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The nef gene of primate immunodeficiency viruses is essential for high-titer virus replication and AIDS
pathogenesis in vivo. In tissue culture, Nef is not required for human immunodeficiency virus (HIV) infection
but enhances viral infectivity. We and others have shown that Nef is incorporated into HIV-1 particles and
cleaved by the viral proteinase. To determine the signal for Nef incorporation and to analyze whether
virion-associated Nef is responsible for enhancement of infectivity, we generated a panel of nef mutants and
analyzed them for virion incorporation of Nef and for their relative infectivities. We report that N-terminal
truncations of Nef abolished its incorporation into HIV particles. Incorporation was reconstituted by targeting
the respective proteins to the plasma membrane by using a heterologous signal. Mutational analysis revealed
that both myristoylation and an N-terminal cluster of basic amino acids were required for virion incorporation
and for plasma membrane targeting of Nef. Grafting the N-terminal anchor domain of Nef onto the green
fluorescent protein led to membrane targeting and virion incorporation of the resulting fusion protein. These
results indicate that Nef incorporation into HIV-1 particles is mediated by plasma membrane targeting via an
N-terminal bipartite signal which is reminiscent of a Src homology region 4. Virion incorporation of Nef
correlated with enhanced infectivity of the respective viruses in a single-round replication assay. However, the
phenotypes of HIV mutants with reduced Nef incorporation only partly correlated with their ability to replicate
in primary lymphocytes, indicating that additional or different mechanisms may be involved in this system.

In addition to the prototypic retroviral gag, pol, and env
genes, lentiviruses harbor a number of accessory genes, includ-
ing nef, which is unique to primate immunodeficiency viruses
(27). A functional Nef protein appears to be essential for
high-titer virus replication and AIDS pathogenesis in vivo (6,
17, 30, 32). In contrast, Nef is dispensable for virus replication
in tissue culture, and only moderate effects have been observed
for nef-defective viruses in selected culture systems. Nef is a
27-kDa myristoylated protein, which is observed predomi-
nantly in the cytoplasm of infected cells, associated with cellu-
lar membranes and the cytoskeleton (19, 20, 42; reviewed in
reference 27). Structural analysis revealed that Nef is a two-
domain protein (21): the C-terminal core domain (amino acids
58 to 206) showed structural similarities to DNA binding pro-
teins containing a winged helix-turn-helix motif (25, 35), while
the N-terminal part showed no defined structure and was pro-
posed to function as a membrane anchor (21, 22). Most con-
served regions in primary isolates of Nef map to the core
domain (27). Interestingly, Nef is cleaved in vitro by the viral
proteinase (PR) between tryptophan 57 and leucine 58, sepa-
rating the putative anchor domain from the core domain (22).

Analysis of Nef function in vitro has been largely hampered
by the fact that Nef is not essential for virus growth in tissue
culture. In a variety of experimental studies, three effects have
been consistantly observed upon expression of Nef in cultured
cells: (i) downregulation of cell surface CD4, (ii) modulation of
cellular activation and signal transduction pathways, and (iii)
enhancement of viral infectivity. It appears likely that some or

all of these effects also influence human immunodeficiency
virus (HIV) replication in vivo, although their relative contri-
butions toward AIDS pathogenesis have not been defined to
date. In tissue culture, expression of HIV Nef led to the ac-
celerated internalization of CD4 and major histocompatibility
complex class I molecules from the cell surface (3, 26, 50;
reviewed in reference 27). These effects require localization of
Nef at the plasma membrane (3, 26, 29), where it affects ve-
sicular sorting pathways by altering the function of adaptor
complexes (3, 12, 24, 37). In addition, Nef has been reported to
modulate cellular signal transduction pathways, most probably
by associating with cellular protein kinases (11, 43, 46, 47).
Both cellular activation and inhibition of activation have been
reported (10, 27). Opposite effects may be induced depending
on the intracellular localization of Nef, with activation of the
target cell being dependent on localization of Nef at the
plasma membrane (10). A nef-dependent phenotype is ob-
served when nonprestimulated primary human lymphocytes
are infected at a low multiplicity of infection (40, 51). Similar
Nef-dependent enhancement of infectivity was observed in sin-
gle-cycle replication assays, in which nef-defective viruses ex-
hibited a moderate and strain-dependent decrease in infec-
tious titer (36, 40). Enhancement of infectivity is dependent on
myristoylation of Nef as well, but it can be genetically sepa-
rated from the effect of Nef expression on CD4 downregula-
tion (2, 23).

