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The interferon-inducible transmembrane protein BST-2 (CD317, tetherin) restricts the release of several
enveloped viruses from infected cells. BST-2 is broadly active against retroviruses, including HIV-1 and HIV-2.
To counteract this host defense, HIV-1 uses the accessory protein Vpu, whereas HIV-2 uses its envelope
glycoprotein (Env). In both cases, viral antagonism is associated with decreased expression of BST-2 at the cell
surface. Here, we provide evidence supporting a role for the clathrin-mediated endocytic pathway in the
downregulation of BST-2 from the cell surface and the counteraction of restricted virion release. A catalytically
inactive, dominant negative version of the vesicle “pinch-ase” dynamin 2 (dyn2K44A) inhibited the downregu-
lation of BST-2 by Vpu, and it inhibited the release of wild-type (Vpu-expressing) HIV-1 virions. Similarly,
dyn2K44A inhibited the downregulation of BST-2 by HIV-2 Env, and it inhibited the release of vpu-negative
HIV-1 virions when HIV-2 Env was provided in trans. dyn2K44A inhibited Env more robustly than Vpu,
suggesting that dynamin 2, while a cofactor for both Env and Vpu, might support just one of several pathways
though which Vpu counteracts BST-2. In support of a role for clathrin in these effects, the C-terminal domain
of the clathrin assembly protein AP180 also inhibited the downregulation of BST-2 by either Vpu or HIV-2 Env.
Consistent with modulation of the postendocytic itinerary of BST-2, Vpu enhanced the accumulation of cell
surface-derived BST-2 in transferrin-containing endosomes. Vpu also inhibited the transport of BST-2 from a
brefeldin A-insensitive compartment to the cell surface, consistent with a block to endosomal recycling. We
propose that HIV-1 Vpu, and probably HIV-2 Env, traps BST-2 in an endosomal compartment following
endocytosis, reducing its level at the cell surface to counteract restricted viral release.

The lentiviruses that infect humans encode proteins that
antagonize the interferon-inducible restriction factor BST-2—
Vpu in the case of HIV-1 and Env in the case of HIV-2 (10, 15,
22, 35). Both of these viral gene products remove BST-2 from
the cell surface, the site at which BST-2 restricts the release
and spread of virions by preventing their detachment from the
cell after membrane scission during budding (6, 24).

The mechanism(s) by which Vpu and Env modulate the
expression of BST-2 remains incompletely understood. Both
viral proteins interact with BST-2, but how they affect the
intracellular itinerary of BST-2 is poorly defined (15, 30). Vpu
has been proposed to stimulate the degradation of BST-2 via
proteasomes or lysosomes (4, 8, 12), to retain BST-2 within
endosomes by blocking its recycling after endocytosis (19),
and/or to trap BST-2 in biosynthetic membranes such as the
trans-Golgi network (TGN) (5). HIV-2 Env also appears to
trap BST-2 within intracellular membranes but without stimu-
lating its degradation (10, 15). Recently, we and others have
provided evidence that the downregulation of BST-2 by Vpu
occurs in a post-endoplasmic reticulum (ER) membrane com-
partment, presumably in endosomes (2, 33).

Both Vpu and Env are transmembrane proteins that are in
large part endosomal. HIV Env contain a classical Yxx� clath-
rin-adaptor protein (AP) complex binding motif (23), and this
is required for the HIV-2 Env-mediated removal of BST-2

from the cell surface and the enhancement of virion release
(10, 15). In contrast, AP-binding motifs that are of functional
importance within Vpu are less clearly defined (31).

Here, we tested the role of the endocytic pathway in the
counteraction of BST-2 by human lentiviruses. We find that a
dominant negative version of dynamin 2 (dyn2), a GTPase
involved in membrane scission during the formation of both
clathrin-coated and non-clathrin-coated vesicles (11, 37), in-
hibits the activities of both HIV-1 Vpu and HIV-2 Env. More-
over, the C-terminal fragment of the clathrin assembly protein
AP180 similarly inhibits activity. Since neither Vpu nor Env
affect the endocytic rate of BST-2, and Vpu inhibits the deliv-
ery of BST-2 to the cell surface, we propose that a block to
recycling is one mechanism by which these viral proteins an-
tagonize endogenously expressed BST-2. This possibility is
supported by the observation that Vpu directs BST-2 from the
cell surface to endosomes that contain transferrin (Tf), a pro-
totypical marker of a recycling pathway.

MATERIALS AND METHODS

Plasmids, reagents, and antibodies. pcDNA3.1 (Invitrogen), pCA2 (a
pcDNA-based plasmid expressing HLA-A2, provided by Olivier Schwartz),
pCIneo (Promega), and pCDM8 were used as empty vector controls or as
controls expressing an irrelevant protein. pcDNA-BST2 (34) was mutated to
encode BST-2 in which tyrosines 6 and 8 in the cytoplasmic domain were
replaced with alanines (BST-2–Y6,8A) using a QuikChange kit (Stratagene) and
confirmed by nucleotide sequencing. Dynamin 2-encoding plasmids, DN(K44A)-
dyn2 and WT-dyn2 (His/Myc- and green fluorescent protein [GFP]-tagged ver-
sions), were obtained from Mark McNiven. pVphu, encoding a codon-optimized
Vpu independent of Rev, and a Vpu-defective version of the proviral plasmid
pNL4-3 (vpudel-1; “�vpu”) were provided by Klaus Strebel. Mutations were
introduced in pVphu using a QuikChange kit as described above. A plasmid
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expressing HIV-2 Rod-10 Env was provided by Paula Cannon (1). A plasmid
expressing HIV-1 Rev was previously cloned in our laboratory. A plasmid ex-
pressing GFP (pcgGFP) was provided by Jacek Skowronski. A plasmid express-
ing Tac (IL-2 receptor � chain)-DKQTLL was provided by Juan Bonifacino (17).
A plasmid expressing the C-terminal fragment of the clathrin assembly cofactor
AP180 (AP180-C) fused to GFP was provided by Massimo Pizzato (25). Fluo-
rophore-labeled transferrin and epidermal growth factor (EGF) were obtained
from Molecular Probes/Invitrogen. Rabbit antibody to HIV-2ST gp120 was ob-
tained from the AIDS Research and Reference Reagent Program and contrib-
uted by Raymond Sweet, SmithKline Beecham Pharmaceuticals. The murine
monoclonal antibody against BST-2/HM1.24 used for most cell surface staining
was a gift from Chugai Pharmaceutical Co. (Kanagawa, Japan). For the surface
deposition assays, unconjugated and phycoerythrin (PE)-conjugated anti-BST-2
clone RS38 was obtained from BioLegend, San Diego, CA.

