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Activities of Transmitted/Founder and Chronic Clade B HIV-1 Vpu
and a C-Terminal Polymorphism Specifically Affecting Virion Release

Moein Jafari,a John Guatelli,a,b Mary K. Lewinskia,b

Department of Medicine, University of California, San Diego, La Jolla, California, USAa; the VA San Diego Healthcare System, San Diego, California, USAb

ABSTRACT

Acute HIV-1 infection is characterized by a type I interferon response, resulting in the induction of host restriction factors.
HIV-1 has evolved to counteract these factors, and one such adaptation, the ability of Vpu to counteract BST2/tetherin, is associ-
ated with the evolution of simian immunodeficiency virus (SIVcpz) into pandemic group M human immunodeficiency virus type
1 (HIV-1). During transmission between individuals, very few viruses or even a single virus, the “transmitted/founder” (T/F)
virus, gives rise to the new infection, but in the new host the selective pressure of the immune response yields the diverse “quasi-
species” of chronic infection. Here we examine the functional characteristics of Vpu proteins encoded by T/F viruses compared
to acute and chronic viruses from longitudinally sampled subjects. The studied T/F Vpu proteins showed a trend toward opti-
mized CD4 downregulation compared to chronic Vpu proteins but did not differ substantially in their ability to downregulate
BST2 or enhance virion release, although individual clones from each group were impaired in these activities. Analysis of the
functionally impaired clones identified a C-terminal residue, W76, as important specifically for Vpu enhancement of virion re-
lease. Primary Vpu clones encoding a W76G polymorphism, or site-directed mutants encoding a W76G substitution, were im-
paired in their ability to enhance virion release, but they were not defective for BST2 surface downregulation. Conversely, the
virion release function of impaired primary clones was restored by creating a G76W substitution. The identification of W76 as
important for virion release enhancement that is independent of BST2 surface downregulation supports the potential to mecha-
nistically separate these functions of Vpu.

IMPORTANCE

To establish infection in a host, HIV-1 must evade the host’s immune response, including the production of antiviral factors.
HIV-1 encodes proteins that antagonize these defenses, including Vpu. Vpu counteracts the host protein BST2, which blocks the
release of progeny viruses from the host cell. To determine the importance of Vpu activity to HIV-1 transmission, this study as-
sessed the functionality of Vpu from viruses isolated soon after transmission (“transmitted/founder” viruses) compared to iso-
lates from chronic infection. Although the anti-BST2 activity of Vpu proteins from the tested transmitted/founder viruses did
not differ from the activity of the chronic Vpu proteins, the transmitted/founder Vpu proteins trended toward having superior
activity against another host protein, CD4. Further, this study identified an amino acid near the C terminus of Vpu that is specif-
ically important for Vpu’s ability to enhance the release of progeny virus from the host cell, supporting the notion of a new
mechanism for this function of Vpu.

Early infection with human immunodeficiency virus type 1
(HIV-1) is characterized by a type I interferon (IFN) response,

resulting in the induction of antiviral genes, including restriction fac-
tors (1–3). One such restriction factor is BST2 (also known as teth-
erin), which counteracts diverse enveloped viruses by tethering them
to the host cell surface and preventing their release (4, 5). To over-
come this restriction, many viruses encode countermeasures which,
with the current exception of the Ebola envelope glycoprotein, act by
surface downregulation and/or targeting of BST2 for degradation (re-
viewed in reference 6). The BST2 countermeasure encoded by HIV-1
is Vpu, which decreases the amount of BST2 on the plasma mem-
brane (5) through the interaction between its transmembrane do-
main (TMD) and that of BST2 and which directs the degradation of
BST2 through the interaction of its cytoplasmic domain with a
�-TrCP containing SCF (Skp-Cullin-F-box)/CRL1 (Cullin1-RING
ubiquitin ligase) E3 ubiquitin ligase complex (7–10). Neither the
downmodulation of BST2 from the cell surface nor its degradation is
strictly correlated with the ability of Vpu to enhance virion release
from the cell surface (11). This lack of correlation might be explained
in part by the recently described ability of Vpu to displace BST2 from
sites of viral assembly (12).

The anti-BST2 function of Vpu has been proposed as a key
adaptation enabling simian immunodeficiency virus (SIVcpz) to
evolve into pandemic group M HIV-1 (13–16). Since Vpu’s anti-
BST2 activity was important for cross-species transmission of
HIV-1, we hypothesized that it might be important for human-
to-human transmission, particularly since BST2 is upregulated
during the initial interferon response to HIV-1 infection (17) and
a successful founder virus must presumably be able to counteract
this.

Vpu modulates the expression of other cellular membrane
proteins in addition to BST2, including CD4. Vpu acts on
newly synthesized CD4 in the endoplasmic reticulum, target-
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ing it for proteasomal degradation in a �-TrCP-dependent
fashion (18, 19). Vpu is one of the three HIV-1 proteins (the
other two are Env and Nef) that target CD4, underscoring the
importance of this function for the virus. Following infection
of a host cell, the presence of CD4 on the cell surface interferes
with virion release and the packaging of Env into virions, sub-
stantially reduces infectivity of the released virions, and in-
duces the exposure of epitopes within Env that facilitate the
clearance of infected cells by antibody-dependent cytotoxicity
(ADCC) (20–23). By enhancing virion infectivity and contrib-
uting to the evasion of ADCC through its downmodulation of
CD4, Vpu might impact viral transmission by a mechanism
other than the antagonism of BST2.

Transmission of HIV-1 to a new host has been shown to
involve very few viruses or only one virus, the “transmitted/
founder” (T/F) virus, which evolves into a diverse “quasispe-
cies” under conditions of selection by the host immune re-
sponse (24–28). Moreover, about half of transmission events
occur during the early stages of infection when the transmitting
partner is unaware of his or her HIV status and plasma viremia
is highest (29). For these reasons, determining the phenotypic
characteristics of T/F viruses that enable them to initiate an
infection in a new host is of great interest. Because of its mod-
ulation of host factors involved in the immune response and its
influence on virion infectivity, we hypothesized that Vpu might
contribute to successful person-to-person transmission and
the establishment of a new infection.

In the present study, vpu alleles from 10 sexually transmitted
clade B group M HIV-1 transmitted/founder (T/F) infectious mo-
lecular clones (IMCs) (24–28) were epitope tagged and cloned
into a Rev-dependent expression vector. For comparison, vpu al-
leles from laboratory-adapted chimeric virus NL4-3 (30) and pairs
of plasma viruses from the acute and chronic phases of infection
acquired longitudinally from four patients infected with clade B
HIV-1 in the San Diego Primary Infection Cohort (SDPIC) (31)
were cloned in a similar fashion. By evaluating the capacity of each
allele for directing BST2 downregulation, enhancement of virion
release, and CD4 downregulation, we found that the tested Vpu
proteins from T/F viruses trended toward enhanced anti-CD4
function compared to Vpu proteins from NL4-3 and the chronic
clade B isolates from the SDPIC. T/F Vpu proteins as a group were
no better at BST2 downregulation than Vpu from NL4-3 or the
chronic isolates. These data support the possibility that optimiza-
tion of Vpu’s anti-CD4 activity may play a role in transmission
and the establishment of a productive infection in a new host.

