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The membrane-proximal tyrosine-based sorting motif in the cytoplasmic domain of the human immunode-
ficiency virus type 1 Env glycoprotein is important for endocytosis from the plasma membrane, basolateral
targeting of viral budding in polarized epithelial cells, and polarized budding from a localized region of the
lymphocyte plasma membrane. To study the role of the Env sorting motif (Y712XXL) in infectivity, the
incorporation of Env into virions, and viral entry, we disrupted the motif with a tyrosine-to-alanine substitu-
tion. To investigate the relationship between the Env sorting motif and the enhancement of infectivity by Nef,
the EnvY712A substitution was made in both Nef-positive and Nef-negative backgrounds. In spreading infec-
tions, including those using primary lymphocytes, the growth of the Y712A mutant was as impaired as
Nef-negative virus, and the EnvY712A/�-Nef combination mutant was almost completely defective. In single-
round infections using CD4-positive HeLa cells, the EnvY712A mutation impaired infectivity, and Nef retained
the ability to enhance the infectivity in the context of EnvY712A. EnvY712 and Nef were required for the
optimal infectivity of virions produced from either HEK293T or MT4 cells, but these sequences were required
for the optimal incorporation of Env only when virions were produced from MT4 cells. Despite the wild-type
levels of Env in viruses produced from 293T cells, the entry of the EnvY712A and �-Nef mutants into target
cells was impaired. We conclude that the membrane-proximal tyrosine-based sorting motif of gp41 Env is, like
Nef, important for optimal viral infectivity and, in the case of MT4 T cells, virion incorporation of Env. Nef does
not require the Y712XXL motif to enhance viral infectivity. The finding that EnvY712 and Nef each affect the
efficiency of viral entry independently of the Env content of virions suggests that both viral proteins are
involved in trafficking events that influence morphogenesis to produce maximally fusogenic virus.

The envelope glycoprotein (Env) of human immunodefi-
ciency virus type 1 (HIV-1) binds specific receptors on the
surface of a target cell and mediates fusion of the viral mem-
brane with the cell plasma membrane. Env is a trimeric com-
plex consisting of three heterodimers composed of a surface
subunit (SU; gp120) and a transmembrane subunit (TM;
gp41). Although not required for the release of progeny par-
ticles from an infected cell, the presence of Env on the viral
membrane is required for mediating entry into target cells. As
few as 7 to 14 Env trimers may be incorporated into each virus
particle, but the optimal number of trimers per particle is
unknown (10).

The cytoplasmic tail of the Env transmembrane subunit con-
tains sequences that affect the trafficking and targeting to the
plasma membrane as well as the steady-state level of Env on
the surface of infected cells (3, 4, 5, 7, 14, 20, 22, 23, 27, 29, 35).
Env and other viral proteins such as Gag and Gag-Pol precur-
sors gather at the plasma membrane prior to budding from the
surface of the cell. Although not required for viral budding,
Env is important for the specific location of release from the
plasma membrane (14, 20, 22, 23). The release of HIV from

polarized epithelial cells occurs from the basolateral surface
and is dependent on the membrane-proximal tyrosine-based
sorting signal (Y712XXL) in the cytoplasmic tail of gp41 (22,
23). In lymphocytes, a primary target of HIV-1 infection in
vivo, the tyrosine-based motif is required for the polarized
release of both HIV and simian immunodeficiency virus (SIV)
virions from a localized, cap-like region of the plasma mem-
brane overlying the uropod (14, 20). In addition to polarized
budding, the membrane-proximal tyrosine mediates the endo-
cytosis of Env from the plasma membrane through interactions
with adaptor protein (AP) complexes of the cellular sorting
machinery, in particular the clathrin adaptor AP-2 (3, 5, 27,
29). Other determinants within the gp41 cytoplasmic tail, in-
cluding a leucine-based sorting motif that binds the clathrin
adaptor AP-1, have also been found to be important in deter-
mining the subcellular localization of Env (4, 7, 35).

Mutation of the membrane-proximal tyrosine-based sorting
motif of gp41 affects the incorporation of Env into virions as
well as the ability of the virus to establish new infections (in-
fectivity). Paradoxically, mutation of tyrosine 712 to serine or
cysteine reportedly yields virions of increased infectivity rela-
tive to the wild type (8, 33). Although this could result from the
increased expression of Env at the cell surface that occurs
without an intact tyrosine-based endocytosis motif, an increase
in the incorporation of Env into such mutants has not been
observed consistently. A twofold increase in virion incorpora-
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tion relative to wild type was reported for the Y712S mutant,
whereas a twofold relative decrease was reported in the incor-
poration of Y712C Env. Further examination of the impact of
the Y712XXL sequence on viral infectivity and the incorpora-
tion of Env into virions seems necessary to understand how this
motif affects viral morphogenesis.

C-terminal truncations in gp41 that disrupt the membrane-
proximal tyrosine motif affect both viral infectivity and the
incorporation of Env into virions in a cell-type-dependent
manner (2, 18, 26, 34). In general, a direct correlation between
viral infectivity and Env incorporation has been observed (2,
26). However, the extent to which infectivity and Env incorpo-
ration differed from those of the wild type depended on the cell
type used to produce the viruses. For example, gp41-truncated
virus produced from lymphocytic H9 cells was markedly re-
duced in viral infectivity and Env incorporation, whereas virus
produced from lymphocytic M8166 cells was only slightly re-
duced in infectivity and incorporated wild-type levels of Env
(2). Similarly, gp41-truncated virus produced from CEM cells
was reduced 10-fold in both infectivity and Env incorporation,
whereas the same mutant produced from MT4 cells retained
60% of wild-type infectivity and the incorporation of Env was
reduced only threefold (26). Despite these cell-type-dependent
differences, these results clearly demonstrate that the cytoplas-
mic tail of gp41 is involved in interactions that enable efficient
incorporation into budding virions, a critical step in the pro-
duction of infectious virus.

The Nef protein is another viral protein that is necessary for
the production of maximally infectious HIV-1, but the mech-
anism of Nef-mediated enhancement of infectivity is poorly
understood. One possibility is that the presence of CD4 in
proximity to the location of viral budding has an inhibitory
effect on the incorporation of Env and the production of in-
fectious virus (13, 21). Consequently, the down-regulation of
CD4 by Nef may contribute to the enhancement of viral infec-
tivity. However, the observation that Nef enhances the infec-
tivity of viruses produced from cells that do not express CD4
indicates that CD4 down-regulation is not necessary for this
effect (1, 24).

