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Short amino acid sequences in the cytosolic domains of transmembrane proteins are recognized by special-
ized adapter proteins which are part of coated vesicles utilized to transport membrane proteins between the
trans-Golgi network (TGN) and the plasma membrane (forward and backward). Previously, we and others re-
ported that the membrane-proximal tyrosine residues Y712 (human immunodeficiency virus [HIV]) and Y721
(simian immunodeficiency virus [SIV]) in the envelope glycoprotein (Env) of the primate lentiviruses are cru-
cial for the association of Env with clathrin-associated adapter complex AP-2. The same tyrosine-based endocy-
tosis motifs in the cytosolic domains (EnvCD) of transmembrane gp41 of HIV type 1 (HIV-1) and SIV, respec-
tively, were also shown to modulate the interaction with TGN- and endosome-based clathrin-associated complex
AP-1. Our findings suggested that EnvCD binding to AP-1, unlike the association of EnvCD with AP-2, is dependent
largely on residues other than Y712 and Y721. Here, we tested if motifs downstream of Y712 affect HIV-1
EnvCD–AP-1 binding and Env trafficking. Mutational analysis revealed that the C-terminal leucine-based mo-
tif in Env was crucial for the recruitment of AP-1 in vitro and in Env-expressing cells. In addition to affecting
Env–AP-1 association, mutations at the C terminus of Env also altered the subcellular localization of Env, sug-
gesting that proper post-Golgi routing of Env depends on its recruitment of AP-1. Finally, the C-terminal di-
leucine was shown to assist the membrane-proximal Y712 motif in restricting the cell surface expression of Env.

The envelope glycoprotein (Env) is an essential component
of retroviruses because it mediates the selective attachment of
virus to its target cell (19). Env is not necessary for the forma-
tion and the release of retroviral particles, but Env of lentivi-
ruses, like the glycoproteins of other enveloped RNA viruses,
has been implicated in the spatial restriction of virus produc-
tion (2, 5, 51). In addition, Env contributes to controlling the
rate with which virions exit the host cell (44, 50). Env’s position
in the viral replication cycle is thus pivotal not only because it
controls viral entry but also because it regulates when and
where exactly virus will be released during the late phase of the
viral life cycle.

Polarization of lentiviral release is observed not only in ep-
ithelial cells but also in lymphocytes and probably in neurons
(8, 24, 41, 55). Such a directed release of virus may be partic-
ularly important for an efficient spread of virus in the crowded
environment of lymph nodes, where infection is propagated

locally, but polarized secretion is probably also important dur-
ing systemic dissemination, when the virus crosses tissue bar-
riers.

How Env targets virus release to certain areas of the cell
surface is not known. However, viral exit at distinct sites coin-
cides with Env localization in these areas. It seems likely,
therefore, that Env accumulation at distinct sites is a prereq-
uisite for the polarized release of infectious particles. Conse-
quently, signals which direct Env from the trans-Golgi network
(TGN) to these sites are crucial for directional virus secretion
(see, e.g., references 8 and 31).

To elucidate how Env targets virus release to particular
areas of the cell surface, we analyzed its trafficking during the
late phase of the viral replication cycle. As part of these inves-
tigations we characterized the interaction of Env’s cytosolic
domain (EnvCD) with proteins of the cellular sorting machin-
ery. The targeting of membrane proteins from the Golgi ap-
paratus to the plasma membrane or to compartments of the
endosomal system is mediated by specialized clathrin-coated
vesicles (CCVs) (22, 26, 32, 35, 45). Endocytosis of membrane
proteins gives rise to the formation of similar transport vesicles
at the plasma membrane. Selection of the membrane proteins
into CCVs largely depends on the interaction of signals in the
cytosolic domains of these proteins with specific adapter pro-
teins (APs). These APs are part of the vesicle coats forming at
the cytosolic leaflet of the lipid bilayer. The existence of four
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different APs (AP-1, AP-2, AP-3, and AP-4) in mammals has
been described so far (4). All APs are heterotetrameric com-
plexes which are composed of two large (;100-kDa) subunits,
one medium (;50-kDa) subunit, and one small (;20-kDa)
subunit. Membrane proteins are recruited into specific CCVs
because the medium subunit, often referred to as medium
chain (m1, m2, m3, or m4), or one of the large chains (b1) or
both recognize sorting signals in the cytosolic domains of mem-
brane proteins. The existence of isoforms for two of the me-
dium chains (m1 and m3) was revealed recently. It is thought
that the selectivity with which CCVs transport their cargo to its
final destination in a particular cell type is determined at least
partly by the cell-specific compositions of the APs (11, 37, 39).

Unless inhibited by the internal structural proteins of the
virus, newly synthesized human immunodeficiency virus type 1
(HIV-1) Env and simian immunodeficiency virus (SIV) Env
undergo endocytosis after their arrival at the cell surface (10,
46, 47; S. Wyss and M. Thali, unpublished data). For both
viruses it was shown that Env internalization is mediated by an
interaction of the AP-2 clathrin adapter with a membrane-
proximal tyrosine-based endocytosis signal (1, 3, 6, 38). AP-2
most likely associates with EnvCD via the AP-2 medium chain
m2. When added to EnvCD independent of the other AP-2
subunits, m2 bound to it with the same specificity as that for the
intact AP-2 complex (3). In those studies HIV-1 and SIV Env
were also shown to associate with the medium chain of AP-1
(m1) (38) and with the whole AP-1 complex (1, 6). Unlike
AP-2, which appears to localize exclusively at the plasma mem-
brane, AP-1 recruits membrane proteins into CCVs budding at
the TGN and from a yet-undefined endosomal subcompart-
ment (for a review, see reference 16). In our previous studies
we noticed that Y712, which is critical for HIV-1 Env–AP-2
association, also influenced the binding of m1 to Env, but we
found that this tyrosine motif was far less important for the
interaction of Env with the intact AP-1 complex than it was for
Env–AP-2 association (M. Boge and M. Thali, unpublished
observation). Furthermore, a comparison of the previous stud-
ies on Env-adapter interactions led us to conclude that Env–
AP-1 binding may be dependent on multiple motifs in EnvCD.

We thus set out to test if signals downstream of the mem-
brane-proximal tyrosine-based motif mediate Env–AP-1 inter-
action. Our results reveal the importance of a C-terminal
dileucine for the association of HIV-1 Env with the AP-1
adapter. We also provide evidence for an involvement of the
same C-terminal signal in the proper subcellular localization of
Env. Furthermore, this study demonstrates that the AP-1-bind-
ing site in Env, in conjunction with the membrane-proximal
Y712, is implicated in controlling how much Env is expressed
at the surfaces of infected cells though it does not act as an
endocytosis signal.