Moreover, the data enabled us to identify a tryptophan residue
at position 76 in the Vpu cytoplasmic tail that is conserved among
clade B sequences (as well as clades D and G) and that is critical for
Vpu-mediated enhancement of virion release but dispensable for
the surface downregulation of BST2. This phenotypic decoupling
by the Vpu W76 mutants supports the notion that the anti-BST2
activity of Vpu is not necessarily dependent on the downmodula-
tion of cell surface BST2 and suggests an alternative mechanism
for the ability of Vpu to stimulate virion release.

MATERIALS AND METHODS
Cell culture. HeLa P4-R5 cells (32–34) were acquired from the NIH AIDS
Research & Reference Reagent Program from Nathaniel Landau and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), penicillin-streptomycin, and

1 �g/ml puromycin. HEK293T cells were maintained in DMEM supple-
mented with 10% FBS and penicillin-streptomycin.

Plasmids and cloning. The Rev-dependent expression vector pcDNA-
RRE was constructed by cloning the NL4-3 Rev response element (RRE) into
pcDNA3.1(-) (Invitrogen). A 375-bp PCR fragment encoding the RRE was
amplified from pNL4-3 using primers NL43-RRE-XhoI-F (5=-TTGAGCTC
GAGGTAGCACCCACCAAGG-3=) and NL43-RRE-EcoRI-R (5=-GGATCT
GAATTCTAGCATTCCAAGGCACAG-3=). The PCR product was gel puri-
fied using a QIAquick gel extraction kit (Qiagen) and cloned into
pcDNA3.1(-) after digestion of the PCR products and backbone with XhoI
and EcoRI (NEB) to make pcDNA-RRE. The panel of 10 full-length trans-
mitted/founder (T/F) HIV-1 infectious molecular clones (IMCs) was ob-
tained through the NIH AIDS Research & Reference Reagent Program from
John Kappes (24–27). vpu sequences were amplified from these IMCs and
NL4-3 as a control by PCR with vpu sequence-specific primers designed to
introduce a C-terminal FLAG tag (Table 1), gel purified using a QIAquick gel
extraction kit (Qiagen), and then cloned into the pcDNA-RRE expression
vector after digestion of the purified PCR products and backbone with NheI
and XhoI (NEB). To clone vpu alleles from longitudinally acquired plasma
samples from the San Diego Primary Infection Cohort (SDPIC) (31), HIV
RNA was extracted from plasma samples using a High Pure viral RNA kit
(Roche), reverse transcribed using a RETROscript kit (Ambion) with random
decamer primers, and then amplified by nested PCR with primers targeting
conserved sequences flanking the vpu coding region (Table 2). Nested PCR
products were column purified using a QIAquick PCR purification kit (Qia-
gen) prior to bulk Sanger sequencing using the PCR 2 primers (Table 2).
Clones with mixed peaks are noted in Fig. 1. Cloning primers which included
a C-terminal FLAG tag were designed based on the bulk sequencing, with
multiple primer sets designed for samples exhibiting variation in the 5= and 3=
vpu coding sequences (Table 2). These primers were used to amplify FLAG-
tagged vpu coding sequences from the nested PCR products. PCR products
were cloned into the pcDNA-RRE vector using NheI and XhoI (NEB) and
verified by sequencing as described above. Representative clones from acute
and chronic pairs were initially chosen for further analysis, and where pheno-
typic discordance was noted, additional clones were selected and analyzed.
The Rev expression vector pRev-IRES-GFP (IRES, internal ribosome entry
site; GFP, green fluorescent protein) was constructed by subcloning rev from
a NL4-3 rev expression vector cloned previously in our laboratory (pcRev-E2)
following digestion with XbaI into the pIRES2-AcGFP1 vector (Clontech)
digested with NheI. For site-directed mutagenesis, mutations were intro-
duced into the relevant pcDNA-Vpu-FLAG-RRE constructs using a
QuikChange II site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions and verified by sequencing. The proviral mu-
tants pNL4-3 �Vpu (pNL43/Udel [35]) and pNL4-3-Vpu-52/56N (36) have
been described previously. Mutants pNL4-3-Vpu-W76G and pNL4-3-Vpu-
52/56N-W76G were constructed by site-directed mutagenesis of pNL4-3 and
pNL4-3-Vpu-52/56N, respectively, using a QuikChange II site-directed mu-
tagenesis kit.

Transfections. HeLa P4-R5 cells in 6-well plates were transfected with
2 �g of the Vpu expression construct (pcDNA-Vpu-FLAG-RRE) and 2 �g
of Rev- and GFP-coexpressing plasmid pRev-IRES-GFP using Lipo-
fectamine 2000 (Invitrogen). Cells were harvested the next day for immu-
noblot analysis and staining for flow cytometry. For virion release assays,
HeLa P4-R5 cells in 12-well plates were transfected with 500 ng of the Vpu
expression construct (pcDNA-Vpu-FLAG-RRE) and 600 ng of the provi-
ral plasmid lacking Vpu, pNL4-3 �Vpu (pNL43/Udel). Interferon-treated
cells were cultured in 1,000 U/ml human alpha interferon (IFN-�) A/D
(Sigma). Supernatants and cells were collected 24 h later for p24 enzyme-
linked immunosorbent assay (ELISA) and immunoblot analysis, respec-
tively. For the titration of Vpu-FLAG expression plasmids, HeLa P4-R5
cells in 12-well plates were transfected using Lipofectamine 2000 with 800
ng of Rev- and GFP-expressing vector pRev-IRES-GFP and up to 2,400 ng
(for 3�) of the Vpu-FLAG plasmid. When less than 2,400 ng of the Vpu
plasmid was used, pcDNA3.1(-) was added for a total of 3,200 ng of plas-
mid DNA [Rev plus Vpu-FLAG plus pcDNA3.1(-)] per well.
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Flow cytometry. Transfected HeLa P4-R5 cells were stained with al-
lophycocyanin (APC) anti-human CD4 antibody (OKT4; Biolegend),
APC mouse IgG2b, � isotype control (Biolegend), Alexa Fluor 647 anti-
human CD317 (BST2, tetherin; RS38E [Biolegend]), or Alexa Fluor 647
mouse IgG1, � isotype control, according to manufacturer’s instructions,
and then fixed in 1.5% paraformaldehyde. Surface expression of CD4 and
BST2 was analyzed using a BD Accuri C6 flow cytometer after gating on
live GFP-positive (Rev-expressing) cells. For staining of intracellular p24,
cells were fixed and permeabilized using a BD Cytofix/Cytoperm kit ac-
cording to the manufacturer’s instructions, followed by staining with flu-
orescein isothiocyanate (FITC)-conjugated anti-HIV-1 p24 antibody
(KC57; Beckman Coulter).

Virion release assays. Supernatants from NL4-3 �Vpu provirus- and
Vpu expression plasmid-cotransfected HeLa P4-R5 cells were collected 24
h after transfection as previously described (5). Virion-associated p24 was

pelleted through a 20% sucrose cushion before measurement by p24
ELISA (PerkinElmer or Advanced Bioscience Laboratories).