Cells and transfections. HeLa cells were the clone P4R5, a stable line express-
ing CD4 and CCR5, and were obtained from Nathaniel Landau and maintained
in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin-streptomycin, and puromycin. HEK293T cells
were also obtained from Nathaniel Landau and maintained in Eagle minimal
essential medium (EMEM) supplemented with 10% FBS and penicillin-strep-
tomycin. For most experiments, cells were plated in wells of 12-well plates and
transfected with 1.6 �g of total DNA using Lipofectamine 2000 (Invitrogen) and
manufacturer-recommended procedures. For immunofluorescence, cells were
plated in 24-well plates and transfected with 0.8 �g of total DNA. Where
indicated, cells were plated in 6-well plates and transfected with 2.5 �g of total
DNA. The amounts of specific plasmids used are indicated in the figure legends.
Assays were performed approximately 16 to 24 h posttransfection, unless other-
wise indicated.

Western blotting. Cells were detached from plates using 0.5 mM EDTA in
phosphate-buffered saline (PBS), pelleted, and resuspended in Western loading
buffer containing SDS and dithiothreitol (DTT). Lysates were boiled and loaded
onto 12% polyacrylamide gel for SDS-PAGE, blotted onto polyvinylidene diflu-
oride (PVDF) membranes, and analyzed as follows. His-Myc-tagged dynamin 2,
p55 Gag, Vpu, HIV-2 Env, and actin were probed using horseradish peroxidase
(HRP)-conjugated mouse anti-His (Sigma), mouse anti-p24 (clone 31-90-25;
ATCC), rabbit anti-Vpu (from the AIDS Research and Reference Reagent
Program and contributed by Klaus Strebel), rabbit anti-Env (described above),
and anti-actin (Sigma). p55, Vpu, HIV-2 Env, and actin were detected with
HRP-conjugated secondary antibodies goat anti-mouse IgG and goat anti-rabbit
IgG (both from Bio-Rad). The blot was treated with chemiluminescent HRP
substrate (GE Amersham) and visualized using autoradiographic film (Danville
Scientific).

Flow cytometry. Cells were detached from plates with 0.25% trypsin-EDTA.
Incubations with antibodies were done at 4°C. An indirect method was used to
stain the cell surface for BST-2. Cells were treated with a primary mouse anti-
BST2 (Chugai) at 10 �g/ml, followed by an allophycocyanin (APC)-conjugated
secondary goat anti-mouse IgG (BioLegend). For Tac-DKQTLL, a direct stain
was done using phycoerythrin (PE)-conjugated antibody to CD25 (Becton Dick-
inson). For surface deposition assays, cells were treated with anti-BST2 clone
RS38 at 4°C to block antigenic sites and then incubated at 37°C for various times
before restaining with PE-conjugated RS38. The cells were washed using PBS
containing 2% FBS and sodium azide. After being stained, all cells were fixed in
1% formaldehyde-PBS and analyzed using two-color flow cytometry. Flow cyto-
metric gates were set by using cells stained with mouse isotype-matched IgG
antibodies or, in the case of GFP, by using cells not expressing GFP. Composite
data profiles were created using the FlowJo application package (Tree Star Inc.).

p24-release assay. Culture supernates were first clarified by centrifugation at
300 � g. In the case of virions produced from HEK293T cells, the virions were
purified by centrifugation through a 20% sucrose cushion. The concentration of
p24 antigen was measured by enzyme-linked immunosorbent assay (ELISA;
PerkinElmer). Western blots of the cell lysates were probed for p55 to confirm
equivalent expression of the viral Gag polyprotein.

Immunofluorescence microscopy. Cells were fixed in 3% formaldehyde-PBS,
followed by permeabilization in 0.1% NP-40–PBS as previously described (36).
The cells were then stained for Vpu or Env and BST-2 using the antibodies
described above. Images were obtained using a wide-field fluorescence micro-
scope fitted with a 100� objective (Olympus). For each field, a set of images was
taken along the Z-axis and then processed with a “nearest-neighbor” deconvo-
lution algorithm (SlideBook; Imaging Innovations Inc.). Single-image planes are
shown. Composite multichannel images were assembled using Photoshop
(Adobe Inc.).

RESULTS

Dominant negative dynamin 2 inhibits the antagonism of
BST-2 by HIV-1 Vpu. We tested whether a dominant negative
version of the GTPase dynamin 2 (dyn2) inhibited the ability of
Vpu to downregulate BST-2 from the cell surface and to en-
hance virion release (Fig. 1). Dynamin 2 is required for mem-
brane scission during the formation of transport vesicles in-
volved in both clathrin-mediated and non-clathrin-mediated
endocytosis (11, 37). The catalytically inactive K44A mutant of
dynamin 2 has dominant negative activity and can inhibit these
processes. As previously reported (12), dyn2K44A inhibited
the downregulation of BST-2 from the cell surface by HIV-1
Vpu (Fig. 1A). Here, Vpu was expressed from a codon-opti-
mized expression plasmid (pVphu) in HeLa cells (clone
P4.R5), along with either a plasmid expressing wild-type dy-
namin 2 (WT-dyn2), dyn2K44A (dominant negative dyn2 [DN-
dyn2]), or a plasmid expressing an irrelevant protein (the ma-
jor histocompatibility complex class I [MHC-I] A2 �-chain;
mock). The cells, which express BST-2 constitutively, were
analyzed by flow cytometry for their expression of BST-2 the
next day. Vpu downregulated the surface expression of BST-2,
with the peak fluorescence of the cells reduced by about 20-
fold. This effect was not inhibited by the overexpression of
wild-type dynamin 2. In contract, the expression of dyn2K44A
inhibited the downregulation of BST-2 by Vpu, which reduced
peak fluorescence by only about 3-fold under these conditions.
In the absence of Vpu, dyn2K44A upregulated surface BST-2
very slightly, by about 1.3-fold (30%). In a parallel experiment,
we validated the activity of dyn2K44A by coexpressing the
endocytic indicator protein Tac-DKQTLL (Fig. 1B). Tac-
DKQTLL is normally expressed poorly at the cell surface due
to its E/DxxxL� clathrin adaptor protein (AP)-binding motif
(17), but it was markedly upregulated by the expression of
dyn2K44A. These data indicated that dyn2K44A is acting as an
inhibitor of clathrin-mediated endocytosis and that it inhibits
the downregulation of BST-2 from the cell surface by Vpu.