All three phenotypes are strictly dependent on the subcel-
lular localization of Nef and its transient association with the
plasma membrane. Membrane association is dependent on
N-terminal myristoylation, but myristoylation is unlikely to be
its sole determinant. Interestingly, Nef-mediated enhancement
of infectivity can be complemented by Nef provided in trans in
the virus-producing cell but not in the target cell (2). This
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result indicated that Nef influences the composition of the
virion, either by modifying a structural component or by being
incorporated into the particle itself. We and others have re-
cently shown that approximately 10 molecules of Nef are in-
corporated into HIV-1 particles, where they are cleaved by the
viral PR (18, 44, 53). This observation suggested that virion-
associated Nef may be responsible for some of the Nef-depen-
dent phenotypes. Here, we report that incorporation of Nef
into HIV particles is mediated by a bipartite membrane local-
ization signal. Plasma membrane targeting and virion incorpo-
ration of Nef correlated with enhancement of infectivity in
single-cycle infectivity assays, but additional or alternative ef-
fects may play a role in unstimulated primary lymphocytes.

MATERIALS AND METHODS

Expression plasmids. All proviral plasmids were derived from pNL4-3 (1).
Plasmids containing deletions from (with the numbers specifying the first and last
codon deleted in nef) 8 to 17, 25 to 35, 41 to 49, 57 to 66 and 73 to 82 (see Fig.
1) were a gift from G. Aldrovandi and J. Zack (7). All the other plasmids were
generated by PCR and standard cloning techniques (9), and mutations and
PCR-amplified regions were verified by sequence analysis. Oligonucleotide se-
quences are available upon request.

The nef-deficient proviral plasmid pNL4-3/nef(2) was generated by deleting
codons 1 to 74 of nef. To ensure equal gene expression of N-terminally altered
Nef proteins, a consensus sequence for optimized eukaryotic translation initia-
tion was engineered between the termination codon of env and the initiation
codon of nef, also creating a novel NcoI restriction site (CTATAATCGATAG
CACCATGGGT; termination and start codons underlined). Comparison of Nef
expression in human T-cell lines infected with the parental virus or virus derived
from this proviral clone (pNL4-3/nef-wt) showed no detectable difference (data
not shown). The codon for Gly2 of nef was replaced by an Ala codon to generate
a myristoylation-defective variant (pNL4-3/nef-Dmyr). The N-terminally trun-
cated Nef proteins Nef-33 and Nef-45 contain Gly and Leu residues in positions
2 and 3 followed by Val33 or Ser45 of Nef, respectively (see Fig. 2). The newly
generated N termini of these proteins do not correspond to consensus signals for
myristoylation (45). Proviral plasmids pNL4-3/src-nef-33 and pNL4-3/src-nef-45
encode chimeric Nef proteins containing the first 10 codons of pp60 c-src
(MGSSKSKPKD) (45), followed by Ser and Leu codons and nef-derived se-
quences from Val33 and Ser45, respectively (Fig. 2). pNL4-3/nefD7–22 contains
a deletion of codons 7 to 22 of nef and a substitution of Val33 by Ala (see Fig.
4). The gene for the jellyfish Aquaefora victoriae green fluorescent protein (GFP)
(Clontech) (28) was inserted in the position of codons 1 to 72 of nef to generate
plasmid pNL4-3/GFP (see Fig. 3). In the case of pNL4-3/Anchor-GFP, the GFP
gene was fused in frame behind the anchor domain of nef (codons 1 to 56; see
Fig. 3). Expression plasmids encoding the Nef protein of HIV-1 BH10
(pSG5.Nef) and a myristoylation-defective variant thereof (pSG5.BH10 G2S)
have been described previously (15). Plasmid pSG5.BH10Nef D7–22 is a deriv-
ative of pSG5.Nef with a deletion of the indicated codons of nef.

Cells, transfections, and infections. COS-7 cells, HeLa cells, and HeLa-CD4-
LTR-bGal cells (31) were maintained by using standard procedures (9, 39).
HeLa cell lines expressing Nef from tetracycline-inducible promoters (15, 16)
were grown in the presence of 1 mg of tetracycline per ml. COS-7 cells were
transfected by lipofection, and HeLa cells were transfected by the modified
calcium phosphate method (9). For production of virus stocks, culture media
were harvested 48 h after transfection, filtered (0.45-mm-pore-size filters), ana-
lyzed for capsid (CA) antigen by enzyme-linked immunosorbent assay (33), and
stored at 280°C. HIV-1-permissive MT-4 and C8166 cells were infected either
with culture medium from transfected cells normalized for CA antigen or by
cocultivation with infected cells and harvested 2 to 5 days following infection.