MATERIALS AND METHODS

Cell culture and transfections. HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies) supplemented with 10% fetal calf
serum (FCS; Life Technologies), 100 U of penicillin (Life Technologies)/ml, and
100 mg of streptomycin (Life Technologies)/ml. Human T-cell line Jurkat was
grown in RPMI 1640 medium supplemented with 10% FCS and 100 U of
penicillin/ml and 100 mg of streptomycin/ml.

Transfections were performed using standard calcium phosphate precipitation
techniques or by electroporation. Analysis of the transfected cells was performed
48 h after transfection.

Binding assays. (i) Recombinant proteins. All constructs used in the in vitro
binding assays were made by ligation of PCR (Pwo DNA polymerase; Boehring-
er)-amplified DNA fragments into pGEX-3X (Pharmacia) as described previ-
ously (3). Site-directed mutagenesis was performed by applying the Quick
Change system (Stratagene). The following primers were used: Y712A, 59GAG
TTAGGCAGGGAGCTTCTCCATTATCG-39; Y768A, 59GTGCCTCTTCGCT
GCCACCGCTTGAG-39, and LL855/856AA, 59GGAAAGGATTGCGGCCTA
GGATGGGTGG-39. Mutations were confirmed by DNA sequencing.

(ii) Expression of fusion proteins for the binding assays. Glutathione S-
transferase (GST) fusion proteins were produced in Escherichia coli strain BL21
and purified on glutathione-Sepharose 4B beads (Amersham Pharmacia Bio-
tech). Precultures (4 ml of Luria-Bertani [LB] medium supplemented with 0.5 M
D-sorbitol and 2.5 mM betaine) were grown overnight at 37°C. They were trans-
ferred to 400 ml of LB medium supplemented with 1 M D-sorbitol and 2.5 mM
betaine and grown for 8 h at 37°C. Cultures were shifted to 25°C and induced
overnight with 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG). The puri-
fication on glutathione-Sepharose 4B beads was performed according to the
manufacturer’s instructions, including a heat shock step with 50 mM Tris-HCl
(pH 7.4)–10 mM MgSO4–2 mM ATP for 10 min at 37°C. The concentration and
quality of the fusion proteins were monitored on a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel after coloration by Coo-
massie blue (Sigma Chemicals) staining.

(iii) Binding assay I: Adapter precipitations in T-cell lysates. T-cell lysate was
prepared from Jurkat cells essentially as described previously (9). Briefly, the
cells were washed three times with cytosol buffer (25 mM HEPES [pH 7.0], 125
mM CH3COOK, 2.5 mM [CH3COO]2Mg, 1.0 mM dithiothreitol, 1 mg of glu-
cose/ml), and the resulting pellet was resuspended in an equal volume of cytosol
buffer containing 1 mM phenylmethylsulfonyl fluoride. The cell suspension was
frozen in liquid nitrogen, thawed on ice, and drawn five times through a 21-gauge
syringe. After centrifugation for 30 min at 20,000 3 g and 4°C, the supernatant
was transferred to new tubes in 100-ml aliquots and stored at 280°C. Aliquots
were precleared in 900 ml of phosphate-buffered saline (PBS) containing 1.5 mg
of GST proteins on Sepharose 4B beads at 35°C for 30 min. Three hundred
microliters of precleared lysate was incubated with 100 mg of fusion protein on
Sepharose 4B beads at 35°C for 2 h. Beads were washed three times with PBS
and boiled in gel sample buffer. Proteins were transferred to nitrocellulose
membranes and probed with Sigma 100/2 (anti-a-adaptin) or 100/1 (anti-b-
adaptin) antibodies. Before immunostaining, staining with Ponceau S (Sigma)
was used to verify that equal amounts of the different GST fusion proteins had
been precipitated and transferred to the filters. Bound proteins were visualized
using specific antibodies followed by binding of secondary antibodies and en-
hanced chemiluminescence (Pierce).

(iv) Binding assay II: SPR analysis. Association of EnvCD with cellular
adapters AP-1 and AP-2 was analyzed in real time by surface plasmon resonance
(SPR) using a BIAcore AB model 3000 biosensor. In brief, an anti-GST mono-
clonal antibody (BIAcore AB) was immobilized on all four flow cells of a CM5
sensor chip at equal densities according to the manufacturer’s instructions. Sub-
sequently the chip was used to capture GST-EnvCD fusion proteins. All inter-
action experiments were performed with buffer A (20 mM HEPES-NaOH [pH
7.0], 150 mM NaCl, 10 mM KCl, 2 mM MgCl2, 0.2 mM dithiothreitol) at a flow
rate of 20 ml/min. Association for 2 min was followed by dissociation for 2 min,
during which buffer A was perfused. A short-pulse injection (15 s) of 20 mM
NaOH–0.5% SDS was used to regenerate the sensor chip surface after each
experimental cycle. The GST-EnvCD-derived sensor chip remained stable and
retained its specific binding capacity for all experimental cycles of association and
dissociation and regeneration. Pure AP-1 and AP-2 were prepared from pig
brain as described previously (17, 18) and used at final protein concentrations
ranging from 25 to 750 nM. To exclude distortions due to injection and mixing,
segments of the sensograms recorded 15 to 20 s after switching from buffer flow
to adapter solution or 5 to 10 s after switching back to running buffer were used
for the calculations of the association and dissociation rates, respectively.

Kinetic parameters and equilibrium dissociation constants were determined
from sensograms recorded at different adapter concentrations. The association
constant, Ka, the dissociation constant, kd, and the equilibrium constant, KD

(5kd/ka) were determined using the BIAcore kinetic evaluation software, assum-
ing pseudo-first-order kinetics (A 5 B 5 AB). The model calculates ka and
the steady-state response level, Req, by fitting data to the equation R 5 Req

(1 2 e2(kaCn 1 kd)[t 2 t (0)]), where t is the time in seconds and C is the molar
concentration of adapters in the injection solution. The steric interference factor,
n, which describes the valency of the interaction between adapters and the
GST-EnvCD fusion protein, was set to 1. kd was determined by fitting the data
to the equation R 5 R0e2kd[t 2 t(0)], where R0 is the response level at the
beginning of the dissociation phase. This model has recently been applied to
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describe the interactions of adapters with cytosolic domains (14, 18) and is
described in more detail elsewhere (21).