Nef plays a well-known role in the alteration of intracellular
trafficking, primarily via its interaction with vesicular coat pro-
teins such as the AP complexes (6, 19). Consequently, Nef
might influence the trafficking of Env to optimize viral infec-
tivity. Indeed, several lines of evidence suggest a relationship
between Nef and Env. The ability of Nef to enhance the cyto-
plasmic delivery of HIV-1 cores led to the suggestion that Nef
may influence the function of Env to enhance viral entry (30).
In an intervirion fusion assay, Nef enhanced viral infectivity
when present during the production of Env-containing parti-
cles but not when present during the production of functional
HIV-1 cores; these data led to the suggestion that Nef does not
enhance infectivity by modifying the virus core but, instead,
may influence the function of Env (36). Lastly, the F12 allele of
HIV-1 Nef inhibits viral release from infected cells by a mech-
anism that requires the cytoplasmic domains of both gp41 and
CD4 (28). Together, these data suggest the possibility that Nef
plays a role in enhancing Env function. Here, we hypothesized
that if Nef were to influence Env, then it would likely do so via
an effect on trafficking mediated by an AP binding motif such
as the membrane-proximal YXXL sequence.

To study the role of the Y712XXL sorting motif of Env in
infectivity and virion incorporation, we disrupted the motif by
mutating tyrosine 712 to alanine. To investigate the possibility
that Nef acts through the Y712XXL motif of Env, the
EnvY712A substitution was made in both Nef-positive and
Nef-negative backgrounds. Our results indicate that the mem-
brane-proximal tyrosine-based sorting motif of Env is impor-
tant for the virion incorporation of Env in certain cell types.
However, regardless of the producer cell type and even in the
absence of an effect on virion incorporation, EnvY712 is re-
quired for optimal viral infectivity. The effects of Nef and
EnvY712 on viral infectivity are additive, suggesting that
EnvY712 is not required for the enhancement of viral infec-
tivity by Nef. Despite this lack of interdependence, both Nef
and the gp41 YXXL motif appear to optimize infectivity by a
CD4- and Env-incorporation-independent mechanism that is
at least in part due to enhanced viral entry into target cells.

MATERIALS AND METHODS

Cells. P4.R5 cells were obtained from the AIDS Research and Reference
Reagent Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases (NIAID), National Institutes of Health (NIH) (P4.R5 MAGI), from
Nathaniel Landau (9) and maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, Grand Island, N.Y.) supplemented with 10% fetal bovine
serum (FBS) (Sigma, St. Louis, Mo.), penicillin (100 U/ml)-streptomycin (100
�g/ml) (pen/strep) (Gibco), 2 mM L-glutamine (Gibco), and puromycin (1 �g/
ml). HeLa-CD4 cells (obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH [HeLa CD4 clone 1022 from
Bruce Chesebro]) were maintained in DMEM supplemented with 10% FBS,
pen/strep, L-glutamine, and G418 (200 �g/ml) (11). HEK293T (a gift from
Nathaniel Landau) and HEK293 cells were maintained in complete medium
consisting of minimum essential medium (E-MEM; Quality Biological, Inc.,
Gaithersburg, Md.) supplemented with 10% FBS, pen/strep, and L-glutamine.
MT4 T cells and CEM T cells were maintained in RPMI 1640 medium (Bio-
Whittaker, Walkersville, Md.) supplemented with 10% FBS, pen/strep, and L-
glutamine. Peripheral blood mononuclear cells (PBMCs) were isolated from
healthy human donors by centrifugation of whole blood through Histopaque-
1077 separation medium according to the manufacturer’s directions (Accupsin
tubes; Sigma). PBMCs were maintained in RPMI 1640 medium supplemented
with 10% FBS, pen/strep, and L-glutamine.

Proviral constructs. A plasmid encoding the complete proviral sequence of
HIV-1 clone NL4-3 (pNL4-3) was used for the production of virus. Variants of
pNL4-3 were constructed as follows. Nef-negative virus was made by the intro-
duction of two premature termination codons in nef as previously described (12).
The Env tyrosine 712 mutant was made by PCR site-directed mutagenesis of env
from a plasmid containing the NheI-BamHI fragment of NL4-3 env. Primers
flanking the HindIII and BamHI restriction sites of env and mutagenic primers
in between the HindIII and BamHI sites were used in a two-round overlap PCR
strategy that generated a 458-bp product containing a 4-bp change (ATAT to
CGCC). In addition to changing the tyrosine 712 codon (TAT) to alanine
(GCC), the mutagenesis created a new restriction site for NarI that aided in
screening for the mutation. The PCR product was cut with HindIII and BamHI
and ligated into the larger NheI-BamHI fragment of env. Sequence analysis
verified the intended mutation and excluded mutations in the surrounding se-
quences. In preparation for introduction of the mutation into full-length provi-
rus, the NheI-BamHI fragment was cut out of both wild-type pNL4-3 and
pNLDSNef (nef double-stop) plasmids. Finally, the mutagenized NheI-BamHI
fragment was ligated into both pNL4-3 and pNLDSNef to create the plasmids
pNLEnvY712A and pDSEnvY712A. The EnvY712C and EnvY712F proviral
constructs were provided by Eric Hunter (33).

Virus production and cell lysate preparation. Wild-type and mutant viruses
were produced by transient transfection of cell lines with proviral plasmids.
Viruses produced for infection of T cells and for single-round infectivity assays
were made by calcium phosphate transfection of HEK293 cells using the Cell-
Phect reagents (Amersham-Pharmacia, Piscataway, N.J.) and the manufacturer’s
instructions. One million cells were transfected with 3 �g of plasmid DNA in
six-well tissue culture plates. Virus-containing supernatants were collected 3 days
later, centrifuged at low speed to pellet cells and cellular debris, filtered (pore
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size, 0.2 �m), and then frozen at �80°C. For certain single-round infectivity
assays, MT4 cells were transfected using Lipofectin (Invitrogen, Carlsbad,
Calif.), 4 �g of plasmid DNA, and 2 million cells in suspension. Virus-containing
supernatants were collected 3 days later, centrifuged at low speed to pellet cells
and cellular debris, filtered (pore size, 0.2 �m), and then frozen at �80°C. For
viral entry assays and single-round infectivity assays, HEK293T cells were tran-
siently transfected using Lipofectamine 2000 (Invitrogen), 20 �g of plasmid
DNA, and 2 million cells plated in 100-mm-diameter tissue culture dishes.
Virus-containing supernatants were collected 2 days later, centrifuged at low
speed to pellet cells and cellular debris, filtered (pore size, 0.2 �m), and then
frozen at �80°C. Prior to freezing, all virus-containing supernatants were sam-
pled for detection of the p24 capsid protein by enzyme-linked immunosorbent
assay (ELISA) (Perkin-Elmer, Boston, Mass.).

Lysates of MT4 cells were prepared at the time of virus collection. Pelleted
cells were washed with phosphate-buffered saline (PBS), pelleted again, and
resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer containing dithiothreitol. After a sample was taken for p24
analysis, the cell lysate was frozen at �20°C for analysis by Western blot as
described below.

