stimulate infection by regulating HIV-1 entry
into target cells. Nef is associated with lipid rafts (47), and
disruption of lipid rafts by extraction of cholesterol from cells
resulted in the production of virions that are equally infectious
when produced in the presence or absence of Nef (50). Be-
cause lipid rafts are implicated in HIV-1 entry into cells, this
observation suggested that Nef might act at the level of virus-
cell fusion. In another study, Schaeffer et al. fractionated cells
following acute HIV-1 infection and quantified the amount of
viral capsid protein (CA) in the soluble and membrane frac-
tions (41). More CA was detected in cytosolic fraction of cells
infected with wild-type HIV-1 than in the same fraction of cells
infected with Nef-defective virus. In addition, we recently re-
ported that when HIV-1 infection was initiated by mixing of
receptor-pseudotyped virions with HIV-1 particles containing
a defective core, enhancement of infection by Nef was linked
to the viral envelope (51). Collectively, these studies suggested
that Nef enhances the entry of HIV-1 particles via modification
of the viral envelope. In the present study, we employed a
recently developed assay of HIV-1 virus-cell fusion to test the
hypothesis that Nef enhances HIV-1 infection by facilitating
virus entry into target cells.

A quantitative HIV-1 virus-cell fusion assay reveals that Nef
does not enhance the extent of HIV-1 fusion with target cells.
To determine whether Nef enhances HIV-1 entry into cells, we
employed a recently developed quantitative assay of HIV-1
fusion with target cells (M. D. Miller et al., submitted for
publication). In this system, HIV-1 particles are produced by
cotransfection of proviral plasmid DNA with a construct
(pMM310) encoding Escherichia coli B-lactamase (BlaM)

10645



10646 NOTES

A

J. VIROL.

Mock Nef+ HIV-1 Nef- HIV-1
B MT-4 Hela-CD4
= 25 15
o
< 204
(3
g
@ 15_
(%3
3
§ 10
< 54 —&— Nef+ —&— Nef+
= - =A== - A= =
3 A Nef- A Nef-
0 I I I I 0 1 I 1 I
0 25 50 75 100 125 0 25 50 75 100 125
ng p24 ng p24

FIG. 1. Wild-type and Nef-defective HIV-1 particles fuse with target cells with equal efficiencies. HIV-1 particles containing a BlaM-Vpr fusion
protein were produced by transfection of 293T cells, dilutions of viruses were added to MT-4 and HeLa-CD4 cells, and cultures were incubated
at 37°C for 4 h. Following addition of the cell-permeant BlaM substrate CCF4-AM, cultures were incubated overnight at 22°C to allow cellular
uptake and cleavage of substrate by BlaM. (A) Representative fluorescent images of MT-4 cells inoculated with each virus (25 ng of p24 in each
virus inoculum). Images were captured with an inverted fluorescence microscope using green and blue filters, and composite fluorescence images
are shown. (B) The extent of fusion was determined by quantifying the fluorescence at 450 nm following excitation at 410 nm using a fluorescence
microplate reader. Shown is the blue fluorescence signal as a function of the p24 input in the cultures.

fused to the amino terminus of HIV-1 Vpr. The BlaM-Vpr
fusion protein is specifically incorporated during HIV-1 assem-
bly and is released into target cells upon fusion of virions.
Cytosolic BlaM activity is subsequently detected by loading
cells with CCF4-AM, a cell-permeant fluorescent BlaM sub-
strate that accumulates within cells due to cleavage of the
acetoxymethyl side chain by cytoplasmic esterases (52). Upon
excitation of the coumarin ring at 405 nm, this substrate emits
at green wavelengths due to fluorescence resonance energy
transfer to the attached fluorescein acceptor group; however,
upon cleavage by BlaM, the emission spectrum shifts to blue
due to release of fluorescein and loss of fluorescence reso-
nance energy transfer. The fusion signal is dependent on the
presence of the viral Env proteins and requires expression of
CD4 and an appropriate coreceptor on target cells (M. D.
Miller et al., unpublished observations). Inhibitors of HIV-1
entry, such as T-20, also block the signal (data not shown),
demonstrating that virions that remain attached to the cell
without fusing do not score in the assay. Similar HIV-1 fusion
assays have recently been reported (7, 36). Using this system,
we quantified the ability of wild-type and Nef-defective virions
to fuse with target cells. HIV reporter particles containing
B-lactamase were generated by cotransfecting 293T cells with
pMM310 and the wild-type R8 or Nef-defective RSAN HIV-1
proviral plasmids (1) using Fugene6 (60 wl and 5 pg of each

