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The Nef protein of human immunodeficiency virus type 1 (HIV-1) promotes virion infectivity through
mechanisms that are yet ill defined. Some Nef is incorporated into particles, where it is cleaved by the viral
protease between amino acids 57 and 58. The functional significance of this event, which liberates the
C-terminal core domain of the protein from its membrane-associated N terminus, is unknown. To address this
question, we examined the modalities of Nef virion association and processing. We found that although
significant levels of Nef were detected in HIV-1 virions partly in a cleaved form, cell-specific variations existed
in the efficiency of Nef proteolytic processing. The virion association of Nef was strongly enhanced by myris-
toylation but did not require other HIV-1-specific proteins, since Nef was efficiently incorporated into and
cleaved inside murine leukemia virus particles. Substituting alanine for tryptophan57 decreased the efficiency
of Nef processing, while mutating leucine58 had little effect. In contrast, replacing both of these residues
simultaneously almost completely prevented this process. However, when the resulting mutants were compared
with a wild-type control in viral infectivity assays, no correlation was found between the levels of cleavage and
the ability to stimulate virion infectivity. Furthermore, simian immunodeficiency virus Nef, which lacks the
sequence recognized by the protease and as a consequence is not cleaved despite its incorporation into virions,
could stimulate the infectivity of a nef-defective HIV-1 variant as efficiently as HIV-1 Nef. On these bases, we
conclude that the proteolytic processing of Nef is not required for the ability of this protein to enhance virion
infectivity.

In addition to the gag, pol, and env genes found in all retro-
viruses, the genome of human immunodeficiency virus type 1
(HIV-1) contains several additional reading frames which en-
code critical virulence factors (34, 46, 47). Among these, the
nef gene is found only in primate lentiviruses and codes for a
short myristoylated cytoplasmic protein that associates with
membranes and the cytoskeleton (23, 38). Initial experiments
suggested that Nef reduces the rate of viral replication by
inhibiting transcription from the proviral long terminal repeat
(LTR), hence, its acronym for “negative factor” (1, 28, 36).
However, these early results were not confirmed, and it was
instead found that Nef is essential for high levels of viral
replication in vivo and for AIDS pathogenesis (14, 25, 26). In
vitro, at least three functions of Nef have been described: (i)
the downregulation of CD4 and to a lesser degree of major
histocompatibility complex class I (3, 6, 18, 22, 31, 40, 42), (ii)
the alteration of T-cell activation pathways (8, 29, 37, 44), and
(iii) the enhancement of viral infectivity (5, 12, 32, 41, 45).

First observed in activated peripheral blood lymphocytes
(PBL) (15), Nef-induced stimulation of HIV-1 infectivity is
particularly pronounced when resting T cells are first infected
and subsequently activated (32, 45). However, the effect of Nef
is also manifested in single-round infectivity assays. Nef acts
when supplied in producer cells but not in target cells, at least
partly irrespective of the presence of CD4, and in a dose-
dependent manner (5, 12, 13, 32, 33). The consequences of Nef
action are manifested immediately after viral entry, that is,

before integration and viral gene expression. Functionally, they
translate into an increased efficiency of proviral DNA synthe-
sis, although the enzymatic activity of reverse transcriptase per
se is not affected (5, 12, 41). Most likely, Nef facilitates un-
coating or stabilizes the reverse transcription complex.

Nef could exert this effect indirectly, by modifying during
viral assembly a protein that is subsequently involved in facil-
itating the early steps of infection. Alternatively, Nef could act
directly as a component of the reverse transcription complex.
Consistent with this latter model, recent experiments demon-
strated the presence of some Nef in HIV-1 particles (39, 48). It
was also noted that a significant proportion of virion-associated
Nef molecules is cleaved by the viral protease (39, 48). This
phenomenon previously had been observed in vitro (16, 17);
the cleavage site was mapped to the peptide bond between
tryptophan57 and leucine58 of Nef.