Immunoblot analyses. Immunoblot analyses for Vpu, BST2, Gag/
p55, actin, and FLAG epitope were performed as previously described (10,
37, 38).

Infections. For infection with site-directed viral mutants, 4 �g provi-
ral plasmid DNA, pNL4-3 �Vpu (pNL43/Udel [35]), pNL4-3, pNL4-3-
Vpu-52/56N (36), pNL4-3-Vpu-W76G, or pNL4-3-Vpu-52/56N-W76G
was complexed with Lipofectamine 2000 and used to transfect HEK293T
cells plated in 10-cm-diameter dishes. After 36 h, viral supernatants were
harvested, cellular debris was pelleted, and clarified supernatants were
concentrated by centrifugation at 4,000 � g for 20 min at room temper-
ature in Amicon Ultra-15 100K centrifugal filter tubes (EMD Millipore).
Infectivity was determined by infecting 20,000 HeLa P4-R5 cells plated in
a 48-well plate in triplicate with serial dilutions of the viral supernatants.

TABLE 1 Primers used for cloning NL4-3 and T/F Vpu proteins

Vpu clone Primer name Primer sequence (5=–3=)
NL4-3 NL43-Vpu-NheI-F AGATCCGCTAGCATGCAACCTATAATAGTAGC
NL4-3 NL43-Vpu-FLAG-XhoI-R TTGAGCTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATCAATATCCCAAG
CH040 CH040-Vpu-F CGATGAGCTAGCATGAACTCTTTACAAATATCAG
CH040 CH040-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAATATCCCCAA
CH058 CH058-Vpu-F CGATGAGCTAGCATGCAGCCTTTAAATATAGCAAT
CH058 CH058-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCTAGATCATTAACATCCCAAG
CH077 CH077-Vpu-F CGATGAGCTAGCATGCAATCTTTATATATATTAGGAAT
CH077 CH077-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCTGATCATCAATAACCCAAG
CH106 CH106-Vpu-F CGATGAGCTAGCATGAACTCTTTACAAGTAGTAG
CH106 CH106-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATCAACATTCCAAG
REJO REJO-Vpu-F CGATGAGCTAGCATGCAAACTTTACAAATCTTAGC
REJO REJO-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATCAATATCCCAAG
RHPA RHPA-Vpu-F CGATGAGCTAGCATGCAATCTTTACAAATAGTAGC
RHPA RHPA-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAATAACCAAAGG
SUMA SUMA-Vpu-F CGATGAGCTAGCATGCAAGCTTTATATATATTAGGA
SUMA SUMA-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAACATCCCAAG
THRO THRO-Vpu-F CGATGAGCTAGCATGCAATCCTTAGAAATACTTG
THRO THRO-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCATATCATCAATATCCCAAG
TRJO TRJO-Vpu-F CGATGAGCTAGCATGTCACCTTTAGTAATAGCAT
TRJO TRJO-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATCAATATCCCAAG
WITO WITO-Vpu-F CGATGAGCTAGCATGCAACCTTTAGAAATATTAGC
WITO WITO-Vpu-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCTCATCATTAACATCCCAAG

TABLE 2 Primers used for nested PCR and cloning of acute and chronic Vpu proteins

PCR no. or Vpu clone(s) Primer name Primer sequence (5=–3=)
PCR 1 5=Tat-Vpu-F1 CTTAGGCATCTCCTATGGCAGGAAG
PCR 1 3=Env-Vpu-R1 CTACTGGCCTAATTCCATGTGTACATTGTA
PCR 2 (nested) 5=Tat-Vpu-nested-F2 AAGCGGAGACAGCGACGAAGAGCT
PCR 2 (nested) 3=Env-Vpu-nested-R2 TGGACAGGCCTGTGTAATGACTGAGGT
Q303 Acute and Chronic Q303-AC-F CGATGAGCTAGCATGCAACCTTTACAAATAGTAG
Q303 Acute and Chronic Q303-AC-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATCAACATCCCAA
N528 Acute-1 and -2 N528-A1&2-F CGATGAGCTAGCATGCCACCTTTATACATATCA
N528 Acute-1 and -2 and Chronic

and N988 Acute
N528-A1&2C-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAACATCCCAAG

N528 Chronic N528-C-F CGATGAGCTAGCATGCCACCTTTATACATAACA
R611 Acute and Chronic-1 and -2 R611-AC1&2-F CGATGAGCTAGCATGCAGATTTTAGATATATCAGT
R611 Acute R611-A-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAATATCCCAAG
R611 Chronic-1 R611-C1-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCGTGAATATCCCAAG
R611 Chronic-2 R611-C2-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATTGTGAATATCCCAAG
N988 Acute N988-A-F CGATGAGCTAGCATGCAACCCCTAGAGATAG
N988 Chronic-1 N988-C1-F CGATGAGCTAGCATGCAATCCCTAAAGATAGC
N988 Chronic-1 and -2 N988-C1&2-FLAG-R CGATGACTCGAGTCACTTATCGTCGTCATCCTTGTAATCCAGATCATTAACATCCCCA
N988 Chronic-2 N988-C2-F CGATGAGCTAGCATGCAATCCCTAGGGATAG
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Two days after infection, the cells were fixed and stained and the number
of infectious centers was measured by computer-assisted image analysis as
described previously (39). HeLa P4-R5 cells plated in triplicate in 12-well
plates were infected at an multiplicity of infection (MOI) of 0.2. After 5 h,
the viral supernatants were removed, the cells were washed twice with
phosphate-buffered saline (PBS), and fresh culture medium was added.
Thirty hours later, supernatants and cells were harvested for p24 ELISA
and fluorescence-activated cell sorter (FACS) and immunoblot analyses
as described above.

Immunofluorescence microscopy. HeLa P4-R5 cells were plated at
100,000 per well on glass coverslips in a 24-well plate. The following day,
they were transfected with 400 ng of Vpu-FLAG expression vector and 400
ng of the Rev expression vector (pcRev-E2) using Lipofectamine 2000. At
24 h posttransfection, the cells were fixed with 3% paraformaldehyde for
15 min at room temperature, washed once with phosphate-buffered saline
(PBS), and then permeabilized with 0.2% NP-40 for 5 min at room tem-
perature. Fixed and permeabilized cells were washed twice with PBS and
then blocked with 5% normal goat serum and 3% bovine serum albumin
(BSA) for 30 min at 4°C. Cells were stained with rabbit anti-Vpu antise-
rum (from the NIH AIDS Research and Reference Reagent Program and
contributed by Klaus Strebel) and/or mouse anti-BST2/HM1.24/CD317
antibody (Chugai Pharmaceutical Co., Kanagawa, Japan) in 5% normal
goat serum for 30 min at room temperature and then washed four times
with PBS. Cells were then incubated with FITC goat anti-rabbit and/or
Rhodamine Red-X goat anti-mouse antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) in 5% goat serum for 30 min at room

temperature. The cells were washed 5 times with PBS, mounted, and im-
aged using a fluorescence microscope (Olympus) and SlideBook version
4.1 software (Intelligent Imaging Innovations, Denver, CO). For each
field, images in a series along the z axis were collected, the images were
deconvolved using the nearest-neighbor method, and a representative
single image plane was chosen. Images were assembled using Adobe Pho-
toshop software.