Single-round infectivity assays were performed by infecting HeLa-CD4-LTR-
bGal cells with virus supernatant (derived from parallel transfections and nor-
malized for CA antigen) containing 20 mg of DEAE-dextran per ml. Infected
cells were fixed and stained with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galac-
topyranoside) 2 days postinfection. The number of blue foci was counted under
the light microscope. Human peripheral blood mononuclear cells (PBMC) from
healthy donors were infected overnight with 2 ml of virus supernatant derived
from parallel transfections (diluted to 0.1 to 10 ng of CA antigen per ml).
Following infection, the cells were washed once and resuspended in the appro-
priate culture medium. PBMC were either infected immediately after isolation
or following activation with 3 mg of phytohemagglutinin (PHA) per ml and 20 U
of recombinant human interleukin 2 (IL-2) per ml for 2 days. After overnight
infection, prestimulated PBMC were cultivated in culture medium supplemented
with 20 U of IL-2 per ml. Cells that had not been prestimulated were incubated
in culture medium for 2 to 3 days following infection and were subsequently
stimulated for 3 days by addition of PHA and IL-2 as described above. Following
activation, the cells were cultivated for the time indicated in medium supple-
mented with 20 U of IL-2 per ml. Aliquots of culture medium were removed for

antigen enzyme-linked immunosorbent assay every 2 to 4 days and were replaced
by fresh medium.

Analysis of viral proteins in infected cells and virus particles. For biochemical
analysis of virus particles, filtered medium was centrifuged through a cushion of
20% (wt/vol) sucrose in phosphate-buffered saline (PBS) at 120,000 3 g for 90
min at 4°C. Western blot analysis of cell or particle extracts was performed as
described previously with polyclonal antisera against Nef (15, 53), CA (39), and
integrase (IN) (33). Rabbit antiserum was raised against purified histidine-tagged
GFP (28); antiserum against matrix (MA) protein was obtained through the
National Institutes of Health AIDS Research and Reference Reagent Program.
Immunoreactive proteins were revealed by using color detection (9) or enhanced
chemiluminescence (ECL; Amersham). For fluorescence microscopy, cells in-
fected with HIV variants expressing GFP or GFP fusion proteins were washed
with PBS, fixed with 4% formaldehyde and 0.1% glutaraldehyde in PBS for 15
min, and mounted in elvanol. Microscopy was performed on a Zeiss Axiophot
with a charge-coupled device camera (Photometrics), using the IP-LAB software
package.

Radioactive labeling, immunoprecipitation, and subcellular fractionation.
COS-7 cells were metabolically labeled 24 h posttransfection with either 100 mCi
of Tran 35S-label (ICN-Flow; .1,000 Ci/mmol) per ml for 4 h or 200 mCi of
[3H]myristic acid (Amersham; 40 to 60 Ci/mmol) per ml for 16 h as described
previously (15). Following immunoprecipitation with a rat monoclonal antibody
against Nef and separation on sodium dodecyl sulfate-polyacrylamide gels, la-
beled Nef proteins were detected by autoradiography. For subcellular fraction-
ation, stably transfected HeLa cell lines (16) were plated in the absence of
tetracycline for 24 h. The cells were harvested, swollen in hypotonic buffer [10
mM piperazine-N,N9-bis(2-ethanesulfonic acid) (PIPES)-NaOH (pH 7.2), 0.5
mM MgCl2], homogenized with a Dounce homogenizer, and adjusted to 120 mM
KCl and 30 mM NaCl. Postnuclear supernatants were centrifuged at 100,000 3
g for 30 min at 4°C, and the resulting supernatant was termed cytosol (C). The
pellet was washed with the same buffer containing 10% glycerol, resuspended in
buffer containing 1% Triton X-100, and centrifuged at 50,000 3 g for 10 min at
4°C. The resulting supernatant, termed the Triton-soluble membrane fraction
(P), and the Triton-insoluble pellet (PP) were resuspended in sodium dodecyl
sulfate sample buffer and analyzed by Western blotting.