Immunofluorescence. CD4-positive HeLa cells (clone 1022) were transiently
transfected with proviral plasmids using FuGENE 6 (Roche Applied Science,
Indianapolis, Ind.). One million cells in a six-well tissue culture plate were
transfected with 2 �g of plasmid DNA according to the manufacturer’s instruc-
tions. Cells were replated onto glass coverslips 1 day later and then stained for
gp41 Env the following day. To stain gp41, adhered cells were washed with PBS,
fixed with 3% paraformaldehyde, washed with PBS, permeabilized with 0.1%
NP-40, washed with PBS, blocked with 3% bovine serum albumin–PBS, incu-
bated with mouse anti-gp41 (Advanced Biotechnologies, Columbia, Md.),
washed three times with PBS, incubated with Rhodamine-X-conjugated second-
ary antibody, washed with PBS, and finally mounted onto glass slides. Slides were
analyzed with a Zeiss Axioskop fluorescent microscope and magnified (�400),
and images were processed using Adobe Photoshop.

Spreading infection assays. Viral stocks produced as described above from
HEK293 cells were normalized by p24 capsid protein concentration. For infec-
tion of CEM and MT4 cells, one million cells were pelleted in duplicate and
resuspended in 1 ml of complete RPMI 1640 medium containing 5, 50, or 250 ng
of virus. After incubating at 37°C for 6 h, cells were washed and resuspended in
4 ml of medium and then incubated at 37°C. Samples of the culture were taken
every 2 to 3 days to quantify the concentration of p24 capsid protein by ELISA.
After p24 sampling, the cell suspension was split 1:4 and returned to incubation
at 37°C. Results of p24 analyses are presented on a logarithmic scale.

Freshly isolated PBMCs were stimulated with phytohemagglutinin for 3 days.
One million cells were pelleted in duplicate and resuspended in 1 ml of RPMI
1640 medium containing 50 ng of virus and interleukin-2 (IL-2) (20 U/ml). After
incubating at 37°C for 6 h, cells were washed and resuspended in 4 ml of medium
supplemented with IL-2 (20 U/ml) and then incubated at 37°C. Samples of
medium were taken over time for analysis of viral output by p24 ELISA.

P4 infectivity assay. The P4.R5 cell line contains the �-galactosidase indicator
under the control of the HIV-1 long terminal repeat (LTR). Cells were plated at
a density of 2 � 104 cells per well in a 48-well tissue culture plate. On the
following day, cells were infected in duplicate with 100 �l of several dilutions of
virus normalized by p24 capsid protein. After a 2-h incubation at 37°C, the
volume was increased to 500 �l by adding 400 �l of complete medium. After a
2-day incubation at 37°C, cells were fixed with 1% formaldehyde–0.2% glutar-
aldehyde in PBS. After washing twice with PBS, cells were stained in an X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) solution for 4 to 8 h and
finally washed again with PBS. Infectivity was assessed by counting the blue-
stained, HIV-infected foci.

Syncytium formation infectivity assay. CD4-positive HeLa cells (clone 1022)
were plated at a density of 3.5 � 104 cells per well in a 24-well tissue culture plate.
On the following day, cells were infected in duplicate with 200 �l of several
dilutions of virus normalized by p24 capsid protein. After a 2-h incubation at
37°C, the volume was increased to 1 ml with complete medium. Following a 3-day
incubation at 37°C, cells were fixed with 100% methanol and stained with 0.5%
crystal violet to visualize nuclei. Infectivity was assessed by counting syncytia.

Virus pelleting. Viruses produced as described above from HEK293T and
MT4 cells were used for determination of the incorporation of Env into virions.
Viral stocks were thawed and then centrifuged at 23,500 � g for 2 h at 4°C. The
viral pellets were resuspended in a small volume of reducing SDS-PAGE sample
buffer, and an aliquot was taken for analysis of p24 antigen by ELISA. Resus-
pended pellets were frozen at �20°C for Western blot analysis as described
below.

Western blot. Cell lysates and virus pellets were analyzed by Western blot for
gp120 and p24. Cell lysate and viral pellet samples were previously prepared in
SDS-PAGE reducing sample buffer and stored at �20°C as described above.
Based on the p24 ELISA data, equal amounts of p24 per sample were prepared.
Samples were boiled for 10 min, electrophoresed in a precast 12% Tris-HCl
SDS-polyacrylamide gel (Bio-Rad, Hercules, Calif.), and then electroblotted to
a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with
4% nonfat dry milk, washed with PBS-Tween, incubated with primary antibody,
washed, incubated with a horseradish peroxidase-conjugated secondary antibody,
washed, developed with enhanced chemiluminescent substrate (ECL) (Amer-
sham-Pharmacia), and exposed to X-ray film. Initially the membrane was probed
for gp120 using sheep antiserum to HIV-1 gp120 (a gift from Juan Lama,
originally obtained from the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH [CN 288, lot 1 DV-012]). After development of
the blot, antibodies were stripped from the blot by extensive washing in Western
stripping buffer (62.5 mM Tris-HCl, 2% SDS, 100 mM �-mercaptoethanol)
followed by PBS-Tween. The Western blot procedure was then repeated using a
primary antibody against HIV-1 p24 (clone 7A8.1; Chemicon International,
Temecula, Calif.). To validate the use of Western blot for comparing quantitative
differences in gp120, a standard curve using recombinant gp120 (HIV-1 IIIB
gp120; obtained through the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH) was also assayed by Western blot. Between 50
and 150 ng of recombinant gp120 in 25-ng increments was loaded onto a 12%
Tris-HCl SDS-polyacrylamide gel alongside the pelleted virions and Western
blotted as above. The film images of bands were scanned and analyzed using
ImageJ (version 1.29t) software (Wayne Rasband, National Institutes of Health).

Viral entry assay. Viral entry was detected using a flow cytometric assay as
described by Münk et al. (25). The assay measures a change in the fluorescence
emission from the compound CCF2/AM following cleavage by the enzyme �-lac-
tamase (BlaM). BlaM-containing virions were produced by cotransfection of
293T cells with 10 �g of a proviral plasmid and 10 �g of pMM310, a vector
encoding a �-lactamase-Vpr fusion protein (a gift from Nathaniel Landau, orig-
inally from Michael Miller, Merck Research Laboratories). Virus-containing
supernatants were processed as described above and then pelleted at 23,500 � g
for 2 h. Viral pellets were resuspended in 1 ml of complete DMEM for use in the
entry assay or 100 �l of phosphate buffer (100 mM) for use in the �-lactamase
activity assay described below. After normalization by p24 ELISA, 250 ng of
BlaM-Vpr viruses was used to infect P4.R5 cells plated at a density of 2.5 � 105

cells per well in six-well tissue culture plates. After 5 h, cells were washed with
PBS and incubated with 2 �M CCF2/AM (GeneBLAzer Loading kit; Aurora
Biosciences, San Diego, Calif.)–1% probenecid–25 mM HEPES in 1 ml of
serum-free DMEM at 25°C. After 16 to 18 h, cells were washed, trypsinized, fixed
with 1% paraformaldehyde, and analyzed on a MoFlo flow cytometer (Dako
Cytomation, Fort Collins, Colo.) with a UV laser and a 485-nm long-pass di-
chroic filter with excitation at 351 to 364 nm. Uncleaved substrate was detected
as green fluorescence using a 530/40-nm band-pass filter, and cleaved substrate
was detected as blue fluorescence using a 450-nm band-pass filter. AMD3100
(Sigma) at a final concentration of 100 nM was used as a control to block viral
entry.