RESULTS
T/F Vpu proteins are optimized for CD4 downmodulation.
Transmitted/founder Vpu proteins (amino acid sequence align-
ment shown in Fig. 2A) were FLAG tagged and cloned into a
Rev-dependent expression construct (Fig. 2B). To test for the
downregulation of CD4 and BST2 from the cell surface, we used a
flow cytometric assay in which HeLa P4-R5 cells were transfected
with a bicistronic plasmid coexpressing Rev and GFP as well as a
Rev-dependent vector expressing FLAG-tagged Vpu proteins
(Fig. 2B) and then surface stained with fluorophore-conjugated
anti-CD4 or anti-BST2 antibodies. Transfected cells that produce
enough Rev to express Vpu are also GFP positive and, depending
on the functionality of the tested Vpu protein, exhibit a decrease in
surface CD4 and BST2. This is evident in the two-color plots in
Fig. 2C; as GFP (and Rev) expression increases, CD4 and BST2
surface expression decreases. For T/F Vpu proteins CH040 (sec-

FIG 1 Variability in vpu sequences from longitudinally acquired plasma from acute and chronic phases of infection. The predicted amino acid sequences from
bulk Sanger sequencing of Vpu isolates from the indicated plasma samples are aligned with the DNA chromatograms provided for regions with multiple peaks
encoding variable residues.
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FIG 2 CD4 and BST2 downregulatory activity and expression of transmitted/founder Vpu proteins. (A) Amino acid sequence alignment of T/F Vpu proteins
compared to NL4-3 and the clade B consensus sequence. The amino acid sequences of the T/F Vpu proteins are aligned to the reference clade B consensus Vpu
sequence (LANL). Residues shaded dark gray are exactly the same as the reference sequence; residues shaded light gray are of the same class (basic, acidic, polar,
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ond column of Fig. 2C) and CH077 (third column of Fig. 2C),
BST2 downregulation (bottom row) appears similar to that of
VpuNL4-3 (first column), and all three of these appear more active
than RHPA (fourth column of Fig. 2C; discussed further below).
However, for CD4 downregulation (top row), CH077 appears
more active than CH040 and VpuNL4-3, with the activity of RHPA
most similar to that of CH077. These relationships are shown
quantitatively in Fig. 2D, where the CD4 downregulation activity
of each T/F Vpu is plotted as a ratio compared to the activity of
VpuNL4-3. All T/F Vpu proteins, with the exception of CH040,
exhibited relatively enhanced anti-CD4 activity, reducing the sur-
face expression of CD4 25% to 60% more effectively than
VpuNL4-3. The efficient counteraction with respect to CD4 exhib-
ited by Vpu depends primarily, although not exclusively, on its
cytoplasmic domain (CD) (36, 40), and the differences in both the
predicted amino acid sequences and the anti-CD4 activities of
these T/F Vpu proteins suggest that the tertiary structure of this
domain, although apparently dynamic and tolerant of multiple
polymorphisms, might be related to its functional efficiency
(Fig. 2A).

Most T/F Vpu proteins downregulate BST2 with the same
efficiency as VpuNL4-3. As BST2 is an interferon-induced antiviral
restriction factor and the acute phase of HIV-1 infection is marked
by a substantial type I interferon response, we hypothesized that
T/F Vpu proteins might be optimized for BST2 downmodulation,
since they were derived from viruses that successfully established
infection under this selective pressure. To test this, HeLa P4-R5
cells were transfected with FLAG-tagged Vpu and Rev expression
constructs and analyzed for surface expression of BST2. As seen in
Fig. 2C and E, all T/F Vpu proteins except for RHPA were similar
to VpuNL4-3 in their BST2 surface downregulation activity. The
impaired RHPA protein notably differs from NL4-3 by an A15G
polymorphism in the transmembrane domain; this is the second A
in the AxxxAxxxAxxxW motif previously found to be important
for the interaction between the TMDs of Vpu and BST2 (41, 42).
RHPA also encodes a variant amino acid (leucine) instead of the
conserved W76 in the cytoplasmic tail, which is studied further
below. The expression levels of these Vpu proteins were detected
by immunoblot analysis for the FLAG epitope tag (Fig. 2F). While
expression levels of these Vpu proteins appear to be correlated
only roughly with their CD4 downregulation activities, RHPA,
which is impaired for BST2 surface downregulation, is the most
poorly expressed among the T/F Vpu proteins.

T/F Vpu proteins enhance virion release with effectiveness
similar to that of VpuNL4-3 even when the expression of BST2 is
stimulated by IFN-�. Treatment of cells with type I interferon
upregulates BST2 and enhances the inhibition of virion release. To

test whether T/F Vpu proteins are superior to VpuNL4-3 at coun-
teracting BST2’s inhibitory effect on virion release, we transfected
HeLa P4-R5 cells with HIV-1 provirus that lacks Vpu (NL4-3
�Vpu) along with the Vpu-FLAG-RRE expression constructs to
provide Vpu in trans. Cells were cultured in media with or without
1,000 U/ml alpha IFN (IFN-�), and supernatants and cells were
collected after 24 h. Viral supernatants were pelleted through 20%
sucrose cushions, and p24 was measured by ELISA (Fig. 3A). Cells
were analyzed for FLAG, BST2, actin, and Gag expression by im-
munoblotting (Fig. 3B). As a control, the pNL4-3 proviral plasmid
was transfected, and cell lysates were analyzed by immunoblotting
with rabbit antiserum to HIV-1 Vpu. This antiserum did not uni-
formly detect the FLAG-tagged primary Vpu proteins compared
to the anti-FLAG antibody (data not shown). Although variation
is evident among the T/F Vpu proteins, their phenotypes with
respect to enhancement of virion release were similar to that of
VpuNL4-3, except for CH040, which was substantially impaired.
Despite being impaired for enhancement of virion release, CH040
Vpu was as potent as VpuNL4-3 at downregulating cell surface
BST2 (Fig. 2E), suggesting that these two functions of Vpu are
separable. As discussed further below, this phenotypic discor-
dance appears largely due to a W76G polymorphism near the
protein’s C terminus. The expression of these Vpu proteins as
detected by immunoblot analysis for FLAG (Fig. 3B) did not re-
veal a clear correlation with the virion release phenotype (as was
similarly the case as shown in Fig. 2 with respect to the phenotypes
of CD4 and BST2 downregulation).