RESULTS

The anchor domain of Nef is required for virion incorpora-
tion but can be functionally replaced by a heterologous mem-
brane-targeting signal. To determine the role of the anchor
domain of Nef in virion incorporation, we analyzed a panel of
mutants containing internal deletions dispersed through the
N-terminal segment of Nef (Fig. 1A). Except for the D73–82
variant, which lacks part of the N-terminal PXXP motifs (46),
all the Nef proteins were expressed at levels comparable to
wild-type Nef in infected cells (Fig. 1B). Substitution of four
Pro residues in these PXXP motifs also greatly reduced the
steady-state levels of Nef (data not shown), indicating that they
are important for protein stability. Analysis of virion prepara-
tions revealed that altered Nef proteins (except for D73–82)
were incorporated into virus particles at similar levels to those
observed for wild-type Nef and cleaved by the viral PR (Fig.
1C). Interestingly, Nef/D57–66, which lacks the PR cleavage
site, was also processed in the virus particle but yielded a
smaller core fragment (lane 6).

We subsequently analyzed the effect of myristoylation and of
N-terminal truncations of Nef on virion incorporation. In in-
fected T cells, Nef and a nonmyristoylated variant (Dmyr) were
present at similar levels (Fig. 2B, lanes 2 and 3). However, only
trace amounts of nonmyristoylated Nef were detected in virion
preparations, while full-length Nef and the cleaved core frag-
ment were readily observed in wild-type virus (Fig. 2C, lanes 2
and 3). Deletion of the first 33 or 45 codons of nef (Fig. 2A)
yielded low levels of truncated nonmyristoylated Nef proteins
in infected cells and no detectable Nef in virus particles (Fig.
2B and C, lanes 5 and 7). This phenotype is not due to lack of
myristoylation, since nonmyristoylated Nef was stably ex-
pressed in infected cells. Therefore, it appears likely that the N
terminus of Nef is important for protein stability. Since myris-
toylation is important for virion incorporation, we analyzed
whether a heterologous plasma membrane-targeting signal
(containing a myristoylation consensus sequence) could func-
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tionally replace the N-terminal part of the putative anchor
domain of Nef. To this end, the first 33 or 45 codons of nef
were replaced by the first 10 codons of pp60src (45) (Fig. 2A).
These chimeric Src-Nef proteins were expressed at similar
levels to wild-type Nef in infected cells (Fig. 2B, lanes 6 and 8),
were incorporated into virus particles, and were cleaved by the
viral PR (Fig. 2C, lanes 6 and 8).

The anchor domain of Nef can direct plasma membrane
targeting and virion incorporation of a heterologous protein.
To analyze whether the anchor domain of Nef can direct a
heterologous protein to the plasma membrane of HIV-infected
cells and facilitate its incorporation into virus particles, we
constructed proviral clones expressing GFP (pNL4-3/GFP) or
GFP fused to the N-terminal anchor domain of Nef (pNL4-3/
Anchor-GFP) in the position of nef (Fig. 3). In infected MT-4
cells, GFP fluorescence was readily detectable in both in-
stances but with a different subcellular pattern. The chimeric
Anchor-GFP localized predominantly to the cell periphery,
while GFP was distributed throughout the cell (Fig. 3A). Pe-

ripheral localization of Anchor-GFP is likely to reflect associ-
ation with the plasma membrane but may also correspond to
cytoplasmic protein in part, since lymphocytes contain only a
narrow cytoplasmic area. Analysis of virion preparations de-
rived from infected cells revealed that Anchor-GFP but not
GFP was incorporated into HIV-1 particles (Fig. 3B), indicat-
ing that the Nef anchor domain is sufficient to direct a heter-
ologous protein into virus particles. Similar results were ob-
served for infected C8166 and H9 cells and particle
preparations derived thereof and for a chimeric GFP contain-
ing the Src membrane-targeting signal instead of the Nef an-
chor domain (data not shown).

A bipartite signal mediates membrane targeting and virion
incorporation of Nef. The functional replacement of the Nef
anchor by the Src membrane-targeting signal suggested that

FIG. 1. Effect of internal deletions on virion incorporation of HIV-1 Nef
proteins. (A) Schematic representation of the HIV-1 Nef polypeptide and a
panel of nef mutants containing internal deletions. The anchor domain is indi-
cated by light shading, and the core domain is indicated by dark shading. Amino
acid numbers are given above the box. N-terminal myristoylation is depicted as
a zigzag line. (B to D) Western blot analysis of cell lysates (B) and particle
preparations (C and D) derived from C8166 cells infected with HIV-1 NL4-3
(wt) or the nef mutants indicated above each lane. The blots in panels B and C
were reacted with antiserum against Nef, and the blot in panel D was reacted
with antiserum against CA. The additional band migrating at approximately 33
kDa in panel C probably corresponds to HIV integrase. Molecular mass stan-
dards (in kilodaltons) are indicated on the left; the positions of full-length Nef,
the cleaved core fragment, and CA are indicated on the right.