In the present study, we investigated the modalities of Nef
virion incorporation, examining in particular whether the pro-
teolytic processing of Nef is important for its ability to stimu-
late HIV-1 infectivity. Our results suggest that this is not the case.

MATERIALS AND METHODS

DNA constructs. The pCMXNef, R7, and DNXR7 constructs have been de-
scribed elsewhere (3). The DNefR7 plasmid is the previously described DNR7
(3). pCMXNefG

2
A is a derivative of pCMXNef that expresses a Nef myristoyl-

ation mutant, and pCMXPL2 is the empty vector. R9 and DNefR9 were gener-
ated from R7 and DNXR7, respectively, by replacing the BssHII-BamHI frag-
ment from R7 and R7DNX with the corresponding fragment from HIV-1NL4-3.
Plasmids pCMXNefW

57
A, pCMXNefL

58
A, and pCMXNefWL

58
AA were gener-

ated by PCR-mediated site-directed mutagenesis of nef in the context of pCMX
Nef. pCMXNefFLAG (a gift from Vincent Piguet) was derived from pCMXNef by
fusing the sequence encoding a FLAG epitope (amino acid sequence: DYKD
DDDK) to the 39 end of nef. pCMXSIVNef has been described elsewhere (5).
Construction of R9 Nef mutants was carried out in a series of steps. First, R9D39
was generated by PCR introduction of an XbaI restriction site immediately
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outside the 39 LTR of R9. Plasmid BS/XXNefW
57

A was generated by ligating into
pBluescript/KS2 opened with XhoI and XbaI the XhoI-DraIII fragment from
pCMXNefW

57
A linked to the appropriate DraIII-XbaI fragment containing the

full-length 39 LTR fragment from R9. Plasmids BS/XXNefL
58

A and BS/
XXNefWL

58
AA were made in a similar manner. NefW

57
AR9, NefL

58
AR9, and

NewWL
58

AAR9 were constructed by replacing the XhoI-XbaI fragment from
R9D39 with the corresponding fragments from BS/XXNefW

57
A, BS/XXNefL

58
A,

and BS/XXNefWL
58

AA, respectively. The pET-20bNef construct was made by
inserting a PCR-generated nef gene from R7, with BamHI and HindIII restric-
tion sites flanking the sequence, into pET-20b (Novagen) opened with the same
restriction enzymes. The pCMV-GAGPOL plasmid expresses the gag and pol
genes of murine leukemia virus (MLV) from the cytomegalovirus promoter (35).
The SV-E-MLV-env plasmid, expressing the ecotropic MLV env gene, was ob-
tained from Ned Landau.

Cell lines, transfection, and electroporation. H9, CEM, and SupT1 human
T-lymphoid cells were grown in RPMI 1640 medium supplemented with 10%
fetal calf serum. 293T cells, a gift from Gary Nolan, Stanford University, are
derivatives of the 293 human kidney cell line that stably express the simian virus
40 large T antigen. HeLa-derived P4 cells (11) were a gift from F. Clavel. 293T
and P4 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum.

Transfection of 293T cells was accomplished with the previously described
calcium phosphate method (7). The medium was changed after overnight incu-
bation with DNA. Two days following transfection, supernatants containing virus
were harvested and the cells were lysed. For cell lysate preparation, 8 3 106

transfected cells were washed twice with phosphate-buffered saline (PBS) and
then resuspended in 500 ml of cell lysis buffer (10 mM NaCl, 10 mM Tris-HCl
[pH 7.5], 0.5% Nonidet P-40, 100 mg of phenylmethylsulfonyl fluoride per ml, 1
mg of aprotinin per ml, 1 mg of pepstatin A per ml, 2 mg of leupeptin per ml) for
5 min on ice. The lysates were subsequently centrifuged at 14,000 3 g in a
tabletop microcentrifuge for 5 min at 4°C to remove nuclei, and the supernatants
were harvested and stored at 275°C until needed. Total protein content of the
lysates was measured with the bicinchoninic acid assay (Pierce).

