
JOURNAL OF VIROLOGY, July 2002, p. 6857–6862 Vol. 76, No. 13
0022-538X/02/$04.00�0 DOI: 10.1128/JVI.76.13.6857–6862.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Nef Enhances Human Immunodeficiency Virus Type 1
Infectivity in the Absence of Matrix

Tatyana Dorfman, Elena Popova, Massimo Pizzato, and Heinrich G. Göttlinger*

Department of Cancer Immunology and AIDS, Dana-Farber Cancer Institute, and
Department of Pathology, Harvard Medical School, Boston, Massachusetts

Received 5 November 2001/Accepted 22 March 2002

Nef enhances the serine phosphorylation of the human immunodeficiency virus type 1 matrix (MA) protein,
which suggests that MA may be a functional target of Nef. Using mutants that remain infectious despite the
absence of most or all of MA, we show in the present study that the ability of Nef to enhance virus infectivity
is not compromised even if MA is entirely replaced by a heterologous lipid anchor.

Nef is an accessory gene product of primate lentiviruses that
has been shown to be necessary for efficient virus replication
and pathogenesis in vivo (12, 23, 24). Although Nef has only a
modest effect on the ability of human immunodeficiency virus
type 1 (HIV-1) to spread in T-cell lines, Nef significantly en-
hances virus replication in primary target cells that are exposed
to HIV-1 prior to stimulation (30, 46). In cell culture, Nef has
been shown to downregulate the CD4 receptor and major
histocompatibility class I molecules from the cell surface (2, 11,
19, 21, 25, 38, 44), to modulate the cellular activation state (4,
5, 14, 16, 42, 48, 50), and to enhance the infectivity of progeny
virions (3, 9, 10, 20, 31, 39, 43, 54).

Nef-deficient HIV-1 can be complemented by providing Nef
in trans in producer cells but not by expressing Nef in the target
cells, indicating that Nef modifies a virion component or alters
the molecular makeup of the virion (3, 31). It is unlikely that
the viral envelope (Env) glycoproteins are a direct functional
target of Nef, because an enhancement of virion infectivity is
observed even after pseudotyping of Env-deficient HIV-1 viri-
ons with amphotropic murine leukemia virus Env (3, 27, 31). In
contrast, Nef has no effect on the infectivity of virions
pseudotyped with the glycoprotein of vesicular stomatitis virus,
which alters the route of entry (1, 7, 27). Researchers have
shown that small amounts of Nef gain access into progeny
virions, which raises the possibility that Nef acts as a compo-
nent of the virion (6, 36, 52). Virion-associated HIV-1 Nef is
cleaved by the viral protease, but this processing event does not
appear to be necessary for the ability of Nef to augment virion
infectivity (8, 29, 35, 51). Nef associates with cellular protein
kinases and enhances the serine phosphorylation of the viral
matrix (MA) protein (39, 40, 47), but whether this modification
is functionally relevant remains unknown.

A recent study shows that Nef can function as an entry factor
by enhancing the delivery of viral particles into the cytosol (41).
The virus used in that study was produced in 293T cells, dem-
onstrating that the enhancement of viral entry by Nef does not
require the presence of CD4 during virus production. Based on
these observations, it was proposed that Nef indirectly affects

the function of Env by modifying MA (41). It appeared to us
that this model could be rigorously tested, because MA is not
absolutely required for the completion of the HIV-1 replica-
tion cycle (37, 49). Although certain mutations in MA substan-
tially inhibit virus production (15, 18), for example by redirect-
ing assembly to intracellular membranes, we found that large
deletions often actually enhance particle production over wild-
type (WT) levels (37). The integrity of MA is critical for the
incorporation of HIV-1 Env glycoprotein spikes into nascent
viral particles (13, 55), but Env incorporation can be com-
pletely restored if the long cytoplasmic tail of the HIV-1 trans-
membrane glycoprotein is removed (17, 28). Indeed, in the
absence of the Env cytoplasmic tail, the entire HIV-1 MA
domain becomes dispensable for Env incorporation in tran-
siently transfected cells (37). We have also shown that after
pseudotyping with C-terminally truncated HIV-1 Env, even a
large deletion which removes the globular core of MA has only
a modest effect on HIV-1 infectivity (37).