Treatment of the cells with IFN-� resulted in lower levels of
virion release enhancement by all Vpu proteins tested, suggesting
that, compared to NL4-3 Vpu, no T/F Vpu protein provides rela-
tively increased resistance to the effects of interferon, which, as
expected, induced the expression of BST2 as detected by immu-
noblot analysis (Fig. 3B). Unexpectedly, the analysis was compli-
cated by reduced expression of all Vpu-FLAG proteins in the
presence of IFN-� (Fig. 3B), correlating with the attenuated en-
hancement of virion release under these conditions. This reduc-
tion might be due to inhibitory effects of interferon on the pcDNA
expression vector’s cytomegalovirus (CMV) promoter, as previ-
ously described for type II interferon (43). In contrast, immuno-
blot analysis using Vpu-specific antibody (Fig. 3B, bottom panel)
revealed that expression of VpuNL4-3 directed by the HIV pro-
moter (in cis from the proviral plasmid) was increased following
interferon treatment (shown in the first two lanes of the immuno-
blot in Fig. 3B). Nevertheless, the data suggest that Vpu proteins
from T/F viruses do not enhance virion release more effectively
than VpuNL4-3, even when the experimental conditions include

or hydrophobic) as the corresponding clade B consensus residue; and unshaded residues are of a different class. (B) Construction of Vpu-FLAG expression
vectors. Vpu alleles from transmitted/founder HIV-1 infectious molecular clones (IMCs) were PCR amplified using allele-specific primers, with a FLAG tag
included in the 3= (reverse) primer, and cloned into the multiple-cloning site of the pcDNA-RRE vector, which includes a downstream Rev response element
(RRE). (C) Plasmids encoding Vpu-FLAG-RRE and Rev-IRES-GFP were used to cotransfect HeLa P4-R5 cells. The next day, the cells were stained for either CD4
or BST2 and analyzed by flow cytometry. Two-color plots show surface downregulation of CD4 (y axis, upper panels) or BST2 (y axis, lower panels) versus GFP
(x axis) by NL4-3 Vpu and three selected T/F Vpu proteins (CH040, CH077, and RHPA). (D) Relative levels of CD4 downregulation by T/F Vpu alleles. Samples
were gated on live GFP-positive (GFP� [Rev�]) cells. The mean fluorescence intensity (MFI) for the isotype control was subtracted from the MFI for each
anti-CD4-stained sample. The value for each T/F Vpu was then subtracted from that of the no-Vpu control, and this value was divided by the same calculation
made for NL4-3 Vpu to derive the relative activity. The values shown are means of the results of two experiments performed in duplicate. Error bars are the
standard deviations. (E) Relative levels of BST2 downregulation by T/F Vpu alleles. Samples were gated on live GFP� (Rev�) cells, and the activity relative to
NL4-3 Vpu was calculated as described above for CD4. The values shown are means of the results of two experiments performed in duplicate. Error bars are the
standard deviations. (F) Immunoblot analysis of the expression of T/F Vpu alleles. Cell lysates were analyzed for FLAG (Vpu), BST2, and actin.
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exogenous IFN-� to mimic the antiviral state that occurs in re-
sponse to acute infection in vivo.

The anti-CD4 and anti-BST2 activity of T/F Vpu proteins is
not entirely explained by their expression levels. Fig. 2 suggests a
rough correlation between the expression levels of T/F Vpu pro-
teins as assessed by immunoblot analysis (Fig. 2F) and their levels
of activity against CD4 and/or BST2. For instance, the most highly
expressed clone, WITO, is among those with the highest levels of
both CD4 and BST2 surface downregulation. The most poorly
expressed clones in this system, RHPA and TRJO, exhibited the
weakest BST2 surface downregulation phenotypes. To test whether
the differential activity levels of the T/F Vpu proteins could be
explained solely by their expression levels, we titrated the expres-
sion of the control VpuNL4-3 in comparison with the most highly
expressed and active clone, WITO, along with a poorly expressed
clone, RHPA. HeLa P4-R5 cells were transfected with 800 ng of
pRev-IRES-GFP and with from 200 ng (for 0.25�) to 2,400 ng (for
3�) of Vpu-FLAG expression plasmid. Where less than 2,400 ng
of Vpu-FLAG plasmid was used, pcDNA3.1(-) was added for a
total amount of 3,200 ng plasmid DNA per well. The next day, cells
were harvested for FACS and immunoblot analysis as described
above.

When the expression level of WITO Vpu was near that of 1�
VpuNL4-3 (around 0.5� or 400 ng WITO plasmid), the CD4 and
BST2 surface downregulatory activities were similar to those of
VpuNL4-3 (Fig. 4). Comparison of mean fluorescence intensities
(MFI) from three experiments for 1� NL4-3 and 0.5� WITO
yields a P value of 0.495 for CD4 and a P value of 0.391 for BST2
(paired Student’s t test, two tailed). This suggests that, at least in
the case of WITO, superior function is related to robust expres-
sion in this system. For RHPA Vpu, however, an expression level
similar to that of VpuNL4-3 did not yield equal activity. Despite a
level of expression similar to that of VpuNL4-3 after transfection
of 1� to 2� RHPA expression plasmid (Fig. 4C), RHPA Vpu
was better than VpuNL4-3 at downregulating CD4 (Fig. 4A) but
remained less active at downregulating BST2 (Fig. 4B). Com-
parison of the MFIs for 1� NL4-3 and 1� RHPA yielded a P
value of 0.230 for CD4 and a P value of 0.006 for BST2 (paired
Student’s t test, two tailed). RHPA achieved VpuNL4-3-like lev-
els of BST2 surface downregulation activity only when compar-
atively overexpressed (between 2� and 3� the amount of ex-
pression plasmid) (Fig. 4C). Comparison of the MFIs for 1�
NL4-3 and 2� RHPA (which was more highly expressed than
NL4-3) yielded a P value of 0.086 for BST2 (paired Student’s t

FIG 3 Enhancement of virion release by transmitted/founder Vpu proteins. (A) Virion release enhancement by T/F Vpu alleles in the presence or absence
of IFN-�. Cells were transfected with the pNL4-3 plasmid encoding Vpu (NL4-3) or cotransfected with the indicated T/F Vpu expression plasmids (or a
plasmid encoding the FLAG-tagged NL4-3 Vpu control) and with a provirus that does not express Vpu (NL4-3 �Vpu; all other samples) and then cultured
either without or with IFN-� (1,000 U/ml) overnight. The concentration of pelletable p24 antigen in the culture supernatants was measured by ELISA.
Error bars represent the standard deviations of the results of quadruplicate experiments. (B) Immunoblot analysis of cell lysates showing the induction
of BST2 following IFN-� treatment as well as actin, Gag (p55 and p24), FLAG, and Vpu (using a polyclonal rabbit antiserum to the cytoplasmic domain
of NL4-3 Vpu) for the NL4-3 controls.
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test, two tailed). These data support the notion that RHPA is
impaired for BST2 surface downregulation relative to VpuNL4-3

even when its level of expression in the system is equalized.
Individual Vpu proteins isolated from chronically infected

persons differ substantially in their anti-CD4 and anti-BST2 ef-
fects. While the tested T/F Vpu proteins as a group appear mod-
estly superior to VpuNL4-3 for CD4 downregulation, VpuNL4-3 is
from a laboratory-adapted HIV-1 strain and might not be repre-
sentative of Vpu proteins derived from primary chronic clade B
isolates. To compare the function of T/F Vpu proteins to that of
Vpu proteins isolated from chronically infected persons, we
cloned vpu alleles from plasma samples acquired longitudinally
from treatment-naive subjects in the San Diego Primary Infection
Cohort (SDPIC). Viral RNA was extracted from pairs of plasma
samples from the acute and chronic phases of infection for each of
four subjects who remained untreated with antiretroviral therapy

for the entirety of the sampled time period (Table 3). The isolates
from the acute phase were collected 45 to 85 days after the esti-
mated date of infection, so they were likely subjected to selection
pressures in the host, in particular, the cytotoxic T lymphocyte
response, that would presumably induce coding changes relative
to the T/F virus in that individual. Therefore, studies of the acute
Vpu proteins are most relevant in comparison to their matching
chronic Vpu proteins, where differences in function can be attrib-
uted to specific amino acid changes that developed in vivo. None-
theless, the chronic Vpu proteins also provide a comparison to the
T/F Vpu proteins.