Indirect immunofluorescence: subcellular localization of Env. Transfected
cells were redistributed into fresh plates containing sterile glass coverslips for
reattachment. After transfer of the coverslips into 24-well plates cells were
incubated for 5 min in 500 ml of 0.5% bovine serum albumin (BSA)-DMEM at
room temperature (RT). Thereafter, cells were fixed and permeabilized in 200 ml
of ice-cold methanol and 200 ml of ice-cold acetone for 5 min each. The cells
were carefully washed three times with PBS and incubated with anti-Env mono-
clonal antibodies (b12; dilution 1:1,000; a kind gift from P. Parren and D.
Burton) or with serum from an infected individual in 0.5% BSA-DMEM in a
final volume of 20 ml per coverslip for 60 min at 37°C. Cells were than washed
three times with PBS, and nonspecific secondary antibody binding was blocked
using PBS with 10% FCS for 20 min at RT before the cells were incubated with
the fluorophore-conjugated secondary antibody (1:100 dilution in PBS, in a final
volume of 20 ml per coverslip) for 30 min at RT in the dark. Coverslips were
washed two times in PBS and one time in water to remove all traces of PBS and
mounted on slides using Mowiol 4-88 (Calbiochem). Cells were analyzed with a
Zeiss Axiophot microscope using a 633 oil immersion lens.

Generation and transfection of CD8-EnvCD chimeras. A DNA fragment
encoding EnvCD of HIV-1 LAI Env (amino acid residues 707 to 856) was
obtained by PCR and cloned in-frame with the extracellular and transmembrane
(TM) domains of human CD8 alpha chain (residues 1 to 211) into the pJ.CN
vector (48) to generate the pCD8-HIV construct. The HIV-1 LAI Env dileucine
motifs at positions 814 and 815 and 855 and 856 were mutated into alanine
residues to create pCD8-LL814/815AA and pCD8-LL855/856AA, respectively,
by PCR-directed mutagenesis using appropriate primers. The mutation of L at
positions 855 and 856 to A (LL855/856AA mutation) was also introduced into
pCD8-HIV-Y712A (1) in which the essential tyrosine residue of the tyrosine-
based motif was changed into an alanine residue (pCD8-Y712A-LL855/856AA).
Mutations were verified by DNA sequencing using the Sanger dideoxy termina-
tion method adapted to the ABI 373A automated sequencer. The pJ.CNstop
vector, containing a stop codon downstream of the coding sequence for the
transmembrane domain of CD8, was used as a control for CD8 cell surface
expression (48). The pRSV-GFP vector, containing the open reading frame for
the green fluorescent protein (GFP) under the control of the Rous sarcoma virus
long terminal repeat promoter, was provided by T. Bordet (ICGM, Paris,
France).

HeLa cells for experiments involving CD8-EnvCD chimeras were grown in
DMEM (Gibco BRL) supplemented with glutamine, antibiotics, and 10% FCS.
HeLa cells (8 3 106 cells per point) were suspended in 200 ml of DMEM–10%
FCS–10 mM HEPES and mixed with 50 ml of 200 mM NaCl containing 25 mg of
the appropriate plasmids. Electroporation was performed at 200 V and 960 mF
using 4-mm-wide cuvettes in a Bio-Rad gene pulser. Cells were collected for
analysis 48 h later.

Flow cytometry. Expression of the CD8-EnvCD hybrid at the cell surface was
monitored by flow cytometry. HeLa cells (106) subjected to electroporation with
4 mg of pRSV-GFP and 8 mg of the various pCD8-EnvCD vectors were washed
twice with PBS and incubated for 1 h at 4°C with CD8-RD1 antibody diluted in
1% BSA-PBS (Coulter Coultronics). They were then washed three times with
1% BSA-PBS and fixed in 1% formaldehyde-PBS. Flow cytometry analysis was
performed on a Coultronics Epics Elite instrument. Values shown in Table 1 are
the averages of three independent experiments. The results for the CD8-EnvCD
hybrids were compared to those for the wild type by means of Student’s t test for
unpaired samples (Stat View software package). Values are given as means 6
standard errors of means (SEM).

The overall expression of the CD8-EnvCD hybrids in transfected cells was
monitored by Western blotting with anti-CD8 H160 polyclonal antibodies (Santa
Cruz Biotechnology) as described by Berlioz-Torrent et al. (1) (not shown).

Indirect immunofluorescence and quantitation of AP-1 recruitment. HeLa
cells (8 3 104) underwent electroporation with 10 mg of pCD8-EnvCD vectors
and were spread on glass coverslips in 24-well plates. The cells on glass coverslips
were washed twice with PBS and fixed for 20 min in 4% paraformaldehyde-PBS
at room temperature. They were then quenched by incubation for 10 min in
PBS–0.1 M glycine and permeabilized for 30 min in 0.05% saponin–0.2% BSA-
PBS at room temperature.

(i) AP-1 staining. The cells were incubated for 1 h at room temperature with
a g-adaptin antibody (Sigma) diluted in 0.05% saponin-PBS, washed four times
in 0.05% saponin-PBS, and stained with an anti-mouse Cy3 antibody (Jackson
ImmunoResearch). Cells were then incubated for 20 min with 10% mouse
serum-PBS, washed two times, and stained with CD8-fluorescein isothiocyanate
(FITC) antibody (Coulter Coultronics) for 45 min at RT. Cells were then diluted
in 0.05% saponin–0.2% BSA-PBS, washed three times in 0.05% saponin–0.2%

BSA-PBS, and mounted with 5 ml of Moviol (Calbiochem) on microsope slides.
Confocal microscopy was performed with a Bio-Rad MRC1024 instrument.
Optical sections were mounted using the Adobe Photoshop software package.

(ii) Quantitation of AP-1 recruitment. The fluorescence associated with AP-1
was quantitated at the single-cell level by confocal laser scanning microscopy and
immunofluorescence analysis using a Bio-Rad MRC1024 confocal microscope.
Simultaneous double-fluorescence acquisition was performed using the 488- and
568-nm laser lines to excite FITC (CD8 signal) and Cy3 (g-adaptin) dyes. In each
experiment the laser beam and the photomultipliers were first adjusted to the
AP-1 signal of the transfected cells in order to avoid saturation in recording the
signal of g-adaptin binding in a 250-Gy color scale. For each sample medial
optical slices of 45 to 55 different cells were recorded. A focal plane represen-
tative of the perinuclear staining by g-adaptin was then chosen, and the inten-
sities of fluorescence (mean intensities of fluorescence per pixel) of the g-adaptin
and the CD8 staining were calculated within this area using a 0- to 250-Gy color
scale. All data were saved in different series, and statistical analysis (mean
intensities and standard deviations) was performed. The confidence limits of the
results obtained were assessed by Student’s t test.