To determine whether the presence of MA is necessary for
the CD4-independent effect of Nef on HIV-1 infectivity, we
made use of a previously described set of mutant HIV-1 pro-
viruses that lack most or all of MA but are nevertheless able to
replicate efficiently in MT4 T lymphoid cells (37). The �8-87
mutant lacks most of the globular core of MA, which is formed
by 4 �-helices and a C-terminal helix that projects away from
the core domain (22). This globular domain contains a basic
surface patch thought to interact with acidic phospholipids and
represents the portion of MA that is structurally conserved
among distantly related retroviruses. The �8-126 mutant ad-
ditionally lacks the relatively variable region that connects the
single globular domain of MA with the capsid (CA) in the
context of the Gag precursor. The only MA sequences retained
in the �8-126 mutant are those of six N-terminal residues
which provide an attachment site for myristic acid after re-
moval of the initiating methionine, as well as six C-terminal
residues to preserve the proteolytic cleavage site at the
MA-CA boundary. Lastly, the �MA/R3 mutant lacks all MA
residues and instead harbors a 15-amino-acid peptide that pro-
vides a heterologous myristyl anchor for membrane attach-
ment and a processing site for HIV-1 protease. The �MA/R3
mutant also harbors compensatory mutations in the CA and
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nucleocapsid domains that allow efficient virus replication in
MT4 cells (37).

The �8-87, �8-126, and �MA/R3 proviruses encode a C-
terminally truncated Env protein, which permits multiple
rounds of virus transmission to occur in certain cell types (37).
To obtain viral genomes that are dependent on complementa-
tion by Env expressed in trans, the mutant gag genes were
transferred into HXB/Env�/Nef� and HXB/Env�/Nef� in
place of the wild-type gag sequence. The Env-deficient HXB/
Env�/Nef� provirus is a variant of HXB/Nef� (6) that has the
env initiation codon replaced by ACG and also harbors a
frameshift mutation at a KpnI site (nucleotide 6346) in the 5�
portion of the env gene. HXB/Env�/Nef� harbors the intact
nef gene of HIV-1LAI, whereas HXB/Env�/Nef� carries only
the first 35 residues of Nef because of a 4-bp insertion at a
unique XhoI site (nucleotide 8900) (6).

We previously showed that the �8-87 deletion has little
effect on HIV-1 infectivity in a variety of cell lines, provided
that viral particles are produced in the presence of C-termi-
nally truncated HIV-1 Env (37). To compare the effects on
virus infectivity of the MA deletions introduced into HXB/
Env�/Nef�, the parental and mutant proviruses were trans-
fected into 293T cells together with pEnvHXB�CT, which ex-
presses an HIV-1 Env precursor that lacks the 144 C-terminal
amino acids of the cytoplasmic domain (37). To obtain viral
stocks, supernatants were collected 2 days posttransfection,