To test whether dyn2K44A inhibited the enhancement of
virion release by Vpu, we cotransfected HeLa cells with plas-
mids expressing either wild-type HIV-1NL43 (NL43WT) or an
isogenic vpu mutant (�Vpu), along with plasmids expressing
either dynamin 2 (WT-dyn2), dyn2K44A (DN-dyn2), or an
unrelated protein (mock). The culture supernates were col-
lected the next day, and the concentration of p24 capsid anti-
gen was measured by ELISA (Fig. 1C). The cell lysates were
analyzed by Western blotting to confirm equal expression of
the dynamin proteins, as well as of p55 Gag precursor and Vpu
(Fig. 1D). The release of virions, as measured by secreted p24,
was unaffected by the dynamin constructs in the absence of
Vpu. In contrast, Vpu enhanced the release of virions by 27-
fold when dynamin 2 was overexpressed but by only 6-fold
when dyn2K44A was coexpressed. Vpu enhanced the release
of virions by 13-fold when an unrelated protein (the MHC-I A2
�-chain) was coexpressed (mock). The amount of wild-type,
vpu-positive virions released was 3.5-fold greater when wild-
type dynamin 2 was coexpressed compared to when dyn2K44A
was coexpressed. These data indicated that dyn2K44A inhibits
the enhancement of virion release by Vpu. The data also sug-
gested that the overexpression of dynamin 2 slightly enhances
Vpu activity.
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Dominant negative dynamin 2 inhibits the antagonism of
BST-2 by HIV-2 Env. Next, we tested whether dyn2K44A in-
hibits the antagonism of BST-2 by HIV-2 Env. Unlike Vpu, the
activity of HIV-2 Env as a BST-2 antagonist is mechanistically
linked to clathrin-dependent protein trafficking within the en-
dosomal system, because it requires a classical Yxx� clathrin-
AP-binding motif in the cytoplasmic domain of gp41. Consis-
tent with this model of clathrin-dependent trafficking, we
observed that coexpression of dyn2K44A effectively inhibited
the downregulation of BST-2 from the cell surface by HIV-2
EnvROD10, whereas the overexpression of wild-type dynamin 2
did not (Fig. 2A). The inhibition of Env activity by dyn2K44A

in this assay was nearly complete. As described above, we
verified that dyn2K44A was acting as an inhibitor of clathrin-
mediated endocytosis in these experiments using Tac-
DKQTLL as an indicator protein (Fig. 2B).

To test whether dyn2K44A inhibited the enhancement of
virion release by HIV-2 Env, we cotransfected HeLa cells with
plasmids expressing the vpu-negative mutant of HIV-1 (�Vpu)
with or without a plasmid expressing HIV-2 Env, along with
plasmids expressing either dynamin 2 (WT-dyn2), dyn2K44A
(DN-dyn2), or an unrelated protein (mock). The culture su-
pernates were collected the next day, and the concentration of
p24 capsid antigen was measured by ELISA (Fig. 2C). The cell

FIG. 1. Dominant negative dynamin 2 inhibits the Vpu-mediated downregulation of BST-2 and the enhancement of virion release. (A) Inhi-
bition of Vpu-mediated downregulation of cell surface BST-2 by dyn2K44A. Cells (HeLa, which express BST-2 constitutively) were transfected to
express dynamin 2 (WT-dyn2; 1.2 �g of plasmid), the dominant negative mutant dyn2K44A (DN-dyn2; 1.2 �g of plasmid), or an irrelevant protein
(HLA-A2 [“mock”]; 1.2 �g of plasmid), together with GFP as a transfection marker (0.2 �g of plasmid) and either with or without Vpu (0.2 �g
of plasmid expressing Vpu or pCIneo as an empty vector control). The next day, the cells were stained and analyzed by flow cytometry for GFP
expression and surface BST-2. Histograms show the relative number of cells versus BST-2 (APC) fluorescence intensity for the GFP-positive cells.
Shaded histograms represent cells not expressing Vpu; open histograms represent cells expressing Vpu. Horizontal bars indicate the BST-2-positive
gate set using an isotype-matched control antibody. (B) Upregulation of the endocytic indicator protein Tac-DKQTLL by dyn2K44A. Cells (HeLa)
were transfected to express Tac-DKQTLL (0.2 �g of plasmid) and GFP (0.2 �g of plasmid) along with either dynamin 2 (thin line) or the dominant
negative mutant dyn2K44A (thick line), as described above, or transfected to express GFP and Tac-DKQTLL only (shaded) and then stained the
next day for surface Tac antigen and analyzed by flow cytometry. Histograms show the relative number of cells versus Tac (PE) fluorescence
intensity for the GFP-positive cells. (C) Inhibition of Vpu-mediated enhancement of virion release by dyn2K44A. Cells (HeLa) were transfected
to express the indicated complete viral genomes (0.4 �g of plasmid) along with either dynamin 2 (WT-dyn2; 1.2 �g of plasmid), dyn2K44A
(DN-dyn2; 1.2 �g of plasmid), or an irrelevant protein (HLA-A2 [“none”]; 1.2 �g of plasmid). The next day, culture supernates were collected,
and the concentration of p24 capsid antigen was measured by ELISA. The data were normalized by setting wild-type virus in the absence of either
dynamin 2 overexpression or the dominant negative dyn2 expression (“none”) to 100%. Data were obtained from duplicate transfections.
(D) Verification of the expression of dynamin 2 (WT-dyn2), dyn2K44A (DN-dyn2), HIV-1 Gag precursor (p55), and Vpu during the virion release
experiments by immunoblotting; the dynamin 2 proteins were detected using an antibody recognizing their polyhistidine tags.
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lysates were analyzed by Western blotting to confirm equal
expression of the dynamin proteins as well as of p55 Gag
precursor and Env (Fig. 2D). The release of virions, as mea-
sured by secreted p24, was unaffected by the dynamin con-
structs in the absence of both vpu and HIV-2 env. Env en-
hanced the release of virions by 14-fold when dynamin 2 was
overexpressed but by only 6-fold when dyn2K44A was coex-
pressed. Env enhanced the release of virions by 32-fold when
an unrelated protein (the MHC-I A2 �-chain) was coexpressed
(mock). The amount of vpu-negative HIV-1 virions released in
the presence of HIV-2 Env was 5.4-fold greater when wild-type
dynamin 2 was coexpressed compared to when dyn2K44A was
coexpressed. These data indicated that dyn2K44A inhibits the
enhancement of virion release by Env.

Dominant negative dynamin 2 does not appreciably affect
the subcellular distribution of Vpu or Env. We considered that
dynamin 2 might behave as a cofactor for both Vpu and HIV-2
Env because of a key role in enabling these proteins to follow
their proper itinerary within the endosomal system. To test

this, we transfected HeLa cells with plasmids expressing either
Vpu or HIV-2 Env (together with HIV-1 Rev), along with
plasmids expressing either wild-type GFP-dyn2 or GFP-
dyn2K44A, stained the cells the following day for Vpu or
HIV-2 Env along with BST-2, and examined them by immu-
nofluorescence microscopy (Fig. 3). Both wild-type dynamin 2
and dyn2K44A were distributed in fine puncta, many of which
were along the surface of the cells opposed to the cover glass,
although dyn2K44A also formed large aggregates. Vpu was
found throughout the cytoplasm in punctate, endosomal struc-
tures that were often relatively concentrated in a juxtanuclear
region near the cell center, a region rich in TGNs and perinu-
clear recycling endosomes, as previously shown (36, 38). This
distribution of Vpu was unchanged by the coexpression of
dyn2K44A. In contrast to Vpu, HIV-2 EnvROD10 was found
not only in an endosomal pattern but also in a ring around the
nucleus together with a feathery cytoplasmic pattern, consis-
tent with residence in the endoplasmic reticulum (Fig. 3; see
Fig. 5). This distribution of Env was unchanged by the coex-