�-Lactamase activity assay. BlaM-Vpr-containing viruses produced as de-
scribed above and resuspended in 100 �l of phosphate buffer were normalized by
p24 capsid protein concentration. Samples were prepared by diluting 200 ng of
each virus into phosphate buffer plus 10% HIV antigen specimen diluent con-
taining Triton X-100 (Abbott Laboratories, Abbott Park, Ill.) to a final volume
of 90 �l. To visualize �-lactamase activity, 10 �l of 1 mM nitrocefin (Calbiochem,
San Diego, Calif.) was added, and the solution was incubated in the dark at room
temperature for 22 h. A color change from yellow to red was detected in a
microplate spectrophotometer using a 490-nm filter. Nitrocefin diluted into
phosphate buffer–10% specimen diluent was measured as background, and 20 �l
of an ampicillin-resistant bacterial culture was used as a positive control.

RESULTS

Construction and expression of the Y712A envelope glyco-
protein mutant. To investigate the role of the membrane-
proximal tyrosine-based sorting signal in the cytoplasmic do-
main of the TM subunit of the HIV-1 envelope glycoprotein
(gp41), we constructed a mutant encoding alanine instead of
tyrosine at residue 712 in env within the proviral clone pNL4-3
(Fig. 1). To study the relationship between Nef and the Env
Y712XXL sorting motif, this tyrosine-to-alanine substitution
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was also made in an NL4-3-based construct containing two
premature termination codons in nef (�-Nef). T lymphoblas-
toid cells (MT4) or fibroblastoid cells (HEK293 and
HEK293T) were transfected with the four different proviral
plasmids (wild-type NL4-3, �-Nef, EnvY712A, and
EnvY712A/�-Nef) to verify expression and to produce virus.
No significant differences between the mutants were detected
in the transient production of p24 antigen from transfected 293
cells (data not shown), indicating the absence of any unantic-
ipated defects in the RNA sequence, such as altered use of the
rev splice acceptor site downstream of the Y712 codon. To
characterize specifically the expression of the EnvY712A gly-
coprotein, lysates of transfected MT4 cells were analyzed by
Western blotting (Fig. 2A). After staining for gp120, the mem-
brane was stripped and reprobed for p24 to exclude differences
in transfection or loading (Fig. 2A). The Y712A substitution in
Env did not impair the expression of gp160 (the gp120/gp41
precursor) in the transfected cells at steady state (Fig. 2A). We
were unable to assess the relative efficiency of the processing of
Y712A gp160, because processed gp120 was undetectable in
these cell lysates.

Next, we tested the fusogenicity of EnvY712A by assessing
its ability to induce the formation of syncytia. HeLa-CD4 cells
were transfected with the wild type or the EnvY712A mutant
plasmids and stained by immunofluorescence for gp41. No
qualitative morphological differences were observed in the syn-
cytia formed as a result of the fusion of neighboring cells with
cells expressing wild type or EnvY712A (Fig. 2B). The distri-
bution of gp41 within these syncytia was also indistingui-
shable. Similarly, HeLa-CD4 cells infected with wild-type or
EnvY712A virus formed syncytia that were morphologically
indistinguishable (data not shown). Together, these data indi-
cated that the EnvY712A mutant is expressed normally and
retains the capacity to mediate membrane fusion.

The growth rates of the EnvY712A and �-Nef mutants are
attenuated in CEM T cells and primary PBMCs. To charac-
terize the phenotype of the EnvY712A mutant in spreading
infections, primary human PBMCs and cells of two T lympho-
blastoid lines were used for growth rate experiments. The
inocula for these infections were produced by transfection of
HEK293 cells with proviral plasmids containing either wild-

type, �-Nef, EnvY712A, or EnvY712A/�-Nef sequences and
were normalized to contain equal amounts of p24 capsid an-
tigen.

The three mutants grew poorly relative to the wild type in
the PBMC cultures (Fig. 3A). While wild-type virus yielded
almost 30,000 pg of p24 antigen/ml after 15 days of culture,
both the EnvY712A and �-Nef mutants replicated to a re-
duced extent, reaching about 4,500 pg of p24/ml by day 15,
while the double mutant EnvY712A/�-Nef yielded a maximal
concentration of only 300 pg/ml. Overall, the single mutants,
�-Nef and EnvY712A, were very similarly attenuated, repli-
cating approximately 1 order of magnitude less well than wild
type, while the double mutant, EnvY712A/�-Nef, displayed an

FIG. 1. Schematic representation of the HIV-1 envelope precursor
glycoprotein (gp160). The surface subunit, gp120, and transmembrane
subunit, gp41, are indicated. The gp41 subunit consists of an extracel-
lular domain, transmembrane domain (TM), and a cytoplasmic do-
main. Membrane-proximal amino acids of the cytoplasmic domain of
HIV-1 clone NL4-3 are shown beneath the schematic, with the mem-
brane-proximal tyrosine-based sorting motif underlined. The tyrosine
at residue 712 (in boldface type) was replaced with alanine by PCR
site-directed mutagenesis.

FIG. 2. Expression of Env in MT4 and HeLa cells. (A) Western
blot of MT4 cell lysates for gp160 and p24. MT4 cells were transfected
with wild-type and mutant proviruses and pelleted 3 days later. Cells
were washed in PBS and then resuspended in reducing SDS-PAGE
sample buffer. Equal amounts of p24 capsid per lane were run on an
SDS-polyacrylamide gel, transferred to a PVDF membrane, probed
sequentially with sheep antiserum to HIV-1 gp120 (DV-012) and
mouse anti-p24 (7A8.1), and developed with a chemiluminescent sub-
strate. Bands corresponding to gp160 and p24 are indicated. (B) Im-
munofluorescence of HeLa-CD4 cells. Cells were transfected with
wild-type NL4-3 or EnvY712A provirus, fixed 2 days later, permeabil-
ized, and stained with mouse anti-gp41 followed by a Rhodamine-X-
conjugated secondary antibody. Slides were analyzed with a Zeiss
Axioskop fluorescent microscope (magnification, �400), and images
were processed using Adobe Photoshop.
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additive phenotype, replicating a further order of magnitude
less well.