clarified by low-speed centrifugation, and passaged through
0.45-�m-pore-size filters. Equivalent amounts of 32P-reverse
transcriptase (RT) activity, measured as described previously
(53), were then used to inoculate 7 � 105 GHOST-CXCR4
cells in 80-cm2 tissue culture flasks. To facilitate a comparison
of relative infectivities, parallel cultures were inoculated with
various dilutions of the parental virus stock. GHOST-CXCR4
cells are human osteosarcoma cells that are stably transfected
with human CD4 and CXCR4 and that express green fluores-
cent protein (GFP) under the control of the HIV-2 long ter-
minal repeat (32). In this setting, infectious HIV-1 particles
were expected to transduce the tat gene and thus to induce the
synthesis of GFP in the target cells. Quantitation of GFP-
positive cells by flow cytometry at 3 days postinfection showed
that about 100,000 RT units of the parental virus stock was
required to obtain the same number of infected cells as with
250,000 RT units of the �8-87 mutant (Fig. 1). In contrast,
50,000 RT units of the parental virus stock was sufficient to
infect a percentage of cells similar to that infected with 250,000
RT units of the �8-126 and �MA/R3 mutants (Fig. 1). The
induction of GFP expression was blocked by a 1-amino-acid
substitution in integrase (D116A), indicating that viral integra-
tion into the host genome was required to obtain a positive
signal (data not shown).

We next investigated whether Nef affected the infectivity of
the parental and MA deletion mutant viruses in this assay

FIG. 1. Relative infectivities of MA deletion mutants. GHOST-CXCR4 cells were infected overnight with the parental (WT) or MA deletion
mutant versions of HXB/Env�/Nef�, complemented in trans with C-terminally truncated HIV-1 Env. The relative amounts of recombinant virus
used are indicated in RT units. Three days after infection, GFP-positive cells were quantitated by flow cytometry. The percentage of cells within
the area defined by the horizontal line in each panel is indicated.
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system. To this end, GHOST-CXCR4 cells were incubated
with 250,000 RT units of the Nef� and Nef� versions of each
MA mutant complemented with C-terminally truncated HIV-1
Env. To adjust for the effects of the MA deletions on virus
infectivity, parallel cultures were incubated with either 50,000
or 100,000 RT units of the parental Nef� and Nef� virus
stocks, as appropriate. At day 3 postinfection, the cultures
were metabolically labeled for 12 h with 50 �Ci of [35S]cys-
teine/ml. Viral proteins in the transfected cells were then im-
munoprecipitated with serum from a patient infected with
HIV-1 and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). In parallel, viral particles
released during the labeling period were pelleted through 20%
sucrose and their protein composition was directly analyzed by
SDS-PAGE.

In cells infected with particles that contained WT MA, most
of the detectable Gag protein was in the form of the unproc-
essed Gag precursor (Fig. 2A). The presence of Nef in the viral
genome caused about a fivefold increase in the intensity of the
Gag precursor band, which indicated an enhancement of in-
fectivity comparable to what has previously been observed in
single-cycle replication assays (3, 10, 30, 43). The �8-87, �8-
126, and �MA/R3 mutations markedly reduced the levels of
unprocessed Gag in the infected cells relative to the levels of
fully processed CA, which were slightly increased compared to
those obtained with WT particles (Fig. 2A and data not
shown). For all three MA mutants, Nef increased the levels of

cell-associated Gag to a lesser extent than those reached in the
presence of WT MA. However, when levels of viral particle
production were compared, it became apparent that Nef had a
pronounced effect in both the presence and absence of MA.
Quantitative PhosphorImager analysis of the SDS-PAGE data
shown in Fig. 2B (see also Fig. 3A) indicated that cultures
infected with the Nef� recombinant virus containing WT MA
produced from seven- to ninefold more extracellular particles
than cultures infected with the corresponding Nef� virus. Al-
though this effect of Nef was somewhat smaller in the absence
of MA residues 8 through 87 (Fig. 3A), an enhancement of
similar magnitude to that seen in the presence of WT MA was
observed if most (�8-126) or all (�MA/R3) of MA was deleted
(Fig. 2B).