FIG. 2. Analysis of virion incorporation of chimeric Nef proteins, with a
heterologous N terminus. (A) Schematic representation of Nef proteins contain-
ing a Gly-to-Ala substitution at position 2 (Dmyr) or N-terminal truncations to
residue 33 and 45, respectively (Nef 33 and Nef 45). Black boxes with a zigzag
line indicate fusion of the myristoylated membrane-targeting signal of pp60src to
the truncated Nef proteins (src-Nef 33 and src-Nef 45). (B to D) Western blot
analysis of cell lysates (B) or particle preparations (C and D) derived from C8166
cells (B) or MT-4 cells (C and D) infected with HIV-1 NL4-3 (wt) or the nef
mutants indicated above the lanes. Blots were reacted with antisera against Nef
(B and C) or CA (D). Immunoreactive proteins were revealed by ECL, except for
the right part of panel B and the left part of panel D, where color detection was
used. Molecular mass standards (in kilodaltons) and the positions of relevant
proteins are indicated.
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incorporation of Nef into the virion may depend primarily on
its localization at the plasma membrane. Similar to Src (45),
HIV-1 Nef is myristoylated and contains two clusters of basic
residues within the N-terminal region of the protein (Fig. 4A),
suggesting that its membrane-targeting signal may be similar.
Accordingly, an internal deletion in the N-terminal region re-
moving five of the six basic residues (D7–22; Fig. 4A) almost
completely abolished virion incorporation of the correspond-
ing Nef protein (Fig. 4C, lane 3), while a smaller deletion

(D8–17) removing only a single positively charged residue had
no effect on virion incorporation (Fig. 1C, lane 3). Mutations in
the N-terminal region may also affect myristoylation of Nef
proteins and indirectly prevent membrane binding of the re-
spective protein. Therefore, we analyzed myristoylation of
wild-type Nef, a G2S variant, and Nef/D7–22 by metabolic
labeling with [35S]methionine or [3H]myristic acid and subse-
quent immunoprecipitation. Wild-type Nef and Nef/D7–22, but
not the G2S variant, were myristoylated equally well (Fig. 5A,
lanes 4 to 6).

To analyze the effect of N-terminal alterations on intracel-
lular localization of Nef, we performed subcellular fraction-
ation experiments (Fig. 5B). HeLa cell lines expressing wild-
type, Dmyr, and D7–22 Nef proteins under control of a
tetracycline-regulated promoter (16) were fractionated into
cytosolic, membrane, and cytoskeletal fractions by ultracentrif-
ugation and detergent extraction. Following Western blot anal-
ysis of these fractions, wild-type Nef was observed predomi-
nantly in the cytoplasmic and membrane fractions (Fig. 5B;
lanes 1 and 2), while nonmyristoylated Nef and Nef/D7–22
were detected only in the cytosolic fraction but not in the
membrane fraction (lanes 4 to 9). These results demonstrated
that myristoylation of Nef was not sufficient for membrane
binding and virion incorporation, since Nef/D7–22 was myris-
toylated but did not associate with membranes and was not
incorporated into HIV particles.

To investigate whether the basic amino acids in the N-ter-
minal region of Nef contribute to virion incorporation, nef
variants with substitutions of either lysine codons 4 and 7

FIG. 3. (A) Fluorescence micrographs of MT-4 cells infected with viruses
expressing GFP or an Anchor-GFP fusion protein. (B) Western blot analysis of
particle preparations derived from infected MT-4 cells. The blots were reacted
with antisera against GFP (upper panel) or CA (lower panel), and immunore-
active proteins were revealed by ECL.