The growth of these viruses was also tested in two T-cell
lines, CEM and MT4. MT4 cells were tested because these

cells are reportedly permissive for the replication of mutants
encoding C-terminal truncations of HIV Env (26, 34). In the
CEM cultures, wild-type virus yielded 2.5 � 106 pg of p24/ml
by day 13 (Fig. 3B). Both the �-Nef and the EnvY712A mu-
tants replicated approximately 3 orders of magnitude less well,
yielding only 1,300 and 2,100 pg of p24/ml. The EnvY712A/�-
Nef double mutant was unable to establish an infection in
CEM cells under these conditions. Although the maximal
yields were different, the hierarchy of replication in CEM cells
matched that observed using PBMCs. In contrast to PBMCs
and CEM cells, MT4 cells were extremely permissive for the
growth of these mutants; cells infected with 50 ng of p24 of
each of the four viruses showed equivalently rapid rates of viral
growth (data not shown). To reveal subtle differences in
growth rate, these infections were repeated using 1/10 the viral
inoculum. Infection of MT4 cells with 5 ng of p24 antigen also
showed no major defects in viral growth (Fig. 3C), but at day
2, viral production showed a hierarchy identical to that of the
PBMC and CEM growth curves: 16,900 pg/ml for wild type,
�2,400 pg/ml for �-Nef and EnvY712A, and 800 pg/ml for
EnvY712A/�-Nef. This deficiency of viral production by the
mutants early after infection was overcome by day 4. Thus,
MT4 cells were ultimately as permissive for the growth of the
Y712A Env mutant as for viruses encoding C-terminal trunca-
tions in gp41 (26, 34).

Taken together, these data on viral growth rate in spreading
infections indicated that the EnvY712A mutant was as atten-
uated as �-Nef; the data also indicated that the effects of the
Y712A and Nef-negative mutations were additive.

EnvY712 is required for optimal infectivity, but the positive
effect of Nef on infectivity persists in the context of the Y712A
mutation. We investigated the role of the Y712XXL motif of
Env in virion infectivity and the possibility that Nef enhances
infectivity via this motif. The four viruses described above were
produced from either HEK293T cells or MT4 cells, and their
infectivities were measured using a single-round infectious-
center assay in which CD4-positive HeLa cells that contain an
LTR–�-galactosidase indicator are the targets (P4 cells). The
infectivity data were expressed as a ratio of the number of blue
cells per nanogram of p24 in the inoculum and were normal-
ized to a wild-type value of 100%. The infectivity of the
EnvY712A mutant was reduced relative to the wild type in a
cell-type-dependent manner, sevenfold using 293T-produced
virus and twofold using MT4-produced virus (Fig. 4A). Nef-
defective virus showed a characteristic reduction in infectivity
and a similar cell type dependence. Using 293T-produced vi-
rus, �-Nef exhibited a 20-fold reduction in infectivity relative
to wild type, whereas the infectivity of MT4-produced �-Nef
was reduced fourfold (Fig. 4A). Even in the presence of the
Y712A mutation, a difference in viral infectivity between Nef-
positive and Nef-negative virus was usually observed. The dou-
ble mutant EnvY712A/�-Nef was reduced in infectivity 14-fold
compared to EnvY712A when produced from 293T cells, while
MT4-produced EnvY712A/�-Nef virus was reduced threefold
compared to EnvY712A (Fig. 4A). Together, these data indi-
cated that Env Y712 is important for optimal infectivity. The
data also indicated that Nef is able to enhance viral infectivity
in the absence of the EnvY712XXL motif.

To evaluate quantitatively the ability of mutants to induce
fusion in target cells, we measured the infectivity of these

FIG. 3. Growth of viruses in PBMC and CEM and MT4 cells.
Viruses were produced by transfection of HEK293 cells. One million
PBMC or CEM or MT4 cells were infected in duplicate with viruses
normalized by p24 capsid protein concentration. Samples of the cul-
tures were taken over time and analyzed for p24 protein concentration
by ELISA. CEM and MT4 cells were split 1:4 after every culture
sampling. Each experiment was performed at least twice, each in du-
plicate, with similar results in both the hierarchy and extent of repli-
cation. (A) Primary PBMCs were stimulated with phytohemagglutinin
for 3 days prior to infection with virus containing 50 ng of p24 capsid,
supplemented with IL-2. (B) CEM T cells were infected with 250 ng of
p24 capsid. (C) MT4 T cells were infected with 5 ng of p24 capsid.
Error bars indicate standard deviations of duplicate infections.
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viruses using an infectious-center assay in which the readout is
syncytium formation and compared these data to those ob-
tained using the �-galactosidase indicator cells (Fig. 4B). The
relative infectivities of the mutants determined using these two
assays were very similar. These data indicated that for these
293-produced viruses, the infectivity defects are unlikely to be
due to a decreased fusogenicity of Env per se, at least as
measured by the ability to induce fusion of target cells.

The observation that the EnvY712A mutant is less infectious
than wild type was in potential conflict with published data
regarding this residue, although substitutions other than ala-
nine have previously been studied (8, 33). To reconcile these
differences, the previously described NL4-3-based proviral
constructs Env Y712C and Y712F were used to produce virus
from 293T cells and tested alongside the EnvY712A mutant
using the P4 infectivity assay. Although increases in infectivity
of more than fourfold for Y712C and threefold for Y712F were
previously reported, our results showed a reduction in the
infectivity of Y712C and a slight increase in the infectivity of
Y712F compared to wild type (Fig. 4C). To exclude inadver-
tent differences in these mutants, the parental wild-type con-
structs (pNL4-3) from both source laboratories were compared
and were not significantly different (data not shown). Our data
indicated that the conservative Y712F mutation does not im-
pair infectivity, a result compatible with the ability of phenyl-
alanine to replace tyrosine in YXXL AP-binding motifs (32).
In contrast, the nonconservative Y712C mutation was, like
Y712A, detrimental to infectivity.

Role of EnvY712A and Nef in the incorporation of gp120
into virions. To investigate the possibility that the EnvY712A
mutant was reduced in viral growth rate and infectivity due to
the amount of envelope glycoprotein complexes incorporated
into the viral membrane, we isolated virions and performed
Western blotting for gp120. Recently published data indicate
that gp120 and gp41 persist in virions in equimolar amounts
after freeze-thawing and centrifugation, procedures that pre-
ceded our analysis (10). To validate the use of the Western blot
protocol for quantifying Env, a standard curve using recombi-
nant gp120 was generated. A plot of nanograms of recombi-
nant gp120 versus band density showed a linear dose response
and was sensitive to differences as small as 25% in the amount
of input gp120 (Fig. 5A).