plasmid/T75 flask) (Roche, Basel, Switzerland). Importantly,
293T cells do not express CD4, thus allowing specific analysis
of the CD4-independent effect of Nef on HIV-1 infectivity.
HIV-1 stocks were assayed for p24 by enzyme-linked immu-
nosorbent assay, as previously described (48). Viruses (90 l)
were mixed with cells (0.5 X 10° to 1 X 10° cells/well) in Costar
(Corning, N.Y.) 3603 plates, incubated at 37°C for various
times to allow virus entry, loaded with CCF4-AM (1 pM;
Aurora Biosciences, San Diego, Calif.), and incubated at room
temperature for 16 to 18 h. Viruses containing BlaM-Vpr were
added to MT-4 cells and to CD4-expressing HelLa (HeLa-
CD4) cells, both of which are highly permissive for HIV-1
infection. Following incubation at 37°C for 4 h, CCF4-AM was
added, and the cultures were incubated at 23°C to prevent
further fusion and to allow substrate cleavage by BlaM. To
acquire images of green and blue fluorescence in the cells, we
used an Olympus IX-70 inverted microscope with mercury
excitation and CCF2 filter set 41031 from Chroma Technology,
as previously described (28). Digital images were captured with
a SpotRT digital charge-coupled device camera linked to a
personal computer. Both wild-type and Nef-defective viruses
resulted in cleavage of CCF4-AM, as revealed by conversion of
the green emission to blue by fluorescence microscopy of the
cultures (Fig. 1A). To quantify the extent of fusion, the blue
emission of the cell cultures was measured using a microplate
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fluorometer (BMG Fluostar) using 405 = 20 nm excitation and
460 = 40 nm emission filters. The results revealed that wild-
type and Nef-defective virions exhibited identical extents of
fusion across the range of input viruses (Fig. 1B).

BlaM-Vpr reporter virions retain the requirement for Nef
for optimal infectivity. To ensure that incorporation of the
BlaM-Vpr fusion protein did not alter the effect of Nef on
HIV-1 infectivity, the BlaM-Vpr reporter virus stocks was ti-
trated on MT-4 and HeLa-CD4 cells. Infected cells were quan-
tified by flow cytometry after staining for intracellular Gag
expression. HeLa-CD4 and MT4 cells (200,000) were seeded
in 24-well tissue culture plates and inoculated with various
quantities of viruses. Twelve hours after inoculation, zidovu-
dine (Sigma) was added to a final concentration of 10 uM to
prevent viral spread. Following culture for an additional 36 h,
cells were collected and fixed in Cytofix solution (Pharmingen).
After being washed with Cytostain solution, cells were stained
with anti-p24%“* mouse monoclonal antibody 183-H12-5C (48)
for 30 min at 4°C. Cells were subsequently washed three times
with staining buffer and stained with phycoerythrin-conjugated
goat anti-mouse polyclonal antibody. Cellular fluorescence was
quantified with a FACSCalibur and analyzed with CellQuest
software (Becton Dickinson). Infection of MT-4 cells by wild-
type HIV-1 was approximately four times as efficient as infec-
tion by the Nef-defective virus (Fig. 2). When HeLa-CD4 cells
were used as targets, the wild-type virus was approximately
eight times more infectious than the Nef-defective virus. Thus,
HIV-1 particles produced from cells expressing BlaM-Vpr re-
quire Nef for optimal infection. Interestingly, the fusion assay
appeared to saturate at lower levels of virus than the infection
assay (compare Fig. 1B to Fig. 2B). This observation suggests
that a significant fraction of HIV-1 particles may be defective
for postfusion steps in infection, or that postentry restriction
factors may limit the ability of the fused virions to productively
infect the cell. As an additional control, immunoblot analysis
of viral lysates revealed that the wild-type and Nef-defective
virions were found to incorporate similar quantities of BlaM-
Vpr (data not shown). We conclude that Nef does not enhance
the overall extent of fusion of HIV-1 particles with target cells.