FIG. 4. Analysis of the role of basic amino acids for incorporation of Nef into the virion. (A) The N-terminal 30 codons of NL4-3 Nef (wt) and of deletion and
substitution mutants are depicted in single-letter code. Basic amino acids in the wild-type sequence are boxed. Dashes indicate that the wild-type sequence was
preserved, and dots indicate gaps introduced by the deletions. Analysis of Nef/D8–17 is shown in Fig. 1. (B to D) Western blot analysis of cell lysates (B) or particle
preparations (C and D) derived from C8166 cells infected with HIV-1 NL4-3 or the nef mutants indicated above the lanes. The blots were reacted with antisera against
Nef (B and C) or against MA (D). Molecular mass standards (in kilodaltons) and the positions of relevant proteins are indicated.
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(Nef-K) or arginine codons 17, 19, 21, and 22 (Nef-R) or a
combination thereof (Nef-K1R) (Fig. 4A) were constructed.
In infected cells, the steady-state levels of these altered pro-
teins were similar to that of wild-type Nef, except for that of
Nef/D7–22, which was slightly reduced (Fig. 4B, lane 3). Virion
incorporation of Nef proteins with substitutions or deletion of
N-terminal basic residues, on the other hand, was significantly
reduced or undetectable in all cases. No virion-associated Nef
was observed for the mutant lacking all basic residues (Fig. 4C,
lane 6), while the corresponding Nef protein was present at a
level equal to wild-type Nef in infected cells (Fig. 4B, lane 6).
Replacing both Lys residues in the first 7 amino acids signifi-
cantly reduced Nef incorporation as well (Fig. 4C, lane 4),
while replacing the downstream Arg residues had a less dra-
matic effect on virion incorporation (Fig. 4C, lane 5). It is
unlikely that these alterations affect Nef myristoylation, since
all mutant proteins still conform to consensus signals for N-
terminal myristoylation and since labeling experiments showed
that substitution of residues 7 and 8 did not adversely affect
myristoylation of Nef (data not shown). These results suggest
that positively charged residues in the N-terminal anchor do-
main function additively and are essential for membrane tar-
geting and virion incorporation of Nef.

Effect of N-terminal alterations in Nef on viral infectivity.
To assess the relevance of Nef incorporation for viral infectiv-
ity, we performed single-round replication assays on HeLa-
CD4-LTR-bGal cells (31, 40). The infectivity of wild-type
HIV-1 NL4-3 was consistently two- to threefold higher than
the infectivity of a nef-deficient variant in eight independent
experiments, each performed in quadruplicate (Fig. 6A). This
result is in good agreement with published data for this HIV-1
strain (36). A nonmyristoylated Nef protein (Dmyr) which was
not incorporated into virus particles also yielded a Nef-minus
phenotype in this assay (Fig. 6A). Viruses containing Nef pro-
teins with internal deletions in the N-terminal region of Nef
that had no effect on virion incorporation (D8–17, D25–35, and
D41–49) were similar to wild-type virus (data not shown). In
contrast, HIV-1 NL4-3 (D7–22) expressing a Nef protein with
reduced membrane binding and virion incorporation proper-
ties showed a Nef-minus phenotype (Fig. 6A). Similar results
were obtained for the three viruses containing nef genes with
substitutions of basic codons (Nef-K, Nef-R, and Nef-K1R
[Fig. 6A]). Taken together, these results indicate that the in-
fectivity phenotype of mutant viruses in single round replica-
tion assays correlated with incorporation of the respective Nef
proteins into the virion.

The Nef phenotype can also be revealed by infection of
primary human lymphocytes that have or have not been stim-
ulated prior to infection (40, 51). No significant difference was
observed for wild-type HIV-1 NL4-3 and nef mutants on the
infection of PHA- and IL-2-activated PBMC (Fig. 6B). In
contrast, infection of nonprestimulated PBMC yielded a pro-
ductive infection for wild-type HIV-1 NL4-3 but not for the
Nef-defective variant [nef(2); Fig. 6C]. The nef mutants
showed discordent behavior in this assay. Unexpectedly, HIV-1
NL4-3 (D7–22) replicated efficiently in nonprestimulated
PBMC (Fig. 6C) but exhibited a Nef-minus phenotype in a
single-round replication assay (Fig. 6A). Furthermore, viruses
containing substitutions of some basic residues in the anchor
domain (NL4-3/Nef-K and NL4-3/Nef-R) also replicated like
wild-type HIV in nonprestimulated lymphocytes (data not
shown) but exhibited a Nef-defective phenotype in single-
round replication assays (Fig. 6A). Removal of all basic
charges, on the other hand (NL4-3/Nef-K1R), caused a Nef-
minus phenotype in both assay systems (Fig. 6B and C). All
experiments were performed in parallel with virus from paral-

lel transfections, and similar results were obtained with PBMC
from different donors and for different virus stocks (data not
shown).