FIG. 2. Dominant negative dynamin 2 inhibits the HIV-2 Env-mediated downregulation of BST-2 and the enhancement of virion release.
(A) Inhibition of Env-mediated downregulation of cell surface BST-2 by dyn2K44A. The experiment was performed as described in the legend to
Fig. 1A, except that instead of Vpu, HIV-2 Env was expressed along with HIV-1 Rev (0.2 �g of each plasmid). Histograms show the relative
number of cells versus BST-2 (APC) fluorescence intensity for the GFP-positive cells. Shaded histograms represent cells not expressing Env; open
histograms represent cells expressing Env. (B) Upregulation of the endocytic indicator protein Tac-DKQTLL by dyn2K44A. The experiment was
performed as described in the legend to Fig. 1B. (C) Inhibition of Env-mediated enhancement of virion release by dyn2K44A. The experiment was
performed as described in the legend to Fig. 1C, except that instead of a wild-type HIV-1 genome expressing Vpu, cells expressed a genome lacking
vpu (after transfection with 0.4 �g of plasmid), with HIV-2 Env provided in trans (0.2 �g of plasmid) along with the dynamins (1.0 �g of plasmids).
(D) Verification of the expression of dynamin 2 (WT-dyn2), dyn2K44A (DN-dyn2), HIV-1 Gag precursor (p55), and HIV-2 Env during the virion
release experiments by immunoblotting.
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pression of dyn2K44A (Fig. 3). The apparent distribution of
BST-2 was also unchanged by the coexpression of dyn2K44A;
it partially coincided with Vpu and to a lesser extent with Env
regardless of the expression of the dynamin constructs. These
data weighed against the notion that dyn2K44A prevented
Vpu or Env from reaching their proper subcellular destina-
tions, including BST-2-positive compartments, at steady state.

AP180-C inhibits the downregulation of cell surface BST-2
by Vpu and HIV-2 Env. Dynamin 2 plays key roles in endo-
cytosis mediated by both clathrin-dependent and clathrin-
independent mechanisms. To specifically implicate clathrin-
dependent pathways in the activities of Vpu and HIV-2 Env,
we expressed a C-terminal fragment of the clathrin assembly
protein AP180 (as a GFP fusion; GFP–AP180-C), which
inhibits clathrin-mediated endocytosis (7). The expression
of AP180-C inhibited the downregulation of BST-2 from the
cell surface by both Vpu and Env (Fig. 4A and B). In the
absence of either Vpu or Env, AP180-C increased the sur-
face expression of BST-2 by about 2-fold, consistent with
the reported role of clathrin in the physiologic trafficking
of BST-2 (29) (4B, shaded histograms). Unexpectedly,
AP180-C decreased the expression of both Vpu and Env.

We mitigated this, however, with an experimental design in
which the cells were transfected with relatively reduced
amounts of the plasmid encoding AP180-C (along with the
plasmids encoding Vpu and Env) and allowed expression for
only 8 h. Under these conditions, AP180-C had less of an
effect on the expression of either Vpu or Env (Fig. 4), yet it
inhibited their ability to downregulate BST-2. To support
the notion that the inhibition of Vpu activity was not the
consequence of reduced expression, we used a dose-re-
sponse format to document that the levels of Vpu protein
detected in the AP180-C experiments were sufficient to
downregulate BST-2 (Fig. 4A). These data suggested that
the assembly of clathrin coats is involved in the downregu-
lation of BST-2 from the cell surface by both Vpu and
HIV-2 Env. The data also confirmed that this downregula-
tion occurs very rapidly, within as little as 8 h from the onset
of gene expression.

AP180-C does not affect the subcellular distribution of Vpu
or Env. As was the case with dynamin 2, we wondered whether
AP180 might behave as a cofactor for both Vpu and HIV-2
Env by enabling these proteins to follow their proper itinerary
within the endosomal system. To test this, we transfected HeLa

FIG. 3. Dominant negative dynamin 2 does not appreciably affect the subcellular distributions of Vpu or HIV-2 Env. Cells (HeLa) were
transfected to express either wild-type dynamin 2 (Dyn WT; 0.6 �g of plasmid) or dyn2K44A (Dyn DN; 0.6 �g of plasmid), both as GFP fusions,
along with either Vpu (0.1 �g of plasmid) or HIV-2 Env with HIV-1 Rev (0.1 �g of each plasmid). The next day, the cells were fixed, permeabilized,
and stained for Vpu or Env, together with BST-2, and imaged using wide-field fluorescence microscopy. A Z series of images was obtained, and
these were processed by a deconvolution algorithm before export of the single-plane images shown. In the merged images, dynamin-GFP fusion
proteins are shown in green, Vpu or Env is red, and BST-2 is blue. Overlap between the viral proteins and BST-2 appears purple.

9838 LAU ET AL. J. VIROL.



cells with plasmids expressing either Vpu or HIV-2 Env (to-
gether with HIV-1 Rev), along with plasmids expressing either
GFP or GFP–AP180-C, stained the cells the following day for
Vpu or HIV-2 Env along with BST-2, and examined them by
immunofluorescence microscopy (Fig. 5). AP180-C was dis-
tributed throughout the cytoplasm; in many cells this included
a ring around the nucleus and a feathery cytoplasmic distribu-
tion consistent with association with the ER, as well as cyto-
plasmic puncta consistent with endosomes. The distribution of
AP180-C coincided substantially with Env and to a much lesser
extent with Vpu. However, as was the case with dyn2K44A,
AP180-C did not markedly affect the distribution of either Env
or Vpu. The distribution of BST-2 partially coincided with Vpu
and to a lesser extent with Env, regardless of the expression of

AP180-C. These data weighed against the notion that AP180-C
prevented Vpu or Env from reaching their proper subcellular
destinations, including BST-2-positive compartments, at steady
state.