H9 and SupT1 cells were infected by coculturing with transfected 293T cells.
Specifically, 2.5 3 107 H9 or SupT1 cells in 100 ml of DMEM were laid over 4 3
106 293T cells that had been transfected 2 days earlier. RPMI 1640 medium (300
ml) was added to the coculture after 5 h, and the cells were further incubated for
3 days. H9 or SupT1 cells in 100 ml of RPMI 1640 medium were then transferred
to another flask. Supernatants were harvested 3 days later.

CEM cells (107) were electroporated (250 mV, 960 mF) with proviral con-
structs (40 mg) as previously described (7). Virus-containing supernatants were
harvested at the peaks of virus production, between 8 and 10 days postelectro-
poration. Peripheral blood mononuclear cells were isolated from seronegative
donors by banding of whole blood on Ficoll-Paque (Pharmacia) and cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum at 2 3 105 to 5 3
105 cells/ml. Monocytes were removed from the cultures over a period of 3 days
by adherence to plastic, with the cultures being placed into new flasks every 24 h.
The resulting PBL were removed and maintained in cultures for an additional 4
days before infection.

Virus preparation and infection. Virus-containing supernatants were har-
vested from transfected 293T cells, infected H9 and SupT1 cells, and electropo-
rated CEM cells and filtered through a 0.45-mm-pore-size nitrocellulose mem-
brane. The filtered supernatant was then subjected to ultracentrifugation
through a 20% (wt/vol) sucrose cushion (in PBS) at 26,000 rpm in an SW28 rotor
(Beckman) for 1.5 h. The resulting virus-containing pellet was resuspended in
PBS at 4°C for 2 h. When needed, the virus was further purified over a sucrose
gradient. The sucrose gradient was generated with a gradient maker by mixing a
60% (wt/wt) sucrose solution with a 20% (wt/wt) sucrose solution, both in PBS.
The resuspended virus was carefully laid over the 20 to 60% linear sucrose
gradient and, after ultracentrifugation at 20,000 rpm in an SW55 rotor (Beck-
man) for 18 h, fractions of approximately 400 ml each were collected and ana-
lyzed for viral content by an HIV-1 p24 capsid (CA) enzyme-linked immunosor-
bent assay (ELISA) (DuPont).

The P4 infection assay has been described elsewhere (5).
Quantitation of MLV virions was accomplished with a modified exogenous

reverse transcription assay originally described by Goff et al. (19). Briefly, 10 ml
of concentrated virus was added to 20 ml of assay buffer containing 50 mM
Tris-HCl (pH 7.9), 75 mM KCl, 2 mM dithiothreitol, 5 mM MnCl2, 25 mg of
poly(A) z oligo(dT12–18), 0.05% Nonidet P-40, and 50 mCi of 3H-TTP per ml and
incubated for 2 h at 37°C. The reaction mixtures then were spotted onto 2.3-cm-
diameter DE81 paper disks (Whatman). The disks were washed three times for
5 min each time in 23 SSC (13 SSC is 150 mM NaCl plus 15 mM sodium citrate)
and two times for 5 min each time in 95% ethanol and air dried, and tritium
incorporation was determined by liquid scintillation counting. One-week-old
PBL (2 3 107) were infected with 750 ng of virus produced from 293T cells in 10
ml of RPMI 1640 medium for 12 h. Following incubation with the virus, the PBL
were washed with and resuspended in 10 ml of medium, and a time-zero sample
was taken for the p24 CA ELISA. One day later, the cultures were activated with
3 mg of phytohemagglutinin (Sigma) per ml. At day 3, recombinant human
interleukin-2 (IL-2) (Sigma) was added to the cultures at a concentration of 10
U/ml. The cultures were subsequently maintained in RPMI 1640 medium sup-
plemented with 10 U of IL-2 per ml and split 1:2 every other day.