DISCUSSION

In this study, we have defined the signal for virion incorpo-
ration of HIV-1 Nef as a bipartite membrane-targeting signal
which consists of covalently attached myristic acid and a cluster
of positive charges in the N-terminal region of the protein.
This signal is reminiscent of a Src homology region 4 (SH-4),
which mediates plasma membrane targeting of protein tyrosine
kinases of the Src family (45). It also resembles the membrane-
targeting signal in the N-terminal MA domain of retroviral
Gag polyproteins, which is essential for virus budding (re-
viewed in reference 34). Membrane binding of Nef and of
N-terminally altered Nef proteins correlated with their incor-
poration into virus particles and was independent of any other
viral protein. Furthermore, the N-terminal anchor domain was
sufficient for plasma membrane localization and virion incor-
poration of a chimeric protein (Anchor-GFP). Recently, the
N-terminal 10 amino acids of Nef have been shown to target a
chimeric GFP to the plasma membrane of transfected T cells
as well (24). Most probably, Nef and possibly other plasma
membrane-associated proteins are incorporated into HIV-1
particles by their presence at the assembly site, provided that
they are not actively excluded. Accordingly, HIV-1 Nef is also
incorporated into murine leukemia virus particles when ex-

FIG. 5. Analysis of myristoylation and membrane association of mutant Nef
proteins. (A) Immunoprecipitation of Nef proteins from COS-7 cells transiently
transfected with pSG5.BH10 Nef (lanes 1 and 4), pSG5.BH10 G2S (D-myr; lanes
2 and 5), or pSG5.BH10 D7–22 (lanes 3 and 6) after metabolic labeling with
[35S]methionine (lanes 1 to 3) or [3H]myristic acid (lanes 4 to 6). (B) HeLa cell
lines expressing wt Nef, G2S-Nef (D-myr), or D7–22 Nef were fractionated into
cytosolic (C), Triton-soluble membrane (P), and Triton-insoluble cytoskeletal
(PP) fractions as described in Materials and Methods. Molecular mass standards
(in kilodaltons) and the positions of Nef proteins are indicated.
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pressed to high levels in murine leukemia virus-infected cells
(13).

N-terminal deletions abolished the membrane targeting of
Nef and reduced its stability in infected cells. Both effects were
reversed when the plasma membrane-targeting signal of the
Src protein was fused to the N terminus of truncated Nef
proteins, indicating that heterologous targeting signals can
functionally replace the anchor domain. In agreement with
previous studies, we observed that myristoylation of Nef was
required for virion incorporation (13, 41). However, myristoyl-
ation was not sufficient, and two distinct clusters of basic res-
idues, apparently functioning in an additive manner, were also
needed. Studies with peptides have shown that the binding
energy of a myristoyl group in a membrane bilayer is not
sufficient to stably anchor peptides in biological membranes
(38, 45). Positively charged side chains of Lys and Arg residues
can form electrostatic interactions with negatively charged
phospholipid head groups to provide additional binding energy
for stable association (38, 45). The two clusters of basic resi-
dues in Nef were not equivalent, since alteration of the N-
terminal Lys residues more severely affected membrane tar-
geting and incorporation into the virion. Similarly, positive
charges within the first 10 residues of Src family kinases are
essential for membrane binding whereas downstream basic
residues influence membrane binding to a lesser degree (45).

Alterations in the N-terminal region of Nef that did not
significantly affect Nef incorporation into virus particles led to
an infectivity phenotype indistinguishable from that of wild-
type HIV-1 in single-round replication assays. Substitution of
positively charged residues in either one or both basic clusters,
on the other hand, reduced the relative infectivity of the re-
spective virus to that of a nef-deficient HIV-1. These Nef pro-
teins were incorporated into virus particles at reduced levels
but were clearly not absent, at least in some cases, suggesting
that a threshold concentration of Nef is required for enhance-
ment of infectivity. Alternatively, substitutions of basic resi-
dues may cause additional defects besides affecting membrane
transport and virion incorporation (11). Surprisingly, upon sin-
gle-round infection of HeLa cells, the infectivity phenotype did
not always correlate with the ability of the respective virus to
replicate in nonprestimulated primary lymphocytes. It is gen-
erally assumed that viral phenotypes in single-cycle replication
assays correspond to growth in primary lymphocytes and re-
flect the same functions (23, 40, 44, 49). Clearly, myristoylation
and positive charges in the N-terminal region of Nef are
needed for Nef-mediated enhancement of infectivity in both
systems. However, several mutant viruses (D7–22, Nef-K, and
Nef-R) replicated to wild-type levels in nonprestimulated lym-
phocytes while exhibiting a Nef-defective phenotype upon sin-
gle-round infection of HeLa cells. This discrepancy indicates
that different or additional effects may be important for Nef
function in different target cells. Recently, Nef has been shown
to stimulate autocrine IL-2 secretion in infected herpesvirus
saimiri-transformed T-cells, leading to cell division and en-
hanced virus replication (8). Similarly, Nef may provide acti-
vating stimuli to infected primary lymphocytes, eventually
leading to enhanced virus replication (40, 51). The residual
membrane binding capacity of some of the altered Nef pro-