Dominant negative dynamin 2 and AP180-C each inhibit the
endocytic rate of BST-2. We considered that decreasing the
constitutive rate of endocytosis of BST-2 could block the ac-
tivity of Vpu and Env, especially if a major effect of these
proteins is to inhibit the return of endocytosed BST-2 to the
cell surface. To test this, we transfected HeLa cells with plas-
mids expressing either dyn2K44A or AP180-C. We then used
flow cytometry to measure the rate of disappearance of anti-
body-labeled BST-2 from the cell surface, and we calculated
the fractional internalization rate of BST-2. (Fig. 6). As de-

FIG. 4. The C-terminal fragment of the clathrin assembly cofactor AP180 inhibits the downregulation of cell surface BST-2 by Vpu and
HIV-2 Env. (A) Inhibition of Vpu-mediated downregulation of cell surface BST-2 by the C-terminal fragment of the clathrin assembly
cofactor AP180 (GFP–AP180-C). Cells (HeLa) were transfected to express the AP180 C-terminal fragment fused to GFP (AP180-C; 0.7 �g
of plasmid) with Vpu (0.2 �g of plasmid) or GFP alone (0.06 �g of plasmid) with Vpu (0.05, 0.1, or 0.2 �g of plasmid). Total plasmid DNA
was made (up to 1.6 �g using pcDM8). Eight hours later, the cells were stained for surface BST-2 and analyzed by two-color flow cytometry.
GFP-positive cells are shown as open histograms in the plots of the relative number of cells versus fluorescence intensity of APC/BST-2.
Shaded histograms are derived from cells expressing neither Vpu nor GFP–AP180-C. The cells were also analyzed for the expression on
GFP–AP180-C, GFP, Vpu, and actin by immunoblotting. (B) Inhibition of Env-mediated downregulation of cell surface BST-2 by AP180-C.
Cells were transfected as described above, except that instead of Vpu, HIV-2 Env (0.4 �g of plasmid) was expressed along with HIV-1 Rev
(0.4 �g of plasmid). Shaded histograms represent cells not expressing Env but expressing GFP (left) or GFP–AP180-C (right); open
histograms represent cells expressing Env and GFP (left) or Env and GFP–AP180-C (right). The cells were also analyzed for the expression
on AP180-C, GFP, Env (gp160/120), and actin by immunoblotting.
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scribed previously, the constitutive rate of endocytosis of
BST-2 in HeLa cells is rapid (5, 19). Moreover, the rate of
endocytosis is inhibited by expression of dyn2K44A or
AP180-C. These results, in particular the effect of AP180-C,
are consistent with the notion that BST-2 is internalized via a
clathrin-dependent process (29).

Role of potential clathrin adaptor protein binding motifs
Y29RKI and EVSAL63V in the cytoplasmic domain of Vpu. We
considered the possibility that Vpu, like Env, might contain a
signal in its cytoplasmic domain that would direct it, and
BST-2, to clathrin-coated endosomes. We noticed two poten-
tial sequences in HIV-1 VpuNL43 that conformed to those of
tyrosine- or leucine-based AP-binding motifs, Y29RKI and
EVSAL63V (3). Y29 is relatively well conserved among HIV-1
group M Vpu proteins, whereas L63V is poorly conserved, with
the valine 64 residue more often a serine or alanine. We used
plasmids encoding codon-optimized versions of Vpu-Y29A
(encoding an alanine in place of tyrosine 29 in Vpu) and
Vpu-LV63,64AA (encoding alanines in place of leucine 63 and
valine 64 in Vpu) to test the roles of these residues. These
mutated Vpu proteins downregulated BST-2 from the cell sur-
face as effectively as the wild-type protein (Fig. 7A), they were

reasonably well expressed, as assessed by Western blotting
(Fig. 7B), and their subcellular distributions were indistin-
guishable from that of wild-type Vpu (Fig. 7C). These data
indicated that neither of these potential AP-binding sequences
in the cytoplasmic domain of Vpu is required for the down-
regulation of BST-2.

Effect of HIV-2 Env on the endocytic rate of BST-2. The
simplest model for the downregulation of BST-2 and the relief
of restricted virion release is that HIV-1 Vpu and HIV-2 Env
directly remove the protein from the cell surface. We and
others have reported, however, that Vpu does not affect the
rate of endocytosis of BST-2 (5, 19). Here, we used flow cy-
tometry to measure the rate of disappearance of antibody-
labeled BST-2 from the cell surface, and we calculated the
fractional internalization rate for BST-2 either with or without
the coexpression of HIV-2 Env (Fig. 8). Like Vpu, Env had no
apparent effect on the rate of endocytosis of BST-2, despite the
clear role of the Yxx� clathrin-AP-binding motif in the cyto-
plasmic domain of gp41 in the downregulation of BST-2 and
the counteraction of restriction (1, 15). We confirmed that the
endocytic rate of BST-2 is not stimulated in these experiments
by antibody-mediated cross-linking: the same internalization

FIG. 5. The C-terminal fragment of the clathrin assembly cofactor AP180 does not affect the subcellular distribution of Vpu or Env. Cells
(HeLa) were transfected to express either the AP180 C terminus fused to GFP (AP180-C; 0.35 �g of plasmid) or GFP (0.03 �g of plasmid), along
with either Vpu (0.1 �g of plasmid) or HIV-2 Env with HIV-1 Rev (0.1 �g of each plasmid); total plasmid was made up to 0.8 �g in each case
with the empty vector pCDM8. The next day, the cells were fixed, permeabilized, and stained for Vpu or Env, together with BST-2, and imaged
using wide-field fluorescence microscopy. A Z series of images was obtained, and these were processed by a deconvolution algorithm before export
of the single-plane images shown. In the “merged” images, GFP proteins are shown in green, Vpu or Env is red, and BST-2 is blue. Overlap
between the viral proteins and BST-2 appears purple, whereas overall between the viral proteins and AP180-C or GFP appears yellow.
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rate for BST-2 is obtained using a monovalent Fab1 fragment
(data not shown). These data suggested that the action of
HIV-2 Env, like that of Vpu, is either pre- or postendocytic,
potentially involving entrapment of BST-2 within the endo-
somal system.

Vpu directs cell surface-derived BST-2 to transferrin-posi-
tive endosomes. To determine whether Vpu affects the posten-
docytic fate of BST-2, we tracked surface BST-2 by allowing
cells to internalize the antibody-labeled protein along with
fluorophore-labeled transferrin (Tf) and fluorophore-labeled
epidermal growth factor (EGF). Tf identifies a prototypical
recycling compartment, which includes perinuclear endo-
somes, whereas EGF identifies a degradation compartment,
which includes late endosomes and multivesicular bodies. Due
to the low levels of BST-2 on the surfaces of cells expressing
Vpu, we exposed the cells while alive to antibody to BST-2

together with labeled Tf and EGF for 1 h at 37°C. This allowed
for BST-2 that was newly delivered to the plasma membrane to
be labeled and tracked (Fig. 9). The cells were also transfected
with less Vpu expression plasmid than usual. In the absence of
Vpu, internalized BST-2 tracked with both Tf and EGF, but it
colocalized more closely with Tf, a result consistent with the
observed colocalization of BST-2 at steady state with transfer-
rin receptor (12, 34). Moreover, the delivery of BST-2 from the
cell surface to transferrin-containing endosomes was markedly
enhanced by Vpu, whereas the delivery of BST-2 to EGF-
containing endosomes was less enhanced (Fig. 9). In some
cells, internalized BST-2, internalized Tf, and Vpu colocalized
almost completely. These data indicated that Vpu primarily
directs BST-2 from the cell surface to transferrin-positive en-
dosomes, a conclusion consistent with the reported redistribu-
tion of BST-2 to endosomes containing transferrin receptor in
cells expressing vpu-positive HIV-1 (9).