It is also noteworthy that all three MA deletions significantly
increased the amount of particulate Gag that was released into
the culture medium, whereas the amount of total cell-associ-
ated Gag was clearly decreased. This effect was seen in both
the presence and absence of Nef and was most pronounced for
the �MA/R3 deletion, which caused an 8- to 10-fold increase
in viral particle production per infected cell. Researchers have
previously shown that mutations in MA can significantly en-
hance Gag membrane binding and accelerate the kinetics of
Gag release from transfected cells (33, 34, 37, 45). Taken
together, these observations suggested that Gag membrane
binding is regulated by a mechanism that controls the avail-
ability of the N-terminal myristyl moiety for membrane inser-

FIG. 2. Effect of Nef on a single round of virus transmission in the
absence of MA. GHOST-CXCR4 cells were infected with 293T cell-
derived recombinant viruses that differed in gag and nef as indicated.
To ensure that only a single round of infection occurred, C-terminally
truncated HIV-1 Env was provided in trans during virus production.
The target cells were incubated overnight with 50,000 RT units of the
parental Nef� and Nef� virus stocks and with 250,000 RT units of the
MA mutants to compensate for the approximately fivefold reduction in
infectivity caused by the �8-126 and �MA/R3 deletions. (A) Cell-
associated Gag proteins detected by immunoprecipitation with patient
serum after metabolic labeling of the infected cultures with [35S]cys-
teine. (B) Virions released during the labeling period were pelleted
through sucrose and directly analyzed by SDS-PAGE. Pr55, full-length
Gag precursor; Pr’, shortened Gag precursors produced by the �8-126
and �MA/R3 mutants. NC, nucleocapsid.

FIG. 3. Nef provided in trans during virus production has an effect
on the transmission of a MA deletion mutant similar to that of Nef
encoded by the viral genome. (A) Virus production by GHOST-
CXCR4 cells infected with 293T cell-derived recombinant viruses that
differed in gag as indicated and that harbored either an intact or a
disrupted nef gene. Env was provided in trans to limit virus transmis-
sion to a single cycle. To compensate for the moderate infectivity
defect caused by the �8-87 mutation, the target cells were incubated
with 100,000 RT units of the parental Nef� and Nef� virus stocks and
with 250,000 RT units of the Nef� or the Nef� �8-87 mutant. (B) Vi-
rus production by GHOST-CXCR4 cells infected with recombinant
viruses obtained by cotransfection of the Env� and Nef� �8-87 mutant
with expression vectors for C-terminally truncated Env and either
intact or frameshifted Nef. To examine the efficiency of a single round
of virus transmission, the infected cultures were labeled with [35S]cys-
teine and virions released into the medium were pelleted through
sucrose and directly analyzed by SDS-PAGE. NC, nucleocapsid.
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tion. In this model, MA would sequester the myristyl group
until a conformational change leads to its exposure, perhaps to
ensure the specific targeting of Gag to the plasma membrane.
One would then expect that the myristyl group would become
constitutively exposed if MA were deleted, which could in turn
explain why particle production is increased under those con-
ditions. Independent of the contribution of the myristyl group
to Gag membrane binding, a conformational switch may be
required to bring MA into a state that allows efficient Gag
polymerization, and it is conceivable that this event is rate
limiting for assembly.

Previous observations suggest that the very small amounts of
cell-associated Gag in cultures infected with the MA mutants
reflect an accelerated release of Gag in the form of extracel-
lular particles, which prevents the intracellular accumulation of
significant amounts of Gag (34). This may explain why Nef had
a considerably larger effect on particle yields than on the levels
of cell-associated Gag. However, an alternative explanation for
this discrepancy is that Nef expression in the infected cells
specifically stimulated particle production. Consistent with this
possibility, Lu et al. observed that Nef increased the release of