Viruses produced by transfection of MT4 cells were pel-
leted, and equal amounts of p24 were loaded onto an SDS-
polyacrylamide gel and probed for gp120. After staining for
gp120, the membrane was stripped and probed again for p24 to
exclude loading differences on the gel. Figure 5B shows such a
Western blot probed for gp120 and p24. While the p24 level
band intensities appeared indistinguishable, the band for
gp120 of wild-type virions was more intense than that of �-Nef,
EnvY712A, or EnvY712A/�-Nef virions. The lysates of the
virus producer cells for this experiment were presented in Fig.
2A and showed no defect in gp160 expression that would
account for these differences in the incorporation of gp120 into
virions. This experiment was repeated using independently
produced virions, and the bands were analyzed by densitome-
try. To normalize for any variations in p24, the data were
expressed as a ratio of band intensity for gp120 to that of p24.
The combined data from these two experiments using MT4-
produced virions showed that the EnvY712A mutation re-

FIG. 4. Infectivity of HEK293T- and MT4-produced virus. (A) Vi-
ruses were produced by transfection of either 293T or MT4 cells as
indicated underneath the x axis. Virus-containing supernatants nor-
malized by p24 capsid were added to P4.R5 indicator cells that contain
�-galactosidase under control of the HIV-1 LTR. Following 2 days of
incubation, cells were stained with X-Gal and blue foci were counted.
Infectivity data are expressed as a ratio of the number of blue cells per
ng of p24 inoculum normalized to wild type. The 293T data shown are
the averages of duplicates, and the MT4 data shown are the averages
between two independent assays. (B) Infectivity of 293-produced virus
compared in two distinct assays as indicated underneath the x axis. The
P4 assay was performed as described in panel A. For the syncytium
induction assay, HeLa-CD4 cells (clone 1022) were infected with vi-
ruses normalized by p24 capsid concentration and incubated for 3 days.
Cells were stained with crystal violet, and the syncytia were counted.
Data shown are the averages of duplicates. (C) Infectivity of various
293T-produced EnvY712 mutants tested in the P4 infectivity assay as
above. Data shown are the averages of duplicates. Error bars indicate
standard deviation.
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sulted in a gp120 band intensity that was approximately 50% of
wild type (Fig. 5C), a result which correlates with a 25% re-
duction in the absolute amount of gp120 as extrapolated from
the standard curve of Fig. 5A. Nef-negative virions also showed

a reduction, albeit even less dramatic, confirming the sugges-
tion that Nef can affect the incorporation of Env into virions,
at least in CD4-positive cells (21). Interestingly, the presence
or absence of Nef in EnvY712A mutant viruses had no effect
on Env incorporation, suggesting that Nef does not affect the
incorporation of Env in the absence of an intact membrane-
proximal tyrosine motif in gp41.

Using the same methods, the incorporation of Env into
viruses produced from HEK293T cells was also analyzed. In
contrast to the difference seen in the MT4-produced viruses,
no significant difference was seen in the incorporation of Env
into any of the mutant virions when produced by 293T cells
(Fig. 6). Unlike MT4-produced virus, virions produced from
293T cells contained gp160 as well as gp120, and no apparent
difference in the gp160/gp120 ratio was observed, indicating no
processing defect caused by the Y712A mutation. Strikingly,
these data indicated that the effects of both Nef and EnvY712
on the infectivity of 293T-produced virus are independent of
Env incorporation.

Role of EnvY712A and Nef in viral entry. To identify the step
in the virus replication cycle that is impaired by these muta-
tions, we investigated the ability of the mutants to enter target
cells. In the case of Nef, controversy exists regarding a putative
positive effect on biologically relevant entry (30, 31), whereas
no data exist regarding the EnvY712A mutant. To measure
biologically relevant entry, virions containing a �-lactamase-
Vpr fusion indicator protein (BlaM-Vpr) were produced by
cotransfection of 293T cells with proviral plasmids and the
BlaM-Vpr expression construct. The infectivity of pelleted and
nonpelleted BlaM-Vpr-containing viruses was tested in the P4
single-cycle infectivity assay and closely matched the infectivity
data shown in Fig. 4A for 293T-produced virions (data not
shown). After normalization by p24 capsid concentration,
equal amounts of pelleted BlaM-Vpr viruses were used to
infect P4 cells (the same target cell used in the infectivity assays
of Fig. 4A and C). After 5 h, the virions were removed, and the
cells were incubated overnight with a fluorescent substrate,
CCF2/AM, that is cleaved by �-lactamase. CCF2/AM contains
two fluorochromes that undergo fluorescence resonance en-
ergy transfer, allowing for the detection of BlaM activity by
flow cytometry (a shift of emission from green to blue after
cleavage of the substrate and the loss of fluorescence reso-

FIG. 5. Env incorporation in MT4-produced virus. (A) Plot of band
density versus nanograms of recombinant gp120. Known amounts of
recombinant gp120 were loaded onto an SDS-polyacrylamide gel,
transferred to a PVDF membrane, probed with sheep antiserum to
HIV-1 gp120, and developed with a chemiluminescent substrate.
Bands were analyzed using ImageJ (version 1.29t) software (Wayne
Rasband, National Institutes of Health). (Inset: Western blot image of
recombinant gp120.) (B) Western blot of MT4-produced virus. Virus-
containing supernatants produced from transfected MT4 cells were
filtered through 0.2-�m-pore-size filters and centrifuged at 23,500 � g
for 2 h at 4°C. Viral pellets were then resuspended in a small volume
of reducing SDS-PAGE sample buffer. Viral pellet suspensions were
normalized for p24 concentration and electrophoresed and electro-
blotted as described in Fig. 2A. Bands corresponding to gp120 and p24
are indicated. (C) Relative amounts of gp120 incorporation. gp120 and
p24 bands were scanned and analyzed using ImageJ (version 1.29t)
software. Band densities are expressed as a ratio of gp120 to p24 and
are an average of two independent experiments. Error bars indicate
standard deviation.