Endocytosis assays. HeLa cells (8 3 106) were subjected to electroporation
with 4 mg of pRSV-GFP and 8 mg of CD8-EnvCD chimera vectors. Forty-eight
hours later, cells (107) were washed twice with PBS and incubated for 1 h at 4°C
with CD8 Leu/2a antibody diluted in 1% BSA-PBS (Becton Dickinson). Back-
ground staining was measured by fluorescence-activated cell sorting by transfer-
ring 106 cells into a fivefold excess of PBS before staining with CD8 Leu/2a
antibody. Following three washes with 1% BSA-PBS, the cells were incubated at
37°C. Aliquots were removed at various times and placed in fivefold excess of
cold PBS solution. Following three washes, all fractions were incubated with
anti-mouse phycoerythrin antibody for 1 h at 4°C and washed three times with
cold 1% BSA-PBS. Cells were then fixed in 1% formaldehyde-PBS. Flow cytom-
etry analysis was performed on a Coultronics Epics Elite instrument. The per-
centage of CD8 chimeras internalized was calculated by subtracting the initial
mean of fluorescence of GFP1 CD81 cells at 4°C from that obtained at each
incubation at 37°C and then dividing by the initial mean of fluorescence of GFP1

CD81 cells at 4°C. Values shown in Fig. 6 are the averages of three independent
experiments. Values are given as means 6 standard errors of means (SEM).

RESULTS

Binding of clathrin-associated complex AP-1 to HIV-1 Env
depends on a leucine-based signal at the C terminus of
EnvCD. To characterize the signals required for the associa-
tion of HIV-1 EnvCD with adapter complexes responsible for
the transport of membrane proteins, we analyzed the binding
of Env to adapters in cell extracts and in live cells. Previously
we and others have shown that residue Y712 in HIV-1 EnvCD
and the corresponding Y721 in SIV EnvCD are implicated in
the recognition of clathrin-associated adapter complexes AP-1
and AP-2 and their respective medium chains, m1 and m2 (1, 3,
38). However, in our studies we also noticed that Y712- and
Y721-to-alanine changes affected Env binding to AP-1 much
less if situated in the context of the full-length EnvCD than if
introduced in a truncated version of EnvCD (1). These findings
suggested that signals downstream of Y712 and Y721 are im-
portant for efficient Env–AP-1 interaction and thus probably
also for correct post-Golgi sorting of Env.

To map the regions in HIV-1 Env required for the recruit-
ment of AP-1, we tested a panel of EnvCD mutants lacking
either the membrane-proximal Y712-based motif, the more-
distal Y768 motif, or sequences toward the C terminus of
EnvCD. Figure 1 shows a multiple sequence alignment for the
intracellular domain of HIV-1 Env. Like the extracellular part,
EnvCD contains multiple short but highly conserved areas
(Fig. 1), some of which overlap with potential tyrosine-based or
leucine-based sorting signals. To measure EnvCD–AP-1 asso-
ciation, we utilized GST-EnvCD fusion proteins for the pre-
cipitation of adapter complexes, as previously described (3). As
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shown in Fig. 2A, while the deletion of the membrane-proxi-
mal region of HIV EnvCD (residues 704 to 751 [D704–751]),
which contains the Y712-based sorting motif, abolished bind-
ing of AP-2, this deletion did not negatively affect Env–AP-1
interaction. The only Env deletion mutants whose association
with AP-1 was reduced were those with truncated C termini
(e.g., a mutant with a deletion of residues 851 to 856 [D851–
856]). Deletion of the last six amino acids of Env substantially
reduced Env–AP-1 interaction while not affecting the associa-
tion of Env with AP-2. Similar reductions of EnvCD–AP-1
interactions were observed if more (10 or 16) amino acids or as
few as 3 amino acids were deleted at the C terminus (data not
shown), strongly suggesting that the C terminus of HIV-1 Env
is crucial for its association with the AP-1 adapter.

The C terminus of HIV-1 Env contains at its very end two
leucine residues (L855 and L856). Like tyrosine-based motifs,
dileucine motifs can serve as recognition sequences for AP
complexes (for a recent review, see reference 15). In Fig. 1
tyrosine-based as well as dileucine motifs are numbered irre-
spective of whether or not they have been shown to function
as sorting signals. The C-terminal dileucine, unlike the other
three dileucines in EnvCD, is preceded by a nearby acidic
amino acid (at position 852). Charged and polar residues up-
stream of dileucines are thought to help in exposing this motif,
thus allowing it to be recognized by adapters (42, 43). As
becomes also apparent in the alignment in Fig. 1, the C-ter-

minal dileucine but neither of the other dileucines is conserved
also in the cytosolic domain of SIV MN239.

To test the hypothesis that the C-terminal dileucine in
EnvCD is part of the recognition signal for the AP-1 complex,
we analyzed the binding to AP-1 of EnvCD in which we re-
placed the dileucine with a pair of alanines. As shown in Fig.
2B, the C-terminal dileucine is indeed critical for EnvCD–
AP-1 interaction. The binding of AP-1 to the LL855/856AA
mutant was significantly reduced compared with its binding to
wild-type EnvCD (EnvCD wt). The same mutation did not
affect EnvCD–AP-2 binding at all (not shown). Interestingly,
the Y712A mutant bound the AP-1 adapter more efficiently
than wild-type Env. This finding is reminiscent of the result
presented in Fig. 2A, where the mutant lacking the membrane-
proximal region encompassing Y712 (D704–751) displayed a
relatively enhanced interaction with AP-1. In conclusion, the
results of these binding assays demonstrate that Env–AP-1
interactions in the context of the full-length EnvCD depend on
sequences at the C terminus including the conserved dileucine.
The same dileucine, in contrast, is not critical for Env–AP-2
binding.