Western blot analysis. Cell extracts and virion fractions were resolved on
sodium dodecyl sulfate–15% polyacrylamide gels. The proteins were then trans-
ferred to polyvinylidene fluoride membranes (Micron Separations Inc.) in a
buffer containing 25 mM Tris-HCl (pH 8.0), 192 mM glycine, 0.035% sodium
dodecyl sulfate, and 20% methanol. The membranes were blocked in 10% milk
for 1 h and then incubated with a 1:2,000 dilution of rabbit aNef polyclonal
antiserum (4), a 1:10,000 dilution of ap24 CA monoclonal antibody purified from
hybridoma 183-H12-5C (a gift from Bruce Chesebro and obtained through the
National Institutes of Health AIDS Repository), a 1:1,000 dilution of HIV-1
ap17 MA monoclonal antibody (Advanced Biotechnologies, Inc.), a 1:2,000
dilution of aFLAG monoclonal antibody (Kodak), a 1:500 dilution of goat
aRauscher leukemia virus p15 antiserum (obtained from Quality Biotech Inc.
through the National Cancer Institute), or a 1:100 dilution of rabbit aSIVNef
polyclonal antibody (a gift from Janice Clements, Johns Hopkins University).
The membranes were washed in a buffer containing 10 mM Tris-HCl (pH 8.0),
150 mM NaCl, and 0.05% Tween 20. Detection was performed with horseradish
peroxidase-conjugated rabbit, mouse, or goat (Dako) immunoglobulins by en-
hanced chemiluminescence (ECL Western Blotting Kit; Amersham) according
to the manufacturer’s instructions.

RESULTS

HIV-1 Nef virion incorporation and cleavage. A Western
blot analysis of virions produced from 293T cells transfected
with either a wild-type or a nef-defective proviral DNA re-
vealed the presence of two protein species that reacted with a
Nef-specific antiserum in wild-type but not mutant particles
(Fig. 1A). The apparent molecular masses of these proteins, 27
and 19 kDa, were consistent with those of full-length Nef and
of its previously described C-terminal cleavage product (16,
17). To examine this phenomenon further, wild-type virions
were produced from T-lymphoid cells and analyzed by West-
ern blotting. A side-by-side comparison of H9- and SupT1-
produced virions revealed that particles released by H9 cells
contained higher levels of full-length Nef, while virions from
SupT1 cells contained an almost equal distribution of cleaved
and uncleaved Nef products (Fig. 1B).

To demonstrate that both full-length Nef and its cleavage
product were indeed virion associated and were not just con-
taminants of the virus concentration process, H9-produced
wild-type virus was fractionated on a 20 to 60% sucrose gra-
dient. The presence of viral proteins in the various fractions
was assessed by a combination of immunological and enzy-
matic methods (Fig. 1C). In fractions that also contained peaks
of p24 antigen and reverse transcriptase activities (at an ap-
proximate density of 1.18 g/ml), both full-length Nef and its
19-kDa cleavage product were detected. Of note, we repeat-
edly failed to detect significant amounts of Nef in the super-
natant of cells expressing a budding defective proviral con-
struct or nef alone, ruling out the possibility that the Nef
protein observed here is associated with membrane vesicles
rather than with virions.

The 19-kDa species corresponded to the C-terminal core
domain of Nef, because when the distal end of the viral protein
was tagged with an eight-amino-acid-long sequence (FLAG),
the sizes of both the full-length and the lower-molecular-
weight Nef-reactive proteins were increased (Fig. 1D). Finally,
in virions produced from a pro-defective HIV-1 provirus, only
full-length Nef was detected (data not shown), consistent with
previous data indicating that the viral protease is responsible
for cleaving Nef (39, 48).

Effects of mutations around the Nef cleavage site. In vitro
experiments with recombinant proteins revealed that the
HIV-1 protease cleaves Nef between tryptophan57 (W57) and
leucine58 (L58) (16, 17). Accordingly, site-directed mutagenesis
was used to change these residues to alanine, either individu-
ally or together, within the context of a cytomegalovirus-based
nef expression vector. 293T cells were cotransfected with the
nef-defective DNefR9 proviral construct, together with plas-
mids expressing either wild-type Nef, a NefG

2
A (glycine at
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position 2 changed to alanine) myristoylation mutant, or the
NefW