HIV-1 Gag into the supernatant of transiently transfected
COS cells (26). To distinguish between these possibilities, we
performed an experiment in which Nef was expressed in trans
in the producer cells, which has been shown to augment the
infectivity of WT HIV-1, albeit somewhat less efficiently than
when Nef is provided in cis (31). 293T cells were transfected
with the �8-87 mutant of HXB/Env�/Nef� together with
pEnvHXB�CT and either an expression vector for Nef
(pSR�NefLAI) or a negative control vector (pSR� Nef�). The
pSR�NefLAI vector was obtained by inserting a PCR-gener-
ated DNA encoding a Kozak sequence and HIV-1LAI Nef into
the XhoI and EcoRI sites of the mammalian expression vector
pBJ5. The pSR� Nef� negative control vector was created by
inserting 4 bp at the unique XhoI site in the HIV-1LAI nef gene
with the Klenow fragment of DNA polymerase I. Equivalent
amounts of virus were used to infect GHOST-CXCR4 cells,
and virus production by the infected cells was then examined
after metabolic labeling as described above. In this experiment,
the results of which are shown in Fig. 3B, the effect of Nef on
virus production after a single round of virus transmission was
comparable to that obtained when Nef was encoded by the

FIG. 4. Nef enhances the infectivity of virus produced in T cells independent of the presence or absence of MA. GHOST-CXCR4 cells were
inoculated with the indicated recombinant viruses produced in Jurkat Tag cells. C-terminally truncated HIV-1 Env was provided in trans in the
Jurkat Tag cells to permit only a single round of virus replication. To compensate for the reductions in infectivity caused by the deletions in MA,
�8-87 and �MA/R3 recombinant viruses were used at 2.5- and 5-fold higher concentrations, respectively, than the recombinant viruses containing
WT MA. Four days after infection, GFP-positive cells were quantitated by flow cytometry. The percentage of cells within the area defined by the
horizontal line in each panel is indicated.
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viral genome rather than provided in trans (Fig. 3A). Thus, the
expression of Nef in the infected cells was not required for the
observed effects on particle yields, indicating that these were
due to differences in the infectivities of the input viruses.

To address the possibility that MA plays a cell type-depen-
dent role in the Nef-mediated enhancement of virus infectivity,
we also examined the infectivity of virus stocks produced in a
T-cell line. Jurkat T-antigen (Tag) cells were transfected with
pEnvHXB�CT and either the parental HXB/Env�/Nef� and
HXB/Env�/Nef�proviruses or the �8-87 and �MA/R3 mutant
versions. Virus-containing supernatants were harvested 2 days
posttransfection, normalized for RT activity, and again used to
infect GHOST-CXCR4 cells. In an effort to adjust for the
infectivity defects caused by the MA deletions, viruses harbor-
ing the �8-87 and �MA/R3 mutations were used at 2.5- and
5-fold higher concentrations, respectively, than the parental
Nef� and Nef� viruses. Quantitation of GFP-positive cells by
flow cytometry at day 4 postinfection showed that Nef in-
creased the number of infected cells by about fourfold in the
presence of WT MA and had similar effects on the infectivities
of the �8-87 and �MA/R3 mutants (Fig. 4).

Taken together, our results provide genetic evidence that
MA is dispensable for the ability of Nef to enhance the infec-
tivity of HIV-1 virions produced either in CD4-negative ad-
herent cells or in a T-cell line. Apart from its role in the
incorporation and organization of the Env glycoprotein spikes,
MA interacts with membrane lipids and controls the selective
membrane targeting of Gag. In this regard, Zheng et al. re-
cently reported that Nef targets HIV-1 budding to lipid rafts in
transiently transfected 293T cells and that this increases the
concentration of specific lipids in the viral membrane, thereby
making the virus more infectious (56). Since we find that Nef
increases the infectivity of virus produced in 293T cells even if
MA is totally absent, it would appear that MA is not crucial for
the reported Nef-mediated enrichment of Gag in lipid rafts
(56). Also, MA deletion mutant viruses are defective with
regard to their ability to discriminate between intracellular
membranes and the plasma membrane (15, 37), which argues
against the possibility that MA deletion viruses retain the abil-
ity to bud from specific membrane compartments. Thus, if Nef
indeed acts by altering the viral lipid composition, its ability to
enhance viral infectivity in the absence of MA might indicate a
more general effect on cellular lipid homeostasis.
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