To confirm and also to quantify the negative effect of C-
terminal mutations on Env–AP-1 association by an indepen-
dent method, we measured the affinity of the binding of AP-1
and AP-2 to EnvCD mutants by SPR spectroscopy (14, 17, 18,
21). In SPR spectroscopy the binding of a ligand to, and its

FIG. 1. Sequence comparison for EnvCDs of the different HIV-1 subgroups. The amino acid sequences of representative isolates of different
clades of the HIV-1 groups M, N, and O were aligned, and the sequence of SIV MM239 is also shown for comparison. The amino acids are
numbered as described by Korber et al. (23). Amino acids conserved in all HIV-1 isolates and in SIV CPZ are shaded. Dileucines and YxxL motifs
are in boldface. With respect to these two motifs, the sequences of the isolates listed here (A, U455; B, HXB2R; C, ETH2220; D, ELI; AE,
92TH011A; F1, 93BR020.1; GH, AG_VI525A2; H, 90CR056; O, ANT70; CPZ, CPZGAB; SMM, 239) match the consensus sequences of the
different clades (28).
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dissociation from, its receptor, which is immobilized on a sen-
sor chip, can be analyzed with polarized light in real time. This
technique measures changes in the refractive index in the vi-
cinity of the receptor, which occur upon ligand binding. We
coupled our GST-EnvCD fusion proteins to the sensor chip
surface via an immobilized anti-GST antibody. Different con-
centrations of purified AP-1 and AP-2 complexes were added
to these chips, and the association and dissociation curves
served as basis for the calculation of kinetic rate constants,
which are summarized in Fig. 3. This analysis again revealed
the importance of the C terminus for EnvCD–AP-1 interaction
because the D851–856 mutant yielded a KD of only 550 nM
compared to 323 nM calculated for EnvCD wt. In contrast, the
binding of AP-2 to EnvCD was found to be only marginally
affected if the last six amino acids were deleted but was re-
duced to near background level (down to 760 nM from 172 nM
measured for wild-type EnvCD) when the membrane-proximal
Y712 was mutated (Y712A). The results obtained by the SPR
analysis thus exactly paralleled what we observed in the in vitro
GST pull-down binding assay, where we used lymphocyte ly-
sate as a source of AP-1 (compare Fig. 2 and 3). In the latter
assay we had also noticed that elimination of the region con-
taining Y712 or mutation of Y712 can lead to an increase in
AP-1 recruitment. We thus decided to test the effect of the
LL855/856AA mutation on the interaction with AP-1 in the
context of a truncated version of EnvCD. This truncated ver-
sion contains only the C-terminal half of EnvCD (residues 789
to 856). The results shown in Fig. 3B demonstrate, however,
that simply destroying the AP-2 binding site by either deletion
or targeted mutation is not sufficient to enhance EnvCD–AP-1
binding because the affinity of AP-1 for the mutant with resi-
dues 704 to 789 deleted (D704–789 wt) is slightly lower than

the affinity of AP-1 for the full-length tail (381 versus 323 nM).
Importantly however, the results shown in Fig. 3B for the
LL855/856AA mutant (D704–789-LL855/856AA) confirm that
a replacement of the very C-terminal dileucine by a pair of
alanines is sufficient to negatively affect EnvCD–AP-1 associ-
ation (reducing the KD from 381 nM as measured for D704–789
wt to 863 nM, calculated for the dileucine mutant).

Subcellular localization of Env correlates with its ability to
bind AP-1. To assess the consequences for intracellular Env
routing of mutations at the C terminus of EnvCD, we per-
formed immunofluorescence analysis of cells expressing wild-
type Env or Env mutants either alone or in the context of the
whole virus. HIV-1 Env was visualized either with patient se-
rum or with a monoclonal antibody against the SU part (Env
gp120) as the primary antibody. Untransfected cells revealed
virtually no background antibody reactivity (not shown). As
documented in Fig. 4, an important fraction of wild-type Env at
steady state localized to the perinuclear region. In addition,
Env was found in more peripheral zones of the cytoplasm and
at the plasma membrane. When analyzing Env with a mutated
C terminus we noticed differences in the intracellular distribu-
tion of the protein. While both the wild-type and the mutant
Env still resided prominently in the perinuclear area, the stain-
ing of the mutant protein in the periphery of the cytoplasm
seemed reduced. Such a change of the intracellular distribution
was observed in cells expressing the Env mutants alone, as is
shown in Fig. 4, and also in cells expressing Env mutants in the
context of the whole virus (not shown). Furthermore, the lo-
calization in the cytoplasm seemed restricted to the same de-
gree as documented here for the LL855/856AA mutant if 3, 10,
or 16 amino acids were deleted at the C terminus of EnvCD.
The observed difference in the intracellular distribution of Env
was not due to differences in the kinetics of Env synthesis or
the overall stability because the synthesis rate and the steady-
state level of the LL855/856AA mutant did not differ from the
corresponding values measured for wild-type Env (not shown).

The C-terminal dileucine is important for AP-1 recruit-
ment in Env-expressing cells. To analyze more precisely what
changes in the intracellular distribution of Env are provoked by
mutating the C-terminal dileucine motif, we performed colo-
calization studies by laser confocal microscopy using the pre-
viously described CD8–HIV-1 EnvCD chimeras (1). In these
CD8–HIV-1 EnvCD chimeras the extracellular/luminal part
and the membrane-spanning domain of the CD8 alpha-chain
antigen have been joined to residues 707 to 856 of the HIV-1
EnvCD. Colocalization of these chimeras and full-length HIV-
1 Env had been confirmed previously by confocal microscopy
(not shown). As with full-length Env we did pulse-chase ex-
periments and established that mutations at the C terminus
did not affect the synthesis rate, the steady-state level of the
protein, or the half-life of the chimera (not shown). Also,
CD8–HIV-1 EnvCD chimeras are incorporated faithfully into
virus-like particles (G. Blot, C. Berlioz-Torrent, and R. Ben-
arous, unpublished results), thus further validating the use of
these chimeras to study sorting signals in EnvCD.