Vpu inhibits the deposition of BST-2 on the cell surface. We
suspected, based on the above-described data, that BST-2
might be retained in recycling endosomes as part of a clathrin-
dependent downregulation mechanism. To test this, we used a
flow cytometric approach similar to that recently used to sup-
port a model in which Vpu blocks the endosomal recycling of
CD1d (20). Here, HeLa cells (either transfected or not to
express Vpu) were treated with saturating amounts of anti-
BST-2 monoclonal antibody at 4°C to block antigenic sites on
the cell surface. The cells were then incubated for various
times at 37°C, before being stained with the same antibody, but
this time conjugated directly to a fluorophore. In this way,
BST-2 that was newly deposited at the cell surface was mea-
surable over time (Fig. 10A). We also preincubated some cells
with brefeldin A (BFA) for 30 min before the initial staining
and during the 37°C incubation, reasoning that this would
block egress of BST-2 from the ER and Golgi complex, since
BFA causes dissociation of COP (coatomer) coats and the
collapse of the Golgi complex into the ER (18). In the absence
of Vpu and BFA, BST-2 was deposited on the cell surface and
reached a maximal plateau level in 8 to 12 min. Vpu inhibited
this deposition, without causing a detectable decrease in total
cellular levels, measured by Western blotting (Fig. 10). BFA
only modestly inhibited the deposition of surface BST-2 (al-
though its effects on BST-2 maturation are apparent in the
immunoblot shown in Fig. 10B, depicting accumulation of low-
molecular-weight, incompletely glycosylated forms), indicating
that most of the signal in this assay likely derives from a
post-ER compartment, presumably recycling endosomes,
which are insensitive to BFA (18). The effects of Vpu and BFA
were not additive, consistent with the notion that Vpu not only
inhibits the endosomal recycling of BST-2, but also might in-
hibit the anterograde transport of BST-2 through biosynthetic
membranes to the plasma membrane (39).

The YxY sequence in the cytoplasmic domain of BST-2 is not
obligatory for constitutive endocytosis. The preceding data
support a block-to-recycling model in which Vpu induces re-
moval of surface BST-2 by preventing BST-2 that has been
constitutively endocytosed from returning to the cell surface.
We challenged this model by evaluating a BST-2 mutant in
which tyrosines 6 and 8 were replaced with alanines (BST-2–
Y6,8A). This YxY sequence that reportedly binds both AP-1
and AP-2 is required for maximally efficient endocytosis of

FIG. 6. Dominant negative dynamin 2 or AP180-C inhibits the
endocytic rate of BST-2. (A) Dynamin2 K44A. Cells (HeLa) were
transfected to express either GFP-dyn2K44A (0.9 �g of plasmid) or
GFP-dyn2 wild type (WT). The next day, a flow cytometric assay was
used to measure the rate of internalization of BST-2. After labeling of
the cell surface at 4°C with antibody to BST-2, the cells were incubated
for various times at 37°C before staining with a fluorophore-conju-
gated secondary antibody and analysis by two-color flow cytometry.
The fraction of BST-2 remaining on the cell surface versus the time of
incubation at 37°C is graphed, using the mean BST-2/APC fluores-
cence intensity of the GFP-positive cells and normalizing to the
amount of BST-2 present at time zero in each case. (B) AP180-C. Cells
(HeLa) were transfected to express GFP–AP180-C (0.7 �g of plas-
mid). The next day, the flow cytometric assay described above was used
to measure the rate of internalization of BST-2. The GFP� curve is
derived from the GFP-negative cell population (not expressing AP180-
C), whereas the GFP� curve is derived from the GFP-positive cell
population (expressing AP180-C).
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BST-2 (29). We reasoned that if BST-2–Y6,8A were not en-
docytosed but remained responsive to Vpu, then a block-to-
recycling model could not account for the downregulation and
antagonism of BST-2. Here, we confirmed that the YxY se-
quence is not required for Vpu responsiveness (Fig. 11A).
BST-2–Y6,8A appeared to restrict the release of vpu-negative
virus more efficiently than wild-type BST-2, and virus encoding
Vpu was released less efficiently when BST-2–Y6,8A was ex-
pressed in comparison to wild-type BST-2. Nevertheless, Vpu
was able to antagonize BST-2–Y6,8A, as previously reported
(12). We then compared the rate of constitutive endocytosis of
this mutant to that of wild-type BST-2 (Fig. 11B). The steady-
state surface level of BST-2–Y6,8A was about 50% greater
than that of the wild type (data not shown), and BST-2–Y6,8A

was endocytosed less rapidly than the wild-type protein. Nev-
ertheless, BST-2–Y6,8A was robustly endocytosed, with nearly
40% of the protein internalized within 15 min. These data
indicated that the YxY sequence in the cytoplasmic domain of
BST-2 stimulates but is not required for the constitutive endo-
cytosis of BST-2. Consequently, the ability of Vpu to antago-
nize restriction by this mutated BST-2 protein is consistent
with the block-to-recycling model.

DISCUSSION

We have investigated the role of the endocytic pathway in
the counteraction of BST-2 by the human lentiviral proteins
HIV-1 Vpu and HIV-2 Env. Our investigation of an endocytic

FIG. 7. Role of potential clathrin adaptor protein binding motifs Y29RKI and EVSAL63V in the cytoplasmic domain of Vpu. (A) Vpu-mediated
downregulation of cell surface BST-2. Cells (HeLa) were transfected to express GFP as a transfection marker (0.2 �g of plasmid) either with or without
Vpu (0.4 �g of plasmid, wild type [WT] or the indicated mutants). The next day, the cells were stained and analyzed by flow cytometry for GFP expression
and surface BST-2. Histograms show the relative number of cells versus BST-2 (APC) fluorescence intensity for the GFP-positive cells. Shaded
histograms represent cells not expressing Vpu; open histograms represent cells expressing Vpu or the indicated mutated proteins. (B) Cells analyzed by
flow cytometry as shown in panel A were analyzed by immunoblotting for the expression of Vpu, GFP, and actin. (C) Subcellular distributions of
Vpu-Y29A and Vpu-LV63,64AA by immunofluorescence microscopy. Cells (HeLa) were transfected to express Vpu or the indicated mutated Vpu
protein. The next day, the cells were fixed, permeabilized, and stained for Vpu, together with BST-2, and imaged using wide-field fluorescence
microscopy. A Z-series of images was obtained, and these were processed by a deconvolution algorithm before export of the single-plane images shown.
In the “merged” images, Vpu is shown in red, and BST-2 is blue. Overlap between Vpu and BST-2 appears purple.
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mechanism was prompted by a number of lines of previously
published evidence. First, BST-2 acts at the cell surface to
restrict virion release (6, 24), and most virally encoded antag-
onists remove BST-2 from the cell surface (14–16, 35). The
most rapid way to accomplish this seems likely to be via an
endocytic process. Second, the activity of HIV-2 Env in remov-
ing BST-2 from the cell surface depends on a Yxx� motif in the
cytoplasmic domain of gp41 that binds to clathrin adaptor
protein (AP) complexes, including AP-2, the complex associ-
ated specifically with endocytosis (10, 15). Third, although
HIV-1 Vpu contains no clearly defined AP-binding motif,
small interfering RNA (siRNA)-mediated suppression of AP-2
expression inhibits Vpu’s ability to remove BST-2 from the cell
surface (19). Nevertheless, a number of alternative mecha-
nisms of downregulation of BST-2 by Vpu have been reported,
including degradation via proteasomes or lysosomes and re-
tention within juxtanuclear membrane systems, either along
the biosynthetic (TGN) or endosomal recycling pathways (4, 5,
8, 10, 12, 19). Furthermore, a role for the endocytic pathway in
the virologic effect of Vpu, that is, in its ability to enhance
virion release, has not been shown directly. Here we document
that the virologic activity of Vpu, as well as HIV-2 Env, is at
least partly dependent on an endocytic process.