Nef does not affect the kinetics of HIV-1 fusion with target
cells. We quantified the fusion of wild-type and Nef-defective
HIV-1 following incubation of MT-4 cells with equal quantities
of viruses at 37°C for various periods. A time-dependent in-
crease in the fusion signal was observed for both viruses for up
to 2 h after inoculation, and wild-type and Nef-defective HIV-1
exhibited virtually identical fusion kinetics (Fig. 3). These data
indicate that Nef does not affect the rate or extent of HIV-1
fusion with target cells.

Wild-type and Nef-defective HIV-1 particles escape a block
to entry at equivalent rates. The fusion assay measures the
overall virus-cell fusion efficiency, and the signal was correlated
with HIV-1 infection when entry inhibitors were tested (J. E.
Lineberger and M. D. Miller, unpublished observations). How-
ever, the assay does not discriminate between fusion leading to
infection and fusion that may be nonproductive for infection.
To determine whether wild-type and Nef-defective HIV-1 viri-
ons infect cells by fusing at different rates, we quantified the
rate of acquisition of resistance to soluble CD4 (sCD4) during
infection by each virus, as previously reported (45). The P4 cell
line, a HeLa cell clone engineered to express CD4 and a
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FIG. 2. Nef enhances HIV-1 infection of MT-4 and HeLa-CD4
cells. Cell cultures were inoculated with the indicated quantities of
viruses. Infection was quantified by flow cytometry following intracel-
lular staining of cells with a p24-specific monoclonal antibody.
(A) Representative flow-cytometric data for intracellular staining fol-
lowing inoculation of MT-4 cells with medium (Mock), wild-type (WT)
HIV-1, wild-type HIV-1 with 10 pM zidovudine, and Nef-defective
HIV-1. Quantities of HIV-1 corresponding to 50 ng of p24 antigen
were used in these infections. (B) Percentage of infected cells (p24™)
as a function of input virus quantity for MT-4 and HeLa-CD4 cells.

Tat-inducible B-galactosidase gene, was used to quantify virus
infectivity as previously described (8). P4 cells were inoculated
with fixed quantities of wild-type and Nef-defective HIV-1.
Cultures were inoculated with viruses at low multiplicities of
infection and allowed to infect the cells for 2 days. An inhib-
itory concentration of SCD4 (5 wg/ml) was added at intervals,
and the cells were cultured for 2 days prior to staining with
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) to
identify productively infected cells. Infected cells were enu-
merated by capturing images with a charge-coupled device
camera and counting the stained cells by using NIH Image.
The results revealed that infection by wild-type and Nef-defec-
tive HIV-1 particles escaped a sSCD4 block at similar rates (Fig.
4A). In order to synchronize the fusion of the virions in the
cultures, we repeated the procedure using cultures of P4 cells
to which viruses were prebound at 4°C, washed, and then
shifted to 37°C, followed by the addition of sCD4 at timed
intervals. Initial attachment of HIV-1 particles to the HeLa-
derived P4 cells occurs through interactions of gp120 with
cell-surface heparan sulfate proteoglycans, thus permitting
subsequent neutralization by sCD4 (35). Addition of sCD4 at