The analysis of EnvCD–AP-1 binding together with the
examination of the steady-state intracellular distribution of
C-terminal Env mutants suggested a C terminus-dependent
recruitment of AP-1 during the post-Golgi sorting of this mem-
brane protein. HeLa cells were thus transfected with wild-type

FIG. 2. Interaction of HIV-1 EnvCD with clathrin-associated pro-
tein complexes AP-1 and AP-2 from T-lymphocyte lysates. Equal
amounts of the various immobilized GST-EnvCD fusion proteins were
incubated with T-cell cytosol, and bound material was separated by
SDS-PAGE. (A) The effect on AP-1 binding (top) and AP-2 binding
(bottom) of deletions in the cytosolic domain of Env was assessed by
immunoblotting using an antibody against either one of the large
chains of AP-1 (g-adaptin) or an antibody against the large-chain b2 of
AP-2. For comparison, an aliquot of the T-cell extract was loaded in
the first lane. (B) As in panel A, immobilized GST-EnvCD fusion
proteins were incubated with T-cell cytosol and bound material was
separated by SDS-PAGE. The effect on AP-1 recruitment of mutations
in the Env tail was revealed by Western blotting using an antibody
against the large chain g of AP-1.
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or with mutant CD8-EnvCD chimeras, and transfected cells
were doubly stained with an antibody against CD8 and an
antibody against AP-1. Like Env expressed as a full-length
protein (Fig. 4, top), the CD8-EnvCD chimeras were found to
be concentrated in a perinuclear region and in peripheral dots
in the cytoplasm (Fig. 5). Some more-diffuse staining through-
out the cytosol, which is clearly Env specific because it is absent

from those neighboring cells which are not transfected, was
also easily recognizable. CD8 signals were barely detectable at
the cell surface, however.

The expression of CD8-EnvCD wt chimera provoked a con-
centration of AP-1 adapters in the perinuclear region of trans-
fected cells as visualized by the staining with anti-g-adaptin
antibody (Fig. 5A, middle). Similarly, a considerable fraction

FIG. 3. Binding of purified adapters to EnvCD analyzed by SPR spectroscopy. GST-EnvCD fusion proteins were coupled to SRP sensor chips
via an anti-GST antibody at equal densities. Purified adapter complexes were passed over the EnvCD-derived chip surfaces for 2 min (association)
before the chip surface was washed for 2 min (dissociation). GST alone did not show any binding of adapters. Sensograms of EnvCD-adapter
interaction recorded in real time (A, top) were used to calculate ka (on rate), kd (off rate), KD (ka/kd) as described in Materials and Methods. The
increase or decrease in resonance units (RU) per second and thus the slope of the curve carries the relevant information for the calculation of on
and off rates, respectively, while the absolute RU values at the end points (after association or dissociation) are negligible. Note that the differences
in KD are due mainly to changes in the on rate, while no gross difference between the rates of dissociation of the adapters from the fusion proteins
was detectable. (A) Analysis of adapter (AP-1 and AP-2) binding to full-length EnvCD fusion proteins. (B) A deleted version (lacking the
N-terminal half of EnvCD) served as the backbone for affinity measurements of wild-type and LL855/856AA mutant Env.
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of AP-1 was recruited to the perinuclear compartment in cells
transfected with the LL814/815AA mutant (Fig. 5B, middle).
In both cases colocalization of CD8-EnvCD and AP-1 was
observed in the perinuclear region, where AP-1 was recruited
by Env expression, while such colocalization was not detectable
in the periphery (Fig. 5A and B, right). The g-adaptin staining
of nontransfected cells differed considerably from what was
observed in cells expressing EnvCD wt or the LL814/815AA
mutant. AP-1 vesicles were found dispersed more equally
throughout the cells and much less AP-1 was recruited to
membranes in the perinuclear region of the nontransfected
cells (compare the g-adaptin staining in nontransfected and
Env-expressing cells in Fig. 5A, middle). Strikingly, a lack of
AP-1 recruitment to perinuclear membranes was also obvious
in cells expressing the LL855/856AA mutant, as visualized in
Fig. 5C, middle. Furthermore, colocalization of AP-1 and

CD8-LL855/856AA was considerably reduced compared to
what was observed with EnvCD wt and the LL814/815AA
chimeras (compare right panels of Fig. 5).

A quantitative analysis of the g-adaptin staining in the
perinuclear region is summarized in Table 1. Whereas the
expression of both CD8-EnvCD wt and the LL814/815AA
mutant led to an increased recruitment onto perinuclear mem-
branes of AP-1, the level of such recruitment in cells expressing
CD8-LL855/856AA was comparable to that observed in mock-
transfected cells. Reduced association between LL855/856AA
mutant Env and adapter AP-1 in our in vitro binding assays
(Fig. 2 and 3) thus correlates with failure of mutant Env to
couple AP-1 to perinuclear membranes in cells.

In summary, the results presented in Fig. 5 and Table 1
demonstrate that the mutation of the C-terminal dileucine
altered HIV-1 Env’s capacity to mobilize AP-1 to perinuclear
membranes and led to an reduction in Env–AP-1 colocaliza-
tion.

Mutation of the C-terminal dileucine in combination with a
Y712A change leads to increased cell surface expression of
Env. To assess if the alterations of intracellular routing de-
scribed above resulted in modified levels of Env cell surface
expression, we analyzed the effects of the LL855/856AA mu-
tation on the localization at the plasma membranes of CD8-
EnvCD chimeras. The overall expression of the chimeras in a
defined number of transfected cells was monitored by analyz-
ing identical amounts of cell extracts. Levels of expression of
the wild type and the LL855/856 mutant chimera were found to
be similar in all our experiments (data not shown). Mutation of
LL855/856 did not increase significantly the cell surface expres-
sion of Env as determined by flow cytometry analysis of the
CD8-EnvCD chimera (Table 2). However, evidence for a role
of the C-terminal dileucine in modulation of cell surface ex-
pression was gained in experiments where we analyzed the
effects of combining mutations in this dileucine motif with the
tyrosine-to-alanine substitution in the membrane-proximal
tyrosine-based motif (GYSLP; Fig. 1), the well-characterized
and potent internalization signal in HIV-1 EnvCD (1, 3, 10, 38,
46). As shown in Table 2, replacement by alanines of the dileu-
cine 855/856 in the context of the mutated juxtamembrane
endocytosis signal substantially enhanced the percentage of
GFP1 CD81 cells as well as the mean CD8 fluorescence in-
tensity of these cells. This result reveals that the C-terminal
dileucine together with Y712 contributes to restricting the sur-
face expression of HIV-1 Env.