Viral RNA extracted from plasma was reverse transcribed into
cDNA, and then amplicons that included the vpu sequence were
cloned by nested PCR and Sanger sequenced in bulk using the
PCR 2 primers (Table 2). Based on the sequencing results, primers
(listed in Table 2) were designed to FLAG tag and clone vpu into
the Rev-dependent expression vector pcDNA-RRE as described
above. The amino acid sequence alignment of the cloned acute
and chronic Vpu proteins (shown in Fig. 5A) revealed that, as
anticipated, the acute and chronic Vpu pairs are more similar to
each other than to acute or chronic Vpu isolates from other pa-
tients. Analysis of CD4 downregulation by FACS as described
above revealed that all the acute and chronic Vpu pairs were as
good as or better than VpuNL4-3 at CD4 downregulation, except
for the pair from subject N528 (Fig. 5B). Acute and chronic Vpu
pairs were also similar to VpuNL4-3 in their ability to downregulate
BST2 from the cell surface (Fig. 5C). While the N988 acute Vpu
was the most active against CD4 among the tested isolates, it was
the least active for BST2 downregulation.

Acute and chronic Vpu proteins were also tested for their abil-
ity to enhance virion release as described above but in the absence
of interferon treatment (Fig. 5D). Although the ability to enhance
virion release was highly variable among these Vpu proteins, N528
acute-1 and N988 chronic-1 Vpu proteins were substantially im-
paired for this phenotype. Similar to the T/F Vpu proteins, the
expression levels of the acute and chronic Vpu proteins did not
clearly correlate with their relative anti-CD4 or anti-BST2 activity
(Fig. 5E). For N528 acute-1 Vpu, which is also less active for BST2
surface downregulation, this impairment for virion release en-
hancement might be related to the presence of two hydrophilic
residues at positions 7 and 8 (serine-threonine), whereas the N528
chronic clone with better activity has only the threonine. These
hydrophilic substitutions could reduce the efficiency of interac-
tion between the transmembrane domains (TMDs) of Vpu and
BST2 by altering the tilt angle of the Vpu TMD helix in the lipid
bilayer as a result of hydrophobic mismatch (41).

TABLE 3 Acute/chronic sample information

Sample name
Collection time
(days from EDIa)

CD4 (no. of
cells/�l)

Viral load (no.
of copies/ml)b

Q303 Acute 45 642 89,900
Q303 Chronic 545 522 3,910
N528 Acute 85 813 7,200
N528 Chronic 1,069 224 57,500
R611 Acute 85 418 17,600
R611 Chronic 456 704 13,100
N988 Acute 45 959 109,000
N988 Chronic 1,777 408 2,270
a EDI, estimated date of infection; calculated as described in 46.
b All subjects were antiretroviral therapy naive at all time points sampled.

FIG 4 Titration of highly and poorly expressed T/F Vpu proteins. HeLa P4-R5
cells were transfected in 12-well plates with 800 ng of Rev- and GFP-expressing
vector pRev-IRES-GFP and up to 2,400 ng (for 3�) of the Vpu-FLAG plasmid.
When less than 2,400 ng of the Vpu plasmid was used, pcDNA3.1(-) was added
for a total of 3,200 ng of plasmid DNA per well. (A) Relative levels of CD4
downregulation by titrated T/F Vpu alleles. CD4 surface downregulation com-
pared to 1� NL4-3 Vpu was calculated as described for Fig. 2D. The values
shown are means from three experiments. Error bars are the standard devia-
tions. (B) Relative levels of BST2 downregulation by titrated T/F Vpu alleles.
BST2 surface downregulation compared to 1� NL4-3 Vpu was calculated as
described for Fig. 2E. The values shown are means from three experiments.
Error bars are the standard deviations. (C) Immunoblot analysis of cell lysates
showing the expression levels of titrated Vpu-FLAG with actin as a control.
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FIG 5 Activity and expression level of Vpu proteins isolated from the acute and chronic phases of infection. (A) Amino acid sequence alignment of acute and
chronic Vpu proteins compared to NL4-3 and the clade B consensus sequence. Residues are shaded as described for Fig. 2A, with the clade B Vpu consensus as
the reference sequence. (B) Relative levels of CD4 downregulation by acute and chronic Vpu alleles. The experiments were done and the samples were analyzed
as described in the Fig. 2D legend. The values shown are means of the results of two experiments performed in duplicate. Error bars are the standard deviations.
(C) Relative levels of BST2 downregulation by acute and chronic Vpu alleles. The experiments were done and the samples were analyzed as described in the Fig.
2E legend. The values shown are means of the results of two experiments performed in duplicate. Error bars are the standard deviations. (D) Virion release
enhancement by acute and chronic Vpu alleles. The experiments were conducted and the samples analyzed as described in the Fig. 3 legend, except that IFN was
not used. Error bars represent the standard deviations of the results of quadruplicate experiments. (E) Immunoblot analysis of the expression of acute and chronic
Vpu alleles. Lysates from cells transfected for virion release analysis as described for panel D were analyzed for Gag/p55, actin, and FLAG (Vpu) by immuno-
blotting.
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N988 chronic-1 Vpu was slightly impaired for BST2 surface
downregulation but was nearly defective for enhancement of vi-
rion release. Notably, the N988 acute Vpu was not markedly im-
paired for enhancement of virion release, although it was similar
to N988 chronic-1 Vpu in its ability to downregulate BST2 from
the cell surface. These two paired proteins differ by only three
amino acids: N988 acute Vpu has a proline at amino acid 3
whereas N988 chronic-1 has a serine; it has a glutamic acid at
amino acid 5 whereas N988 chronic-1 has a lysine; and it has the
conserved tryptophan at position 76 whereas N988 chronic-1 has
a glycine. This W76G polymorphism near the C terminus of the
Vpu cytoplasmic tail is, as noted above, also present in T/F Vpu
CH040, a Vpu that is characterized by the same discordance be-
tween the phenotypes of BST2 downregulation and enhancement
of virion release (Fig. 2 and 3). The role of this residue in enhanc-
ing virion release was studied in depth by site-directed mutagen-
esis as described below.