57
A, NefL

58
A, or NefWL

58
AA variant. Two days later, cy-

toplasmic extracts and virions purified from the supernatant
were analyzed by Western blotting with antibodies against Nef
or p24 CA (Fig. 2A). The G2A mutation almost completely
abolished Nef virion incorporation, as previously demon-
strated (9). Mutation W57A resulted in a moderate decrease in
the ratio between the cleaved and the uncleaved forms of Nef
in particles, while the L58A change did not alter cleavage.
However, replacing both W57 and L58 with alanine almost
completely abrogated the processing of Nef. Interestingly, no
19-kDa Nef product was detected in cell extracts, consistent
with the viral protease becoming active only once it is incor-
porated into virions (24).

To confirm these results, the three nef mutations were in-
troduced into full-length HIV-1 proviral construct R9, and the
resulting viruses were similarly analyzed (Fig. 2B). The pat-
terns observed when Nef was expressed in trans were recapit-
ulated, with the WL58AA mutation having the most dramatic
effect on Nef cleavage.

Incorporation of Nef into and cleavage of Nef inside MLV
particles. To determine if other HIV-1-specific components
are necessary for Nef virion association, we asked whether Nef
could be incorporated into MLV, a simple retrovirus which
does not encode accessory factors such as Nef. MLV particles
were produced by transient transfection of 293T cells express-
ing wild-type or mutated forms of Nef. Cytoplasmic extracts
and purified virions were analyzed by Western blotting with
antibodies against Nef or the p15 matrix (MA) protein of MLV
(Fig. 3). The results revealed that Nef was efficiently incorpo-
rated into MLV particles, where it underwent proteolytic
cleavage. The patterns observed with the NefW

57
A, NefL

58
A,

and NefWL
58

AA mutants were reminiscent of those observed
for HIV-1 virions, with one exception. Whereas the HIV-1
protease efficiently cleaved the NefL

58
A mutant, the MLV pro-

tease did not. As noted with HIV-1, cleavage was observed in
viruses but not in cell lysates.

Absence of correlation between Nef cleavage and enhance-
ment of HIV-1 infectivity. The NefWL

58
AA variant, which was

stably expressed and efficiently incorporated into virions yet
resisted cleavage by the viral protease, gave us the opportunity
to ask whether the proteolytic processing of Nef is necessary
for the stimulation of HIV-1 infectivity. To probe this issue,
virions produced from transiently transfected 293T cells and
expressing various forms of Nef were subjected to a single-
round infectivity assay with P4 cells as targets. P4 cells are
CD4-positive HeLa cells which contain a lacZ reporter gene

FIG. 1. Virion incorporation and cleavage of HIV-1 Nef. (A) Left panel:
Cell-free supernatants from 293T cells transiently transfected with R9 and
DNefR9 constructs were concentrated by ultracentrifugation through a 20%
sucrose cushion, normalized for p24 content (1 mg), and analyzed by Western
blotting with an aNef polyclonal antiserum (top) and with a mixture of ap17 MA
and ap24 CA antibodies, which also recognize the p55 Gag precursor (bottom).