An enzymatically defective, dominant negative version of
the GTPase dynamin 2 (dyn2K44A) interfered with the abili-
ties of Vpu and HIV-2 Env to decrease the levels of BST-2 at
the cell surface and to enhance virion release. Dynamin 2 is
required for the pinching off of several types of vesicles that
mediate membrane transport, including those that are clathrin
coated and those that are non-clathrin coated (11, 37). While
the expression of dyn2K44A was previously shown to inhibit
the Vpu-mediated decrease in the levels of BST-2 at the cell
surface (12), data herein show that dynamin 2 is a cofactor for
the Vpu-mediated enhancement of virion release. dyn2K44A

was previously examined for its potential to rescue the release
of vpu-negative virions, based on the notion that a blockade to
endocytosis might allow such virions to escape the cell surface
independently of Vpu (21). dyn2K44A had no such activity,
because the tethering activity of BST-2 restricts the release of
nascent virions whether or not they are subsequently endocy-
tosed. Instead of promoting the release of vpu-negative virions,
we show here that dyn2K44A inhibits the release of wild-type
virions, presumably because dynamin 2 is itself a cofactor for
Vpu. Given the obligatory role of the AP-binding motif in
HIV-2 Env for the antagonism of BST-2 (1, 10, 15), the ability
of dyn2K44A to inhibit the Env-mediated decrease in the lev-
els of BST-2 at the cell surface and the enhancement of virion
release were expected. This inhibition was more effective in the
case of Env than in the case of Vpu, suggesting that dynamin
2, while a cofactor for both Env and Vpu, might support just
one of several pathways through which Vpu counteracts
BST-2. Pathways of Vpu activity independent of dynamin 2
might include degradation (which HIV-2 Env does not induce)
and entrapment within biosynthetic membranes, as discussed
below.

We used the cellular protein AP180 to further validate and
dissect the role of the endocytic pathway in the activities of
Vpu and HIV-2 Env. AP180 is a clathrin assembly protein
whose domain structure includes an N-terminal phosphatidyl-
inositol 4,5-biphosphate (PIP2) plasma membrane-binding do-
main and a C-terminal clathrin-binding domain (7). The C-
terminal fragment of the clathrin assembly cofactor AP180
(AP180-C) prevents the assembly of clathrin coats at the
plasma membrane. Consequently, the inhibition of both the
Vpu- and HIV-2 Env-mediated downregulation of BST-2 by
AP180-C suggested a specific role for clathrin-mediated endo-
cytosis in these processes.

How is clathrin-mediated endocytic trafficking involved in
the activities of Vpu and HIV-2 Env as antagonists of BST-2?
Clathrin-mediated endocytic pathways might support the traf-
ficking of BST-2 and/or the viral proteins themselves. This
might be expected based on the presence of a YxY sequence in
the cytoplasmic domain of BST-2 that reportedly directs clath-
rin-mediated endocytosis (29) and based on the presence of
the Yxx� clathrin-AP-binding motif in Env. However, neither
dyn2K44A nor AP180-C displaced Vpu or Env from internal
endosomes to the plasma membrane, as detected by fluores-
cence microscopy; this might have been expected if these viral
proteins relied on clathrin-mediated endocytosis to reach their
proper endosomal compartments at steady state. Moreover,
sequences in Vpu with the potential to bind clathrin adaptor
protein complexes had no apparent role in Vpu activity with
respect to the downregulation of BST-2. Finally, the rate of
endocytosis of BST-2 was not increased by HIV-2 Env, just as
it is not increased by Vpu (5, 19).

Both dyn2K44A and AP180-C, however, inhibited the con-
stitutive rate of endocytosis of BST-2. These mutated cellular
proteins thus could indirectly inhibit the activity of Vpu and
Env by inhibiting the delivery of surface-derived BST-2 to
endosomes, where the viral proteins act. This model was not
refuted by testing a putative endocytosis mutant of BST-2 (29),
BST-2–Y6,8A, because this mutant, though responsive to Vpu,
was only modestly impaired in its rate of constitutive endocy-
tosis.

FIG. 8. Effect of HIV-2 Env on the endocytic rate of BST-2. A flow
cytometric assay was used to measure the effect of HIV-2 Env on the
rate of internalization of BST-2. The assay was performed as described
previously for Vpu (19), except that the cells (HeLa) were transfected
to express GFP (0.06 �g of plasmid) either with or without HIV-2 Env
and HIV-1 Rev [0.8 �g of each plasmid or 1.6 �g of pcDM8 control
(no Env)]. After labeling of the cell surface at 4°C with antibody to
BST-2, the cells were incubated for various times at 37°C before
staining with a fluorophore-conjugated secondary antibody and anal-
ysis by two-color flow cytometry. The fraction of BST-2 remaining on
the cell surface versus the time of incubation at 37°C is graphed in the
presence and absence of HIV-2 Env, using the mean BST-2/APC
fluorescence intensity of the GFP-positive cells and normalizing to the
amount of BST-2 present at time zero in each case.
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These considerations led us to consider that the activity of
Vpu and Env as BST-2 antagonists is manifest at a postendo-
cytic step. For example, Vpu could downregulate cell surface
BST-2 by specifically blocking the return of endocytosed BST-2
to the plasma membrane. We suggested previously that such a
block to the recycling of BST-2 could be a consequence of
ubiquitination, which is promoted by the Vpu-dependent re-
cruitment of a 	-TrCP-containing SCF E3 ubiquitin ligase
complex (4, 19, 34). Notably, the ESCRT-0 protein Hrs is a
monomeric clathrin adaptor that binds ubiquitin and could
recognize ubiquitinated BST-2, and Hrs has recently been re-
ported as a cofactor in the downregulation and degradation of
BST-2 by Vpu (13, 27). Endosomes containing Hrs are partly
coated with flat clathrin lattices, and these membrane domains
participate in the routing of endocytosed proteins toward lyso-
somes at the expense of recycling to the plasma membrane (26,
28). The role of dynamin 2 and clathrin assembly in the activ-

ities of Vpu (and Env) as BST-2 antagonists could involve the
function of these specialized endosomal domains.