FIG. 6. Envelope incorporation in HEK293T-produced virus. Vi-
rus-containing supernatants produced from transfected HEK293T
cells were pelleted and analyzed as described for Fig. 5B. Bands cor-
responding to gp160, gp120, and p24 are indicated.
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nance energy transfer). Uninfected cells loaded with
CCF2/AM exhibited a wide range of green fluorescence inten-
sity, with relatively few cells showing high levels of blue fluo-
rescence (Fig. 7A, left panel). Cells infected with virus con-

taining BlaM-Vpr shifted the population towards higher
intensity blue fluorescence (Fig. 7A, right panel). For analysis,
the results of this assay were plotted as a ratio of blue/green
intensity per cell to account for possible differential dye load-
ing (25). Uninfected cells loaded with CCF2/AM were used to
set a gate for positive cells. During one representative exper-
iment, uninfected cells showed a background level of 0.7%
(Fig. 7B, upper-left panel). Cells infected with wild-type virus
containing BlaM-Vpr resulted in 15.4% positive cells, while
infection of cells in the presence of the CXCR4 antagonist
AMD3100 completely blocked entry (0.8% positive cells) (Fig.
7B, left-center and upper-right panels). �-Nef, EnvY712A, and
EnvY712A/�-Nef viruses each showed a reduction in BlaM-
positive cells (Fig. 7B). Combined data from three indepen-
dent experiments showed that all three mutant viruses exhib-
ited an approximately 50% reduction in viral entry compared
to wild type (Fig. 8A). To exclude the possibility that the
indicator viruses varied in BlaM activity, the mutant virions
were tested using a cell-free assay and a chromogenic sub-
strate, nitrocefin; all preparations contained similar enzyme
activity (Fig. 8B). In addition, AMD3100 had no effect on
�-lactamase activity in vitro, validating the use of this com-
pound to demonstrate the biological relevance of the entry
assay (data not shown). Together, these data suggested that a
defect in viral entry accounts for at least part of the infectivity
defect of the 293T-produced �-Nef and EnvY712A mutants,
despite their apparently wild-type phenotypes with respect to
the virion incorporation of Env and the induction of fusion
among target cells.

DISCUSSION

In this report we show that the membrane-proximal ty-
rosine-based sorting motif of gp41 Env (Y712XXL) is impor-
tant for viral infectivity, viral entry, and, in the case of at least
one T-cell line, optimal virion incorporation of envelope gly-
coprotein. The requirement of EnvY712 for infectivity was
found in virions produced from either CD4-negative
(HEK293T) or CD4-positive (MT4) cells; however, only viri-
ons produced from MT4 cells showed a reduction in the in-
corporation of Y712A Env. Consequently, the HEK293-pro-
ducer cell data established unequivocally a role for the YXXL
motif in infectivity that is independent of Env incorporation.
The YXXL motif was essential for optimal viral replication in
primary cultures of mononuclear cells from the peripheral
blood, emphasizing its importance in a physiological context.
Interestingly, these attributes of the Y712A mutant were sim-
ilar both qualitatively and quantitatively with those of Nef-
negative virus. Nef was required for optimal infectivity in both
single-round, infectious-center assays and in spreading infec-
tions; it was required for the optimal incorporation of Env into
MT4- but not HEK293-produced virions; and at least part of
its effects were due to enhanced viral entry independent of the
incorporation of Env into virions. However, the effects of non-
sense mutations in nef were additive with those induced by the
EnvY712A mutation, clearly indicating that Nef does not re-
quire the YXXL motif in Env for its effects. Nevertheless, the
ability of both the EnvY712XXL and Nef sequences to en-
hance the entry of virions into target cells independently of the
virion incorporation of Env suggests an intriguing hypothesis:

FIG. 7. �-Lactamase-Vpr entry assay. Viruses were produced by
cotransfection of the indicated provirus and pMM310, a �-lactamase-
Vpr (BlaM-Vpr) fusion protein expression vector. Viruses were pel-
leted, resuspended in 1 ml of medium, normalized by p24 capsid
concentration, and then used to infect P4.R5 cells for 5 h. After
washing, cells were incubated with the �-lactamase-sensitive fluoro-
chrome CCF2/AM for 16 to 18 h at 25°C. Analysis was performed by
flow cytometry. Uncleaved substrate was detected as green fluores-
cence, and cleaved substrate was detected as blue fluorescence.
(A) Plot of green fluorescence versus blue fluorescence. Loaded cell
control refers to uninfected cells loaded with CCF2/AM. Box R3
encloses cells used for the ratio analysis in panel B, cells positive for
CCF2/AM loading. (B) Data are expressed as a ratio of blue to green
fluorescence versus side scatter and are gated using uninfected cells
(loaded cell control). AMD3100 (100 nm) is a CXCR4 antagonist used
to block entry into cells.

1076 DAY ET AL. J. VIROL.



both these sequences may influence trafficking events during
viral morphogenesis in the producer cell such that the progeny
virions are more fusogenic.

Previous studies regarding the role of the EnvY712XXL
motif in viral infectivity have utilized various missense muta-
tions, including Y712S, Y712C, and Y712F (8, 33). Paradoxi-
cally, the resulting mutants were not reported as impaired in
infectivity and in some cases were characterized by supranor-
mal infectivity. Nevertheless, our results demonstrate that re-
placement of Y712 with alanine yields virions that are less than
half as infectious as wild type in single-round infectivity assays;
in some cases the infectivity was as little as 20% that of wild
type (Fig. 4). To reconcile these differences, we studied the
Y712F and Y712C mutants in parallel with the alanine substi-
tution mutant. Here, the Y712C mutation, like Y712A, im-
paired infectivity, whereas the Y712F mutation had little effect.
The differences between the results herein and those reported
previously may relate to different methods for standardization
of the inocula (RT activity versus p24 antigen content) or to
the use of different target cells (Magi versus P4). However, our
results are potentially more consistent with the putative role of
the motif as an AP-binding sequence; specifically, the conser-
vative substitution of phenylalanine for tyrosine could be pre-
dicted to preserve the function of such a motif, whereas the
replacement by cysteine would not (32). In addition, our data
are consistent with the strict conservation of the YXXL se-
quence among isolates of HIV-1, HIV-2, and SIV and the
importance of the YXXL motif for the pathogenesis of disease
caused by SIV in macaques (16).

What may be the basis for the reduced infectivity of viruses
with mutation of the Env YXXL motif? In the case of MT4-
produced virus, the defect in infectivity may be due in part to
the reduction of the incorporation of Env into virions (Fig.
5C). Although the optimal number of Env trimers per virus
particle is unknown, a recent study estimated that only 7 to 14
trimers are incorporated per particle (10). Based on our quan-
tification of gp120 by Western blot and using the same estimate
for Gag molecules per virion (1,200 to 2,500) (10), we esti-
mated that there are 18 to 38 Env trimers per virus particle
produced from HEK293T cells. If, indeed, there are this few
Env trimers per virion, then a 25% reduction could conceivably

account for the reduced infectivity of EnvY712A virus. By
analogy, tyrosine-based sorting motifs within the Env cytoplas-
mic domain of bovine leukemia virus are important for viral
entry and the incorporation of Env into virions (17). However,
in contrast to the MT4-produced virus, virions produced from
293T cells did not show a difference in the incorporation of
EnvY712A, but they did show a marked defect in infectivity as
a result of this mutation. These results clearly indicated that
the infectivity defect of this mutant does not rely on a defect in
the virion incorporation of Env.