10648 NOTES
40000
» 30000-
g
3
2 20000 -
S
=
3
< 10000 -
g ---0-- WT
---A~--  Nef-
0 ——
0 30 60 90 120 150
time (min)

FIG. 3. Wild-type and Nef-defective viruses exhibit similar kinetics
of fusion. MT-4 cells were inoculated with identical quantities (109 ng
of p24 [closed symbols]; 54.5 ng of p24 [open symbols]) of wild-type
and Nef-defective BlaM-Vpr reporter viruses and incubated at 37°C
for the indicated times, after which fusion was quantified by CCF4-AM
addition.

the time of the temperature shift resulted in complete inhibi-
tion of infection, demonstrating that sCD4 acted rapidly to
inhibit HIV-1 entry (Fig. 4B). Prebinding of virions to cells
significantly altered the kinetics of sCD4 escape; however, even
when fusion was synchronized in this manner, wild-type and
Nef-defective HIV-1 particles exhibited identical kinetics of
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FIG. 4. Infection by wild-type and Nef-defective HIV-1 particles
acquires resistance to sCD4 at equivalent rates. (A) Viruses were
added to P4 cells at 37°C, and sCD4 was added at the indicated times.
Cultures were maintained at 37°C for a total of 48 h, and infection was
quantified by counting the number of blue cells following staining with
X-Gal. Values are expressed as percentages of the infectivity of each
virus relative to cultures to which sCD4 was added at 12 h postinocu-
lation. Shown on the right is the relative infectivity of each virus when
sCD4 was added at 12 h following inoculation. (B) Analysis of the
kinetics of productive virus entry following prebinding of viruses to
cells. Viruses were incubated with cells at 4°C, and cells were washed
to remove unbound virus and subsequent cultured at 37°C. sCD4 was
added at the indicated times following temperature shift.
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entry leading to infection. Interestingly, prebinding of virions
to cells at 4°C resulted in an apparent reduction in the require-
ment of Nef for infection (Fig. 4B, right panel). We conclude
that wild-type and Nef-defective HIV-1 particles exhibit iden-
tical kinetics of fusion and that the infectious fractions of both
viruses acquire resistance to sCD4 at the same rate.

Nef stimulates HIV-1 infectivity four- to tenfold when as-
sayed in a single round of infection, but the mechanism of
infectivity enhancement remains enigmatic. Based on early
observations that enhancement by Nef is not specific for the
HIV-1 envelope proteins and on the lack of an effect of Nef on
the cellular uptake of HIV-1, it has generally been concluded
that Nef facilitates a postentry step in infection. However,
recent studies have suggested that Nef modifies the viral en-
velope and enhances the cytoplasmic delivery of the core (41,
50, 51). The results reported here indicate that Nef does not
enhance the entry of HIV-1 particles into target cells. Using a
novel quantitative assay of HIV-1 virus-cell fusion, we ob-
served identical rates and extents of fusion of wild-type and
Nef-defective HIV-1 particles with cells. In addition, Nef did
not affect the kinetics of HIV-1 entry leading to infection, since
wild-type and Nef-defective virions escaped an entry block with
similar kinetics. Collectively, these results support the conclu-
sion that Nef does not enhance HIV-1 infection by facilitating
virus entry but rather enhances an early postfusion step in
infection.

If Nef does not enhance the efficiency of HIV-1 fusion, then
how can the results of Zheng et al. (50) and Schaeffer et al. (41)
be accounted for? In the former study, virions produced from
cholesterol-depleted cells were found to be independent of Nef
for infection, implicating the lipid raft association of Nef in
infectivity enhancement. Incorporation of Nef into HIV-1 par-
ticles may be required for infectivity enhancement, and be-
cause lipid rafts are incorporated into budding HIV-1 particles,
it is plausible that depletion of cholesterol from HIV-1 pro-
ducer cells results in impaired packaging of Nef. Alternatively,
cholesterol may be required for an effect of Nef that is mani-
fested following virus-cell fusion. Thus, the effect of cholesterol
depletion on Nef function does not necessarily exclude the
possibility that Nef enhances a postentry step in infection.