Molecular mass markers are shown on the right. Right panel: Cytoplasmic
extracts from transfected 293T cells normalized for total protein content (250
mg) were probed with aNef. (B) Wild-type (R9) virus produced from infected
SupT1 and H9 cells was examined by Western blotting with aNef antiserum.
Lanes: 1, SupT1 cell-produced virus (83.8 ng of p24); 2, H9 cell-produced virus
(119.1 ng of p24). (C) H9 cell-produced wild-type virus was fractionated on a
linear 20 to 60% (wt/wt) sucrose gradient. Fractions (approximately 400 ml) were
evaluated for reverse transcriptase (RT) activity (103 counts per minute per
microliter) (squares) by an exogenous RT assay as well as for p24 CA content
(103 nanograms per milliliter) (circles) by an ELISA (graph). Each fraction (100
ml) was subjected to Western blot analysis with aMA (upper panel), aCA
(middle panel), and aNef (lower panel). Numbers at the bottom correspond to
fractions collected from the top to the bottom of the gradient. (D) Western blot
analysis of virions from 293T cells cotransfected with DNefR9 and either
pCMXNef or pCMXNefFLAG. Left panel: Cell-free supernatants were concen-
trated by ultracentrifugation through a 20% sucrose cushion, normalized for p24
content (1 mg), and probed with an aFLAG monoclonal antibody (top) and with
aNef antiserum (bottom). Right panel: Cytoplasmic extracts from transfected
293T cells normalized for total protein content (250 mg) were similarly analyzed
with aFLAG (top) and aNef (bottom).
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under the control of the HIV-1 LTR. Upon infection, Tat
production induces LacZ expression, which can be scored
by 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal)
staining. The wild-type R9 virus was approximately 10 times
more infectious than its nef deletion counterpart (DNefR9) in
this assay (Fig. 4A), in agreement with previous results (5).
Despite their clearly distinct levels of sensitivity to proteolytic
cleavage, mutants NefW

57
AR9, NefL

58
AR9, and NefWL

58
AAR9

exhibited levels of infectivity that were identical and approxi-
mately 60% the wild-type level. When virions were produced
from CD4-positive CEM cells, the mutants again displayed
similar levels of infectivity. However, in this case, the muta-
tions had a more pronounced influence, reducing viral infectivity
to roughly 25% of the wild-type level. Nevertheless, all three
mutants were still significantly more active than DNefR9 (5%)

in this setting (Fig. 4B). Finally, in PBL infected prior to activa-
tion, the NefWL

58
AAR9 mutant exhibited kinetics of growth that

were intermediate between those of wild-type and nef deletion
viruses (Fig. 4C).

These data suggested that the cleavage of Nef is not essential
for its ability to enhance virion infectivity. To confirm this
point, we examined the virion incorporation and processing of
simian immunodeficiency virus (SIV) Nef. This aspect was of
interest because SIV Nef does not contain the sequence rec-
ognized by the protease in HIV-1 Nef, specifically, the WL
cleavage site. SIV Nef was efficiently incorporated into HIV-1
virions, but in contrast to its HIV-1 counterpart, it did not
undergo proteolytic cleavage to any appreciable extent (Fig.
5A). However, SIV Nef stimulated the infectivity of DNef
HIV-1 virions in P4 cells as efficiently as HIV-1 Nef (Fig. 5B),

FIG. 2. Nef mutants exhibit various degrees of cleavage. (A) Western blot analysis of virions produced by cotransfection of 293T cells with DNefR9 and either
pCMXNef (lane 1), empty control vector pCMXPL2 (C) (lane 2), pCMXNefW

57
A (lane 3), pCMXNefL

58
A (lane 4), pCMXNefWL

58
AA (lane 5), pCMXNefG

2
A (lane

6), or nothing (lane 7). Molecular mass markers are shown on the right. Left panel: Immunoblot analysis of virions (1 mg) with aNef (top) and ap24 CA antibodies,
which also recognize the p55 Gag precursor (bottom). Right panel: Transfected cell extracts (250 mg of total protein) probed with aNef antiserum. (B) Western blot
analysis, similar to that in panel A, of virions produced from transfection of 293T cells with proviral construct R9 (lane 1), DNefR9 (lane 2), NefW

57
AR9 (lane 3),

NefL
58

AR9 (lane 4), or NefWL
58

AAR9 (lane 5) or nothing (lane 7). Left panel: Immunodetection with aNef (top) and a mixture of ap17 MA and ap24 CA antibodies,
which also recognize the p55 Gag precursor (bottom). Right panel: Cell extracts probed with aNef.

VOL. 72, 1998 HIV-1 Nef CLEAVAGE AND VIRAL INFECTIVITY 3181



confirming that these two proteins are functionally inter-
changeable (5, 43). The presence of a cleaved Nef product is
thus not necessary for the stimulation of HIV-1 infectivity.