LL855/856 do not function as an endocytosis signal. To
distinguish, finally, if the C-terminal dileucine assists in the
restriction of Env cell surface expression because it functions
as an endocytosis signal or if it does so by controlling the
transport of Env to the plasma membrane, we measured the
internalization kinetics for the different CD8-EnvCD chime-
ras. The results are summarized in Fig. 6. The internalization
rate, as determined during the first 5 min of the experiment
and thus before part of the internalization Env recycles back
to the cell surface (which gives raise to the flattening of the
internalization curves) for the LL855/856AA mutant was the
same as that for the EnvCD wt chimera. While mutations of
dileucine 855/856 slightly decreased the amount of internalized
Env after 10 min of incubation of cells at 37°C, the contribution
of this motif to the overall endocytosis of Env must clearly be

FIG. 4. Localization of Env in HeLa cells. HeLa cells transiently
expressing wild-type Env or the LL855/856AA mutant were fixed,
permeabilized, and stained with an anti-Env antibody (b12) and with
an FITC-conjugated antihuman secondary antibody.
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minor: when comparing the internalization kinetics of the
Y712A-LL855/856AA double mutant with the kinetics of the
mutant which has the Y712-to-A change only, we found that
dileucine 855/856 did not enhance the rate with which Env was
retrieved from the cell surface, because the double mutant did
not show an endocytosis rate lower than that of the Y712A
mutant. In conclusion, dileucine 855/856 does not assist in the
restriction of Env cell surface expression by enhancing the
retrieval of Env from the plasma membrane but by controlling
how much Env is transported to the cell surface.

DISCUSSION

Trafficking and cell surface expression of the lentiviral gly-
coprotein in infected cells are strictly regulated, and evidence
that such regulation participates in controlling where at the cell
surface virus is secreted is accumulating. In this study we iden-
tified the C terminus of the cytosolic domain of HIV-1 trans-
membrane TM gp41 to be important for proper subcellular
localization of Env. Env mutants whose C-terminal sequences
have been changed showed an altered intracellular distribu-
tion. These mutants failed to interact efficiently with clathrin-

associated protein complex AP-1 in vitro and in live cells, sug-
gesting an involvement of AP-1 in the correct routing of Env.

In our previous studies (1, 3), we noticed that the mem-
brane-proximal tyrosine residue (Y712) in HIV-1 EnvCD,
which mediates Env endocytosis and AP-2 binding, also influ-
enced the binding of Env to the medium chain m1 of the AP-1
adapter and to the intact (heterotetrameric) AP-1 complex,
respectively, albeit to a much lesser extent than it affected Env–
AP-2 binding. The finding that the Env–AP-1 interaction was
only reduced significantly in the context of a truncated Env tail,
not in the context of the complete cytosolic domain of Env,
suggested that signals downstream of Y712 may be important
for efficient Env–AP-1 interaction. Using two different meth-
ods we now find that a dileucine-containing sequence at the
highly conserved C terminus of EnvCD is important for Env–
AP-1 interaction (Fig. 2 and 3). Dileucine motifs were shown
previously to participate to the interaction of AP-1 with various
proteins, including CD4, CD3g of the T-cell receptor ab–CD3
receptor complex, FcRII-B2, and the lentiviral Nef (7, 13, 15).
However, it has become apparent in many studies that the
presence of a putative adapter binding motif does not allow

FIG. 5. Colocalization of CD8-EnvCD chimeras and AP-1 in HeLa cells. Cells were transfected with pCD8-HIV (EnvCD wt) (top), pCD8-
LL814/815AA (middle), or pCD8-LL855/856AA (bottom). Cells were fixed and permeabilized and doubly stained with an anti-CD8-FITC-
conjugated antibody (left column) and an anti-g-adaptin antibody and with a Texas red-conjugated antimouse secondary antibody (middle
column). Colocalization of CD8-EnvCD and AP-1, or lack thereof, was determined by confocal microscopy. Superpositions (yellow) of the two
stainings are shown for representative medial sections (right column).
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a prediction of whether the motif is functional. Also, some
leucine-based motifs involved in AP-1 binding require an
acidic amino acid at position 24 and/or 25 relative to the first
leucine of the doublet in order to be functional (29, 42), while
the C-terminal dileucine in HIV-1 Env has a glutamic acid at
position 23. Nevertheless, the present analysis clearly estab-
lishes that leucines L855 and L856 form a dileucine motif that
is critical for the binding of AP-1.

Interactions between AP-1 and the cytosolic domains of
membrane proteins often depend on the cooperation of mul-
tiple signals localized in their cytosolic tails (20, 49, 52, 53, 54).
Amino acids in the N-terminal half of EnvCD may contribute
to AP-1 binding, as evidenced by our finding that Env–AP-1
association varied for the different backbones used in our ex-
periments (Fig. 2 and 3). Regions upstream of LL855/856
could contribute directly to AP-1 binding or they could act
indirectly via influencing EnvCD conformation or the status of
EnvCD oligomerization (27). In addition, residues in the direct
vicinity of LL855/856 may also support Env–AP-1 binding be-

cause the deletion of the last six amino acids affected Env–
AP-1 binding more severely than mutation of leucines LL855/
856 (compare Fig. 2A and B).

The results of our binding assays suggest that Y712 in the
context of a full-length HIV-1 EnvCD is not critical for
EnvCD–AP-1 interaction. These findings differ from results
presented in one of our previous studies (1) and in a recent
study on SIV Env-adapter binding (6). In both studies it was
found that mutations of the critical tyrosine in short peptides
centered either on Y712 of HIV-1 Env or on Y721 of SIV Env
reduced not only AP-2 binding but also the association with the
AP-1 complex. Adapter binding to the motif per se, that is,
when isolated from the rest of the cytosolic tail, thus clearly
differs from adapter binding to the whole EnvCD. Our results
now reveal a domain localized downstream of the proximal
tyrosine-based motif in the long cytosolic tail of primate len-
tiviruses, which is important for Env–AP-1 association.

In this study we also show that EnvCD induced the recruit-
ment of AP-1 to the perinuclear area (Fig. 5). Mutation of
LL855/856 severely affected this function and also the colocal-
ization of Env and AP-1 complexes (Fig. 5 and Table 1),
suggesting that efficient Env–AP-1 binding may be critical for
the recruitment of AP-1 to juxtanuclear membranes. The na-
ture of the perinuclear compartment in which interactions
between Env and AP-1 take place is currently not clear. AP-1
has been found in CCVs budding from the TGN and from the
endosomal compartment (25; for a recent overview, see refer-
ence 36). This adapter participates, e.g., in the transport of
cellular membrane proteins such as mannose-6-phosphate re-
ceptors from the TGN to the endosomal compartment, but
AP-1 was also implicated in the transferrin receptor recruit-
ment at the endosomal compartment of polarized epithelial
cells (12). While it remains to be established where the inter-
action between Env and AP-1 takes place, the lack of AP-1
recruitment is likely to result in rerouting of Env and in an
altered subcellular localization.

This study gives further support to the notion that the pres-

FIG. 6. Internalization kinetics of CD8-EnvCD hybrids. HeLa cells
transiently expressing either of the indicated CD8-EnvCD hybrids
were incubated at 37°C. Aliquots were removed at various times, and
flow cytometry was performed to measure the amount of CD8-EnvCD
remaining at the cell surface (see Materials and Methods for details).
Data are from three independent experiments.