The results of Schaeffer et al. (41) can also be reconciled
with our data. Based on the observation that Nef is required
for optimal infectivity of HIV-1 particles bearing the ampho-
tropic murine leukemia virus Env proteins (3, 34, 42), we
previously concluded that Nef enhances an early postentry step
in the virus life cycle. Because Nef is incorporated into HIV-1
virions and localizes to the viral core (26, 49), it is possible that
Nef enhances a function of the core, such as uncoating. In the
study by Schaeffer et al., cytosolic fractions were recovered as
supernatants following ultracentrifugation using conditions un-
der which HIV-1 cores are known to pellet (19, 26, 49). Thus,
the greater fraction of cytosolic p24 observed for wild-type
virions could result not only from enhanced virus-cell fusion
but also from more efficient release of CA from the core
following fusion. However, in a recent study of HIV-1 cores
isolated from virions, we observed no detectable effects of Nef
on HIV-1 core structure or stability under a variety of condi-
tions in vitro (18). Furthermore, assays of permeabilized viri-
ons failed to reveal any effect of Nef on endogenous reverse
transcription (3, 42). Nonetheless, cell-free assays may not
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reveal virus-host cell interactions that occur following HIV-1
fusion, and it remains possible that Nef regulates the disassem-
bly of the core in target cells.

If Nef does not enhance the entry of HIV-1 particles, then by
what mechanism does Nef render HIV-1 particles more infec-
tious? We and others reported previously that pseudotyping
HIV-1 virions by the glycoprotein of vesicular stomatitis virus
suppresses the requirement for Nef and renders HIV-1 parti-
cles sensitive to inhibitors of endosomal acidification, consis-
tent with an endocytic route of entry for the pseudotyped
virions (1, 9, 30). Based on these observations and the lack of
an observable effect of Nef on virus-cell fusion, we propose an
intracellular trafficking role of Nef in HIV-1 infection. In this
model, fusion of virions with target cells releases the viral core
into the cytoplasm, where it undergoes partial disassembly.
Nef, by virtue of its association with the ribonucleoprotein
complex (18), tethers the viral ribonucleoprotein complex to
clathrin-coated pits or vesicles by engaging components of the
endocytic apparatus (14, 21, 27, 29, 38). Transport of the en-
docytic vesicle to a specific intracellular compartment may
facilitate initiation of reverse transcription, thereby resulting in
completion of the remaining steps in infection. This model can
account for several additional observations related to infectiv-
ity enhancement by Nef. First, mutations in a dileucine motif
present in a surface region of the Nef protein impair HIV-1
infectivity enhancement; these mutations also disrupt engage-
ment of adaptor protein complexes by Nef (13, 14). Second, by
targeting HIV-1 fusion to an endosomal compartment, vesic-
ular stomatitis virus G bypasses the putative requirement for
Nef in intracellular transport. Third, the Nef phenotype is not
absolute—i.c., viruses that lack Nef due to nonsense mutations
still retain a significant ability to infect cells. How do Nef-
defective virions infect cells? HIV-1 fusion is likely a stochastic
process, with a small percentage of virions being internalized
by endocytosis prior to fusing from within an endosomal mem-
brane, and Nef-defective virions that enter cells by this route
may bypass a physical barrier to intracellular transport. Fourth,
our observation reported herein, that the requirement for Nef
is reduced by prebinding virions to cells prior to allowing fu-
sion, is also consistent with the model. Binding of virions at
reduced temperatures may facilitate initial attachment in the
absence of productive receptor engagement, thereby promot-
ing endocytosis of the virions prior to fusion. Finally, the model
is consistent with a recent study in which initiation of intra-
virion reverse transcription resulted in complete rescue of the
impaired infectivity of Nef-defective virions (24). By “jump-
starting” reverse transcription, the putative requirement for
intracellular transport mediated by Nef may be relieved. A
crucial test of the model will be to determine whether incor-
poration of Nef into HIV-1 particles is required for HIV-1
infectivity enhancement.
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