DISCUSSION

In this work, we confirmed previous findings that Nef is
incorporated into HIV-1 virions and cleaved by the viral pro-
tease (39, 48). Using a semiquantitative analysis previously
described (10), we estimated that there are on average 60 to
200 copies of Nef per H9 cell-produced virion (data not
shown), within the range defined for the products of the pol
gene. Through techniques comparable to ours, Pandori et al.
(39) detected approximately 70 molecules of Nef per particle,
predominantly in the cleaved form, when analyzing virus re-
leased from CEM cells. Welker et al. (48), on the other hand,
counted 5 to 10 molecules per MT4 cell-produced particle,
with equal amounts of full-length versus cleaved proteins.
However, in the latter case, the use of immunoprecipitation
could have led to an underestimate if the antibody was only
partially effective at capturing Nef.

We also observed that the extent of Nef cleavage varied
depending upon the cell type producing the HIV-1 virions.
Virions produced from H9 cells had a higher ratio of full-
length Nef to cleaved Nef than those produced from SupT1 or
293T cells. The fact that H9 cell-produced particles also had a
comparatively higher ratio of full length Gag to cleaved Gag
suggests that this differential Nef cleavage might have been
due in part to the activity of the protease enzyme.

The specificity of Nef virion incorporation remains question-
able, since Nef can also associate with MLV particles (Fig. 3)
(9). The dependence of Nef on myristoylation for efficient
virion incorporation suggests that the viral protein might be
passively engulfed by budding particles owing to its association
with the plasma membrane. However, this suggestion does not
exclude the possibility that at least part of the Nef effect might

be linked to its presence in virions, since nonmyristoylated Nef
fails to stimulate viral infectivity (5).

While it is unclear whether Nef promotes HIV-1 replication
through direct or indirect mechanisms, our results conclusively
demonstrate that proteolytic cleavage of the viral protein is not
necessary for this effect. First, three mutations that affect this
process to clearly distinct degrees had similarly mild conse-
quences on the infectivity of HIV-1 particles, as measured in a
single-round assay. Second, a mutation which completely ab-
rogated the processing of Nef resulted only in partial impair-
ment of its ability to stimulate viral infectivity, either in CD4-
positive HeLa cells or in PBL. Finally, the defective phenotype
of a nef-deleted HIV-1 strain was rescued as efficiently by SIV
Nef as by HIV-1 Nef, even though SIV Nef does not contain
the sequence recognized by the viral protease and, as a con-
sequence, does not undergo readily detectable proteolytic pro-
cessing. This latter result corroborates the positive effect of
SIV Nef on the infectivity of SIV virions (43).

Substituting alanine for tryptophan57 and leucine58 almost
completely prevented the cleavage of Nef, confirming the pre-
vious mapping of the protease target site between these two
amino acids (16). The MLV protease cleaved Nef as efficiently
as the HIV-1 protease (Fig. 3), even though mutations around
the enzyme target site resulted in subtle differences. For in-
stance, while replacing both W57 and L58 of Nef resulted in the
abrogation of processing by both proteases, NefL

58
A was sig-

nificantly more resistant to cleavage in MLV than in HIV-1
virions. Both proteases have poor consensus recognition sites
in which either aliphatic long-chain residues or aromatic amino
acids immediately flanking the cleavage site are preferred. The
accessibility of this site is probably a major determinant of
susceptibility. In that respect, it is notable that the nuclear
magnetic resonance structure analysis of HIV-1 Nef reveals
that amino acids 57 and 58 of the protein are within an exposed
region easily accessible to solvent (20).