FIG. 6. Analysis of nef-mediated enhancement of viral infectivity. (A) Single-
round replication assay. HeLa-CD4-LTR-bGal cells were infected with HIV-1
NL4-3 (wt) or derivatives as indicated underneath the bars. Viral infectivity (as
a percentage of the wild-type value) was calculated by dividing the mean number
of blue foci for each mutant by the mean number of blue foci observed for the
wild type. Numbers were calculated from eight independent experiments, each
performed in quadruplicate. Error bars indicate one standard deviation. No
error bars are given for wild-type NL4-3, because it was defined as 100% and for
the mutants K and K1R, for which only two experiments were performed. (B
and C) Infection of primary human lymphocytes that were either stimulated prior
to infection (B) or infected without prestimulation (C). Cells were infected with
HIV-1 NL4-3 (wt) or the Nef mutants nef(2), D7–22, and K1R, as indicated in

panel B. Viruses were diluted to 0.5 ng of CA antigen per ml prior to infection.
The graphs show the increase in the p24 concentration in the culture medium
over time after infection on a semilogarithmic scale. Mutant viruses correspond-
ing to Nef/Dmyr, Nef-K, and Nef-R were analyzed in the same experiment but
omitted from the graph for reasons of clarity.
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teins may suffice for this function but not for virion incorpo-
ration.

How may virion-associated HIV-1 Nef increase viral infec-
tivity? The enhancing effect of Nef becomes evident after virus
entry into the target cell (2, 49), most probably following un-
coating (5), and eventually leads to increased proviral DNA
synthesis (2, 49). Since only a few molecules of Nef are incor-
porated into HIV-1 particles, Nef may exert its function indi-
rectly through interaction with cellular proteins. Recently, sev-
eral protein kinases were shown to interact with Nef (11, 43,
46, 47; reviewed in reference 27) and some of these kinases
were implicated in phosphorylation of viral Gag proteins (52).
It is conceivable that Nef recruits cellular proteins to the site of
virus assembly or into virus particles, thereby modulating the
function of other viral proteins. Alternatively, Nef or the core
domain of Nef may be a component of the viral ribonucleo-
protein complex exerting a function in genome replication or
transport. In this case, cleavage of Nef by the viral PR could
play a regulatory role (22), which would explain the comple-
mentation of Nef in the producer cell but not in the target cell
(2). Nef cleavage site mutants are generally impaired in infec-
tivity assays, and alternative cleavage sites can be used instead
(Nef/D57–66) (data not shown) (14, 41). However, there is no
clear correlation between infectivity phenotype and relative
Nef cleavage for several cleavage site mutants (14, 41), and
simian immunodeficiency virus Nef is not proteolytically
cleaved, although it is incorporated into virus particles and can
functionally substitute for HIV-1 Nef-mediated enhancement
of infectivity (14).

Plasma membrane targeting is critical not only for virion
incorporation of Nef and for enhancement of viral infectivity
but also for most if not all of its other functions. Consistent
with this hypothesis, myristoylation of Nef is essential for CD4
downregulation (3, 26, 29), while mutation of single clusters of
basic residues in the N terminus of Nef impairs but does not
completely abolish this process (4, 29). Moreover, Nef has
been shown to differentially modulate the state of cellular
activation depending on its intracellular localization in various
cell types (10; reviewed in reference 27). This interference is
likely to be mediated at least in part by interaction of Nef with
and activation or inhibition of cellular protein kinases. Myris-
toylation and membrane localization of Nef appear to be im-
portant for this modulation (11, 15, 48), further underlining the
importance of membrane targeting for Nef function.
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