The mechanism by which the YXXL motif influences infec-
tivity independently of the virion incorporation of Env is un-
clear. However, at least part of this effect appears related to
the impaired efficiency of viral entry into target cells, as evi-
denced by the reduced delivery of ��lactamase activity to
target cells by virions. These findings imply that the virions are
more fusogenic when the YXXL motif is intact.

The hypothesis that the YXXL motif enhances the fusoge-
nicity of virions seems paradoxical considering that quantita-
tively similar defects in the infectivity of the EnvY712A mutant
were observed using two distinct infectious-center assays: one
using trans-activation of the expression of �-galactosidase as
the indicator (P4 assay) and the other using the morphological
scoring of syncytia (Fig. 4B). The similar defects detected in
these two assays suggests that the fusogenicity of Y712A Env
itself is likely unimpaired by the mutation; if it were impaired,
then the syncytium-formation assay would be predicted to yield
a greater apparent defect than the P4 assay. One resolution of
this paradox is that cell-cell fusion is less sensitive than virus-
cell fusion to an impaired fusogenicity of Y712A Env. A sec-
ond resolution, which we favor, is that the YXXL motif in the
cytoplasmic domain of gp41 renders the virion more fusogenic
via its function as an AP-binding sequence, targeting the traf-
ficking of Env and consequently viral assembly to specific com-
partments such as endosomal or plasma membrane domains.
In this model, the specific lipid and/or protein content of the
membranes on which virions assemble is the varying determi-
nant of fusogenicity in the experiments herein, such that opti-
mal infectivity requires the targeting activity of the YXXL
motif. Consequently, the intrinsic fusogenicity of the Y712A
Env glycoprotein need not be affected.

FIG. 8. Entry assay summary and �-lactamase activity. (A) Data from three independent experiments as shown in Fig. 7 were expressed as a
percentage of wild-type entry and averaged. (B) �-Lactamase activity of BlaM-Vpr-containing viruses. Pelleted viruses normalized by p24 capsid
concentration were incubated with the chromogenic substrate nitrocefin for 22 h at room temperature. Samples were analyzed in a microplate
spectrophotometer at 490 nm. Nitrocefin diluted into sample diluent was measured as background, and 20 �l of an ampicillin-resistant bacterial
culture was used as a positive control. Error bars, standard deviations.
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The hypothesis that the trafficking function of the YXXL
motif in Env directs viral assembly to optimal cellular mem-
branes has the potential to resolve two problems: one is the
question of why the cytoplasmic domain of gp41 contains AP-
binding motifs and the other is the unclear purpose of targeting
Env to specific, largely internal, cellular membranes. Several
hypotheses have been proposed to explain these observations:
limiting the amount of Env at the surface of an infected cell
may prevent certain immune responses from detecting and
killing the cell (15), directing Env to subdomains of the plasma
membrane may optimize cell-to-cell transmission of the virus
(14), and endocytosis may maintain an optimal steady-state
level of Env at the plasma membrane prior to viral budding
(15). Although any or all of these mechanisms may be opera-
tional, we favor the hypothesis that AP-binding and other
protein sorting motifs in gp41, such as the YW motif that binds
TIP47 (4), are required for optimal infectivity because they
target viral assembly to an appropriate internal membrane
compartment. This compartment is likely endosomal, given the
juxtanuclear location of gp41 at steady state (Fig. 2).

This trafficking-assembly model has the potential to encom-
pass the role of Nef in viral infectivity and fusogenicity, pro-
viding a general basis for the similar phenotypes of the Y712A
and �-Nef mutants. Indeed, we initially hypothesized that Nef
enhances the infectivity of virions by influencing the trafficking
of Env, such that the YXXL motif would be required for the
Nef effect. Instead, the virologic effects of the Y712A and
nef-nonsense mutations, though qualitatively and quantita-
tively similar, were additive in every format (except the entry
assay). Taken together, these results suggest that the effects of
the Env YXXL and Nef sequences are not interdependent.
Nevertheless, they may be mechanistically related. Nef has
widespread effects on the endosomal system (19), where the
majority of gp41 appears to accumulate. Furthermore, muta-
tion of the EXXXLL AP-binding motif in Nef, like mutation of
the YXXL motif in Env, impairs infectivity in a CD4-indepen-
dent manner that is manifest at least in part at the level of viral
entry (data not shown). Apparently, AP-binding motifs in two
distinct viral proteins, Env and Nef, make similar contributions
to viral infectivity and replication.

The data herein regarding Nef and viral entry may be con-
troversial. Although Nef reportedly enhances the cytoplasmic
delivery of virion cores as detected using a cell fractionation
assay (30), a very recent report that used an entry assay similar
to that described herein failed to reveal an entry defect in the
case of Nef-negative virions (31). Notably, our data regarding
the CD4-independent effect of Nef nominally indicate that
Nef-negative virions enter cells with half the efficiency of the
wild type, but they are only 1/20 as infectious (compare Fig.
4A, 7B, and 8A). One interpretation of these data is that a
defect in entry only partly explains the defect in infectivity.
However, another interpretation is that these differences in the
magnitude of the defects are due to an inoculum effect; data
regarding entry derive from the exposure of cells to inocula 10-
to 100-fold more concentrated than those used to obtain the
infectivity data. Consequently, although the defect in entry
may account for only part of the Nef (and Env YXXL) infec-
tivity effect, it remains conceivable that it may account for the
entire effect.

In summary, we provide evidence that the YXXL AP-bind-

ing motif in gp41 contributes directly to the optimal infectivity
and replication of HIV-1. Although the virologic functions of
the YXXL motif and the HIV-1 Nef protein do not appear
interdependent, the similar contributions of these sequences to
replication, infectivity, and entry by a process independent of
CD4 and the virion incorporation of Env suggest a common
underlying mechanism. We hypothesize that this mechanism
involves AP-mediated trafficking, targeting viral morphogene-
sis to specific, probably endosomal, membranes. Proof of this
hypothesis, and an understanding of why assembly on such
membranes yields more fusogenic virions, remains to be de-
termined.
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ADDENDUM IN PROOF

In support of a common mechanism underlying the virologic
effects of the gp41 YXXL motif and Nef, a recent study re-
ported the emergence of compensatory mutations in the cyto-
plasmic domain of gp41 during serial passage of nef-deleted
SIV in rhesus monkeys (L. Alexander, P. O. Illyinskii, S. M.
Lang, R. E. Means, J. Lifson, K. Mansfield, and R. C. Desro-
siers, J. Virol. 77:6823–6835, 2003). Strikingly, these mutations
were identical or very similar to those that emerged during
passage in vivo of SIV containing a deletion in the gp41 YXXL
motif, indicating a common compensatory response to the loss
of Nef or YXXL sequences (16).
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