W57 and L58 of Nef also appear to participate in the binding

FIG. 3. HIV-1 Nef incorporation and cleavage in MLV particles. 293T cells were cotransfected with pCMX-GAGPOL, pSV-E-MLV-env, and the pCMXNef
constructs encoding the Nef cleavage mutants or the pCMXPL2 control. The resultant virions were concentrated by ultracentrifugation through a 20% sucrose cushion
and normalized for reverse transcriptase activity. Markers are shown on the right. Left panels: Immunoblot analysis with aNef (top) and aMLV MA (bottom) of viral
particles containing wild-type HIV-1 Nef (lane 1), no Nef (lane 2), NefW

57
A (lane 3), NefL

58
A (lane 4), or NefWL

58
AA (lane 5). Lane 6, pelleted cell supernatant from

mock-transfected cells. Right panel: Cell extracts from the same experiment normalized for total protein content (250 mg) and probed with aNef antiserum.
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of the CD4 cytoplasmic tail (21). Correspondingly, NefWL
58

AA
is defective for CD4 downregulation (30). It is noteworthy that
the phenotype of a virus expressing this Nef variant was more
pronounced when it was released from CD4-positive CEM

cells than when it was produced from CD4-negative 293T cells
(compare Fig. 4A and B). One potential explanation for this
difference is that the infectivity of HIV-1 virions might be
decreased when producer cells express high levels of CD4 on
their surface. Nef would then counteract this negative influ-
ence by downregulating CD4, playing a role somehow analo-
gous to that fulfilled by neuraminidase in influenza virus. Our
preliminary results support this model (27), even though Nef
appears to exert a major part of its effect in a CD4-indepen-
dent manner, as previously described (3, 12, 41).

Nef augments the infectivity of HIV-1 virions coated with
the amphotropic MLV envelope (3). In contrast, the Nef mu-
tant phenotype is rescued by mediation of viral entry via the G
protein of vesicular stomatitis virus (VSV) (2). This effect is
not due to the higher intrinsic activity of VSV G protein-
coated particles, because in the presence of limiting amounts
of this envelope protein, infectivity decreases to a level similar
to that of HIV-1 virions yet remains unaffected by Nef (2).
Instead, it suggests that the Nef requirement is restricted to
virions penetrating cells via direct fusion at the plasma mem-
brane, the major route of entry for the HIV-1 and amphotropic
MLV envelope proteins, whereas it is alleviated when this
process occurs through receptor-mediated endocytosis and fu-
sion in the endocytic compartment, the pathway targeted by
the VSV G protein. Interestingly, in the latter case an impor-
tant step is the acidification of the endosomal compartment,
which triggers fusion between the viral and cellular membranes
and facilitates the uncoating process. Whether Nef functionally
replaces this event when uncoating occurs at the plasma mem-
brane remains to be determined.

FIG. 4. Nef cleavage does not correlate with virion infectivity. (A) The vi-
ruses produced in Fig. 2B from 293T cells were normalized for p24 content and
used to infect P4 indicator cells. The infectivity of the Nef mutants is expressed
as a percentage of wild-type (wt) infectivity. In a typical experiment, wild-type
virus yielded between 1,000 and 4,000 infectious units/ng of p24. (B) Wild-type
(R9), nef deletion (DNefR9), and Nef mutant (NefW

57
AR9, NefL

58
AR9, and

NefWL
58

AAR9) viruses produced from electroporated CEM T-lymphoid cells
were concentrated, normalized for p24 content, and assayed for infectivity as
described for panel A. (C) Growth curves for wild-type (R9), nef deletion
(DNefR9), and Nef cleavage-defective (NefWL

58
AAR9) viruses from Fig. 2B in

PBL. PBL were activated with phytohemagglutinin 48 h after infection and
maintained in IL-2. p24 samples were taken from the cultures on the indicated days.

FIG. 5. SIV Nef is not cleaved by HIV-1 protease but stimulates HIV-1
infectivity. (A) Western blot analysis of virions (1 mg of p24) produced from 293T
cells cotransfected with DNefR9 and pCMXNef (lane 1), pCMXPL2 (C) (lane
2), or pCMXSIVNef (lane 3) and of the corresponding cell extracts (250 mg of
total protein) (lanes 4 through 6). Lanes 1, 2, 4, and 5 were probed with aHIV-1
Nef antiserum, and lanes 3 and 6 were probed with aSIV Nef antiserum. (B) P4
cell infectivity assay with the viruses produced in panel A. Infectivity is expressed
as a percentage of wild-type (wt) activity.
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