Although bulk sequencing of cDNA reverse transcribed from
the subjects’ plasma samples revealed few sequence variations
(shown as sequence chromatograms in Fig. 1), in those cases
where phenotypic discordance existed and the sequenced variants
encoded amino acids with different properties, we tested addi-

tional clones to determine whether our findings were representa-
tive of the detected viruses. N528 acute-2 Vpu differs from N528
acute-1 Vpu by one amino acid: acute-2 has M at amino acid 67
instead of L (Fig. 5A). N528 acute-1 and acute-2 were phenotyp-
ically very similar: both had relatively poor CD4 downregulation
activity (Fig. 6A), slightly impaired BST2 downregulation activity
(Fig. 6B), and impaired virion release enhancement activity (Fig.
6C). R611 chronic-2 differs from R611 chronic-1 at position 40,
where it has Q instead of K, and position 80, where it has N instead
of D (Fig. 5A). R611 chronic Vpu proteins have similarly high
levels of CD4 and BST2 downregulation activities (Fig. 6A and B),
but virion release enhancement by R611 chronic-2 was higher
than that by R611 chronic-1 (Fig. 6C). Differential expression
levels as tested by immunoblot analysis did not explain this vari-
ation (Fig. 6D). N988 chronic-1 and N988 chronic-2 exhibited
similar levels of activity despite differing at amino acids 5 (N988
chronic-2 has G instead of K) and 16 (N988 chronic-2 has T in-
stead of A) (Fig. 5A). Both N988 chronic Vpu variants tested ex-
hibited high levels of CD4 downregulation (Fig. 6A), had rela-
tively low levels of BST2 downregulation (Fig. 6B), and were
greatly impaired for virion release enhancement (Fig. 6C). Nota-
bly, both N988 chronic variants have G at position 76 instead of

FIG 6 Activity and expression of additional Vpu variants isolated from the acute and chronic phases of infection. (A) Relative levels of CD4 downregulation by
additional acute and chronic Vpu variants. Alleles labeled “-1” are those initially evaluated in Fig. 5 and reevaluated alongside the variants labeled “-2” here. The
experiments were done and the samples were analyzed as described in the Fig. 2D legend. The values shown are means of the results of two experiments performed
in duplicate. Error bars are the standard deviations. (B) Relative levels of BST2 downregulation by additional acute and chronic Vpu variants. The experiments
were done and the samples were analyzed as described in the Fig. 2E legend. The values shown are means of the results of two experiments performed in duplicate.
Error bars are the standard deviations. (C) Virion release enhancement by additional acute and chronic Vpu variants. The experiments were conducted and the
samples analyzed as described in the Fig. 3 legend, except that IFN was not used. Error bars represent the standard deviations of the results of quadruplicate
experiments. (D) Immunoblot analysis of the expression of additional acute and chronic Vpu variants. Lysates from cells transfected for virion release analysis
as described for panel C were analyzed for Gag/p55, actin, and FLAG (Vpu) by immunoblotting.
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the conserved W. These data indicated that, in general, marked
functional variation was not present among clones obtained from
the same sample despite coding variations.

Site-directed mutation of tryptophan 76 reveals its specific
importance for Vpu-mediated enhancement of virion release.
Among the primary Vpu proteins analyzed here, the three most
impaired for enhancement of virion release, the T/F Vpu CH040
and the chronic Vpu proteins from subject N988, all have a tryp-
tophan-76-to-glycine (W76G) polymorphism. Despite their im-
paired ability to counteract BST2-mediated restriction of virion
release, these Vpu proteins were remarkably effective or impaired
only mildly for downregulation of cell surface BST2 (Fig. 2, 3, 5,
and 6). To investigate whether the W76G substitution is sufficient
to impair the enhancement of virion release, site-directed muta-
tions encoding it were introduced in NL4-3 vpu and the vpu of
high-performance and well-expressed T/F clone CH077 (Fig. 7A
to D). As noted above, T/F Vpu RHPA also has a polymorphism
involving this residue: W76L. However, while RHPA Vpu is im-
paired only mildly for the enhancement of virion release com-
pared to VpuNL4-3, it was the most impaired for BST2 surface
downregulation among the T/F Vpu proteins— essentially the op-
posite of the phenotype of CH040 Vpu, which has the W76G poly-
morphism (Fig. 2 to 4). Site-directed mutagenesis was therefore
also used to introduce the W76L substitution into VpuNL4-3. All of
these mutants were tested for CD4 and BST2 surface downregu-
lation (Fig. 7A and B) as well as for enhancement of virion release
(Fig. 7C). Site-directed mutation of W76G appeared to have little
effect on the expression of these Vpu proteins as determined by

immunoblot analysis for FLAG (Fig. 7D). As expected (Fig. 7A),
the W76G and W76L mutations had no effect on the downregu-
lation of CD4 by NL4-3 or CH077 Vpu. BST2 downregulation
(Fig. 7B) was likewise minimally perturbed or unaffected by the
W76G or W76L substitutions. This suggests that the impaired
downregulation of surface BST2 by RHPA Vpu (which has L76)
and the N988 chronic-1 Vpu (with G76) is not due to this poly-
morphism.

In contrast to their minimal impact on the downregulation of
surface BST2, both the W76G and W76L substitutions substan-
tially decreased the ability of NL4-3 Vpu to enhance virion release
(Fig. 7C). The W76G substitution also impaired virion release
enhancement by CH077 Vpu. Together, these data indicate that
the substitution of W76 near the C-terminal end of the Vpu cyto-
plasmic tail with glycine or leucine substantially impairs Vpu’s
ability to enhance virus release without markedly affecting its abil-
ity to reduce the total amount of BST2 at the cell surface. This
phenotypic discordance is especially evident in the case of the
W76G substitution in the context of the T/F CH077 Vpu.

To further support the hypothesis of the role of W76 in virion
release, we tested site-directed mutants of the primary Vpu pro-
teins that were selectively impaired for virion release and that en-
coded residues other than tryptophan at this site, replacing those
residues with tryptophan: plasmids expressing CH040 Vpu-
G76W, RHPA Vpu-L76W, and N988-C1 Vpu-G76W were con-
structed. Changing residue 76 to the conserved tryptophan had no
effect on the CD4 downregulation (Fig. 7E) or BST2 downregula-
tion (Fig. 7F) activities of these Vpu proteins. However, these