TABLE 1. AP-1 recruitment: quantification of the AP-1 signal
in HeLa cells expressing different CD8 chimeras

Vector pCD8

Fluorescence intensity of
g-adaptin signal (mean

of arbitrary units
6 SEM)a (n)

Pb
g-Adaptin

signal
(%)c

NTd 85.3 6 3.3 (48) 100
EnvCD wt 108.3 6 7.5 (53) ,0.05 127
LL814/815AA 107.6 6 9.1 (49) ,0.05 126
LL855/856AA 80.1 6 5.8 (51) .0.05 93

a Values are the averages of two independent experiments. Transfected HeLa
cells expressing different chimeras were processed for fluorescence analysis. The
AP-1 recruitment induced by the cytosolic domain of HIV TM gp41 was deter-
mined by confocal microscopy and image analysis as described in Materials and
Methods.

b The results for the mutant CD8-EnvCD hybrids were compared to those for
the nontransfected cells by Student’s t test.

c Intensity of g-adaptin signal in the perinuclear area obtained as a percentage
of the fluorescence intensity of g-adaptin measured in nontransfected cells.

d NT, the pRSV-GFP vector alone was used for cell transfection.

TABLE 2. Cell surface expression of CD8-EnvCD
hybrids in HeLa cellsa

Vector pCD8 % GFP1 CD81

cellsb

Mean CD8
fluorescence

intensityc
Pd

NTe 0.4 6 0.1 1.4 6 0.1

EnvCD wt 41.7 6 4.1 4.5 6 0.6
LL855/856AA 49.4 6 6.5 5.3 6 0.7 .0.05

Y712A 60.2 6 2.1 6.1 6 0.3 ,0.05
Y712A-LL855/856AA 68.4 6 1.0 8.4 6 0.3 ,0.05

a Values are the averages of three independent experiments. After 48 h,
surface expression of CD8 was analyzed in GFP1 cells by flow cytometry.

b Percentage of GFP1 cells expressing CD8 hybrids at the cell surface. Values
are means 6 SEM.

c Means of CD8 fluorescence intensity of GFP1 cells expressing the CD8
hybrid at the cell surface 6 SEM.

d The results for the mutant CD8-EnvCD hybrids were compared to those for
the wild type by means of Student’s t test for unpaired samples. Data obtained
with the double mutant (tyrosine and dileucine) were compared to those ob-
tained with the CD8-Y712A chimera.

e NT, the pRSV-GFP vector alone was used for cell transfection.
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ence of viral Env at the cell surface is tightly regulated (33, 34).
The results summarized in Table 2 demonstrate that the mu-
tation of the C-terminal dileucine essentially doubled the en-
hancing effect on Env cell surface expression that was observed
when the membrane-proximal, Y712-based endocytosis signal
is destroyed. It is not manifest immediately that LL855/856
contribute to restraining the cell surface expression of Env
because a mutation of the C-terminal dileucine alone, unlike a
mutation of Y712 (46, 47), was not sufficient to alter the pres-
ence of Env at the cell surface significantly. The C-terminal
dileucine-based signal thus needs to cooperate with Y712 in
order to retain Env inside the cell.

Enhancement of Env cell surface expression could result
from a default in endocytosis. Results shown in Fig. 6, how-
ever, demonstrate that the C-terminal dileucine does not act as
an endocytosis signal, either alone or in conjuction with the
tyrosine signal. The dileucine thus appears to affect some step
in the forward transport of Env, e.g., it could have a role in
recycling Env to the cell surface. Our results do not support
that hypothesis. Indeed, efficient recycling requires an optimal
rate of endocytosis. However, in our experiments the enhanc-
ing effect of the LL855/856AA mutation on CD8-EnvCD cell
surface expression was higher in the context of a mutated
Y712-based signal, the major endocytosis signal in Env, than it
was in the context of wild-type HIV EnvCD (Table 2 and Fig.
6).

Consistent with data shown in Fig. 5 we currently favor the
hypothesis that Env–AP-1 interactions are implicated in the
correct sorting of Env from the TGN to the cell surface. We
thus postulate that the dileucine mutation changes the routing
of HIV-1 Env at the TGN and that such an altered transit to
the plasma membrane, in conjuction with a defect in the Y712-
based motif, results in an augmented cell surface expression of
Env. In all, our results support the notion raised by us and
others (1, 6) that additional signals at the C termini of the
cytosolic domains of HIV-1 Env and SIV Env cooperate with
the membrane-proximal tyrosine-based motif to maintain low
levels of Env at the cell surface.

Control of the level of forward transport as demonstrated in
this study may be coupled to directing Env to the appropriate
domains at the cell surface upon its exit from the Golgi. Evi-
dence for an involvement of AP complexes in the polarized
delivery of membrane proteins is accumulating: two recent
reports have raised the possibility that AP-1-containing vesicles
budding from either the TGN or the endosomal compartment
mediate basolateral sorting in MDCK cells (12, 40). Further-
more, the presence of a cell-specific medium chain in the adap-
ter complex AP-1 may be important for the selection of some
proteins into basolateral vesicles (11). The C terminus of
EnvCD was shown to restrict HIV-1 release to the basolateral
membrane in polarized epithelial MDCK cells (30). In view of
all these reports, our finding that changes in the C terminus of
EnvCD affect the recruitment of AP-1 as well as the subcellular
localization of Env points to a potential involvement of AP-1 in
localizing virus release. Such an overlap of signals controlling
the level of Env cell surface expression and polarization of
virus release would not be without precedent. The membrane-
proximal tyrosine residue which is crucial for Env endocytosis
has been demonstrated to act as polarity signal for HIV-1 and
SIV particle release in T lymphocytes (10, 23, 30, 47).

In summary, we have shown that the efficient interaction of
HIV-1 EnvCD with clathrin-associated adapter AP-1 depends
on the intactness of a C-terminal dileucine. The same motif
provides a signal necessary for proper subcellular localization
of Env and, together with the membrane-proximal endocytosis
signal, is also implicated in regulating how much Env is present
at the surface of virus-producing cells. It is currently unknown
if Env is sorted directly from the TGN to the plasma mem-
brane or if it reaches the cell surface via the endosomal com-
partment. The answer to this question will shed further light on
how exactly lentiviruses achieve control over the levels and the
localization of Env at the cell surface.
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