However, we observed here that in the presence of Vpu, the
predominant route followed by endocytosed BST-2 is shared
by transferrin, a prototypical marker of recycling endosomes,
rather than by EGF, a prototypical marker of the ESCRT
pathway. Presumably, BST-2 becomes trapped in the transfer-
rin-positive compartment by Vpu. In further support of this
model, Vpu inhibited the deposition of BST-2 on the plasma
membrane. Newly deposited BST-2 came predominantly from
a BFA-insensitive compartment, consistent with recycling en-
dosomes (18). Whether this apparent block to recycling by Vpu
is linked to ubiquitination or is solely the consequence of the
interaction between Vpu and BST-2 remains to be determined.

Can the various models of counteraction of BST-2 by Vpu
be reconciled? One possibility is that Vpu acts in a multifac-
eted manner but from a common subcellular location—jux-

FIG. 9. Effect of Vpu on the fate of BST-2 after internalization from the cell surface. Cells (HeLa) were transfected to express either Vpu (0.05
�g of plasmid) or no Vpu (mock; 0.05 �g of pcDNA3.1). The next day, the cells were incubated while alive at 37°C with antibody to BST-2 and
either fluorophore-labeled transferrin (Tf; 10 �g/ml) or fluorophore-labeled epidermal growth factor (EGF; 10 �g/ml) for 1 h. The cells were then
fixed, permeabilized, and stained with a fluorophore-conjugated secondary antibody to detect internalized BST-2 as well as with primary and
secondary antibodies to detect Vpu. (A) Cells transfected to express Vpu were treated as just described and imaged using wide-field fluorescence
microscopy. Z series of images were obtained, and these were processed by a deconvolution algorithm before exporting the single-plane images
shown. In the “merged” image in the top row, overlap between BST-2 and Tf appears yellow, overlap between Vpu and Tf appears purple, and
overlap between BST-2, Tf, and Vpu appears white. In the “merged” image in the bottom row, overlap between BST-2 and Vpu appears yellow,
and overlap between BST-2, Vpu, and EGF appears white. (B) The overlap between internalized BST-2 and Tf (left) and between internalized
BST-2 and EGF (right) was quantified as a function of the level of Vpu expression. The Pearson correlation coefficient, in which zero indicates
no relationship between the two signals and 1.0 indicates a complete positive correlation, was calculated using SlideBook software. Each dot
represents an individual cell. Vpu-expressing cells were chosen to cover a range of expression levels. FITC, fluorescein isothiocyanate; TRITC,
tetramethyl rhodamine isothiocyanate.
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tanuclear endosomes that include both recycling endosomes
and the TGN. This location, at which Vpu is concentrated (5,
10, 36, 38), is a crossroads of biosynthetic and endocytic traf-
ficking at which both newly synthesized and endocytosed
BST-2 can be intercepted. From there, Vpu’s activities might
include the endocytic/block-to-recycling mechanism supported
here, sequestration of BST-2 along the biosynthetic pathway,
and enhanced degradation of BST-2 by ubiquitin-mediated
lysosomal targeting. Such a multifaceted mechanism was very
recently supported by “recycling” experiments similar to the
surface deposition experiments reported here, as well as by
microinjection experiments that document the potential for
Vpu to trap newly synthesized BST-2 in juxtanuclear mem-
branes, including the TGN (32). Nevertheless, an endocytic
mechanism seems particularly well suited to address the virus’s
problem of how to eliminate BST-2 already resident on the
plasma membrane when it begins to express Vpu. In this re-
gard, we think it is useful to consider that when HIV-1 prop-
agates in an infected individual, it likely encounters target cells
that are in the antiviral state induced by interferon and are

already expressing BST-2. Moreover, we have reported previ-
ously that inhibition of the biosynthesis or biosynthetic trans-
port of BST-2 seems insufficient on a kinetic basis to account
for the rapid downregulation induced by Vpu (33).

In summary, we have documented a role for the clathrin-
mediated endocytic pathway in the downregulation of BST-2
from the cell surface and in the antagonism of restricted virion
release by the human lentiviral proteins HIV-1 Vpu and HIV-2
Env. We favor the hypothesis that these viral proteins modu-
late the postendocytic itinerary of BST-2 by trapping BST-2 in
recycling endosomes. This, together with inhibition of biosyn-
thetic transport and ubiquitin-mediated degradation, enables

FIG. 10. Vpu inhibits the deposition of BST-2 at the cell surface.
(A) Cells (HeLa in wells of a 6-well plate) were transfected to express
GFP (1.0 �g of plasmid) either with or without Vpu (1.0 �g of plas-
mid). The next day, the cells were removed from the plates and either
treated or not with brefeldin A (BFA; 10 �M) for 30 min at 37°C
before blocking surface BST-2 antigen by incubation with unlabeled
monoclonal antibody RS38 (30 �g/ml) for 1 h at 4°C. Cells were then
incubated for the indicated times at 37°C (either with or without BFA)
before staining at 4°C with phycoerythrin (PE)-conjugated RS38 (10
�g/ml) to detect BST-2 that had been deposited at the cell surface
during the 37°C incubation. The mean fluorescence intensity (MFI) of
the GFP-positive cells (less the MFI of cells stained with a PE-conju-
gated antibody isotype control) is graphed. (B) The cells analyzed as
shown in panel A were also analyzed by immunoblotting for BST-2 and
actin.

FIG. 11. The YxY sequence in the cytoplasmic domain of BST-2
facilitates but is not essential for endocytosis. (A) Virion release. Cells
(HEK 293T in wells of a 6-well plate) were transfected to express
either wild-type (WT) BST-2 (75 ng of plasmid) or BST-2 in which
tyrosines 6 and 8 in the cytoplasmic domain were replaced with ala-
nines (Y6,8A) along with either wild-type or vpu-negative (�Vpu)
proviral plasmids (3.75 �g). The next day, the culture supernatants
were removed and clarified by centrifugation at 300 � g. Virions were
purified by centrifugation through a 20% sucrose cushion at 23,500 �
g, suspended in the original supernatant volume, then analyzed in
duplicate by p24 capsid antigen ELISA. (B) Constitutive endocytosis
rate. Cells (HEK 293T in wells of a 12-well plate) were transfected to
express either wild-type BST-2 (60 ng of plasmid) or BST-2 in which
the tyrosines 6 and 8 in the cytoplasmic domain were replaced with
alanines (Y6,8A), along with GFP (0.1 �g of plasmid) as a transfection
marker. The next day, the fractional rate of endocytosis of BST-2 was
measured, as shown in Fig. 6 and 8. Data are normalized to 100% at
time zero in each case.
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downregulation of cell surface BST-2 and the counteraction of
restriction.
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