FIG 7 Site-directed mutagenesis of Vpu amino acid 76: effects on CD4 and BST2 downregulation and enhancement of virion release. (A to D) Function and
expression of Vpu proteins with site-directed mutation of W76. (E to H) Test of whether mutation of amino acid 76 to W restores function of impaired alleles.
(A and E) Relative levels of CD4 downregulation by site-directed Vpu mutants. Data are expressed relative to NL4-3 Vpu as described for Fig. 2D. The values
shown are means of the results of two experiments performed in duplicate. Error bars are the standard deviations. (B and F) Relative levels of BST2 downregu-
lation by site-directed Vpu mutants. Data are expressed relative to NL4-3 Vpu as described for Fig. 2E. The values shown are means of the results of two
experiments performed in duplicate. Error bars are the standard deviations. (C and G) Virion release enhancement by the site-directed Vpu mutants. Pelletable
p24 antigen was measured by ELISA in supernatants from cultures of cells transfected with the Vpu expression plasmid and NL4-3 �Vpu as described for Fig. 5D.
Error bars represent the standard deviations of the results of quadruplicate experiments. (D) Immunoblot analysis of the expression of site-directed Vpu mutants
and controls. Lysates from cells transfected for FACS analysis as described for panels A and B were analyzed for actin and Vpu (FLAG) by immunoblotting. (H)
Immunoblot analysis of the expression of site-directed mutants of functionally impaired Vpu proteins. Lysates from cells transfected for virion release analysis
as described for panel G were analyzed for Gag/p55, actin, and FLAG (Vpu) by immunoblotting.
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site-directed mutations had substantial effects on the virion re-
lease enhancement activity of these Vpu proteins. Mutation of
G76 to tryptophan in CH040 and N988 chronic-1 Vpu proteins
restored their virion release enhancement activity (Fig. 7G), con-
firming a role for W76 in virion release enhancement. Conversely,
mutation of L76 of RHPA Vpu to W greatly reduced its virion
release activity. The explanation for the effect of the L76W substi-
tution is unclear, although the C terminus of RHPA is unique
among tested alleles not only for L76 but also for the presence of
D72, whereas the other Vpu proteins have a histidine residue.
Conceivably, D72 and L76 of RHPA Vpu determine the tertiary
structure of its C-terminal end that accounts for its virion release
enhancement function, and mutation of L76 to W disrupts this. As
shown by the immunoblot in Fig. 7H, the changes in the virion
release enhancement phenotype were not due to differential ex-
pression of these site-directed mutants. Taking the data together,
this gain-of-function and loss-of-function analysis indicates that
W76 is a novel and specific determinant of Vpu-mediated en-
hancement of virion release, at least in certain genetic contexts.

Functional consequences of site-directed mutation of tryp-
tophan 76 compared to mutation of �-TrCP-binding residues
S52,56. We examined whether the defect in anti-BST2 activity
conferred by the W76G substitution relates to Vpu’s ability to
interact with �-TrCP, which recruits a SCF (Skp-Cullin 1-F box)
E3 ubiquitin ligase to direct ubiquitination and degradation of
BST2 (7, 8, 10, 44). Mutations of the serines in the �-TrCP-bind-
ing motif of Vpu (S52,56N) abrogate �-TrCP binding, not only
abolishing Vpu-mediated downregulation of CD4 but also sub-

stantially impairing its ability to downregulate BST2 and enhance
virion release (7, 19). To determine whether the W76G substitu-
tion affects Vpu’s anti-BST2 activity via �-TrCP or instead by a
different mechanism, mutations encoding the W76G and
S52,56N substitutions were introduced separately and in combi-
nation into the highly functional T/F CH077 vpu allele. These
mutants were tested for CD4 and BST2 surface downregulation
and for enhancement of virion release. As expected, CH077-
S52,56N was markedly impaired for CD4 downregulation while
CH077-W76G was not (Fig. 8A). Similarly, CH077-W76G was
not impaired for BST2 surface downregulation (Fig. 8B), whereas
CH077-S52,56N was slightly impaired. The combination mutant
CH077 S52,56N-W76G was most impaired for BST2 downregu-
lation, despite the lack of effect of the W76G single mutation,
although all of these effects were modest (Fig. 8B).

Importantly, substitution of W76G and mutation of the
�-TrCP-binding site caused independent and additive impair-
ments of Vpu’s ability to enhance virion release (Fig. 8C): Vpu
CH077-W76G was just as impaired for enhancement of virion
release as Vpu CH077-S52,56N, and the Vpu with both S52,56N
and W76G substitutions had no activity. To ensure a direct com-
parison between the phenotypes of BST2 downregulation and en-
hancement of virion release, we assessed surface BST2 on the cells
used for the virion release assays (Fig. 8E), which confirmed the
findings of experiments where Vpu was expressed in the absence
of viral assembly (Fig. 8B). Immunoblot analysis of cell lysates
(Fig. 8D) revealed that the changes in the virion release enhance-
ment phenotype were not due to differential expression of the

FIG 8 Functional consequences of W76G site-directed mutation compared to mutation of �-TrCP-binding sites S52,56N in the background of a highly functional Vpu
allele (CH077). (A) Effects of W76G and S52,56N mutations, alone and in combination, on surface downregulation of CD4 by CH077 Vpu. Data are expressed relative
to NL4-3 Vpu as described for Fig. 2D. The values shown are means of the results of two experiments performed in duplicate. Error bars are the standard deviations. (B)
Effects of W76G and S52,56N mutations on surface downregulation of BST2. Data are expressed relative to NL4-3 Vpu as described for Fig. 2E. The values shown are
means of the results of two experiments performed in duplicate. Error bars are the standard deviations. (C) Virion release enhancement by the Vpu proteins. Pelletable
p24 antigen was measured by ELISA in supernatants from cultures of the cells analyzed as described for panel E which were transfected with the Vpu expression plasmid
and NL4-3 �Vpu as described for Fig. 5D. Error bars represent the standard deviations of the results of quadruplicate experiments. (D) Immunoblot analysis of the
expression of site-directed Vpu mutants and controls. Lysates from cells transfected for FACS analysis as described for panels A and B were analyzed for actin and Vpu
(FLAG) by immunoblotting. (E) Surface downregulation of BST2 in cells cotransfected with provirus lacking Vpu (NL4-3 �Vpu) and the indicated Vpu-FLAG
expression constructs. The day after transfection, the cells were analyzed by flow cytometry. The two-color plots show BST2 expression (y axis) versus intracellular p24
expression (x axis). Results are representative of two experiments performed in duplicate.
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W76G and S52,56N mutants. The additive effects of W76G and
S52,56N mutations on virion release enhancement suggest that
these mutations are acting at different steps through which Vpu
counteracts the restriction imposed by BST2. Moreover, the data
support the hypothesis that W76 is important for an aspect of
BST2 antagonism that is disassociated mechanistically from sur-
face downregulation and degradation.

We further confirmed the effects of the W76G substitution by
characterizing site-directed mutants in the NL4-3 proviral con-
text. HeLa P4-R5 cells were infected with virus made by transfec-
tion of HEK293T cells with proviral plasmids encoding NL4-3
�Vpu (pNL43/Udel), NL4-3, NL4-3-Vpu-S52,56N, NL4-3-Vpu-
W76G, or NL4-3-Vpu-S52,56N-W76G. After 5 h of incubation,
viral supernatants were removed from the HeLa cells, the cells
were washed twice with PBS, and fresh cell culture medium was
added. After 30 h, viral supernatants were taken for p24 ELISA and
cells were harvested for immunoblot and FACS analysis for sur-
face BST2 and intracellular p24. As with the CH077 mutant stud-
ied in trans, NL4-3-Vpu-W76G was not substantially impaired for
BST2 surface downregulation (Fig. 9A and B). In the NL4-3 pro-
viral context, the S52,56N mutation markedly impaired the down-
regulation of BST2. When the S52,56N mutation was combined
with W76G (W76G-S52,56N), BST2 surface expression was, in
fact, slightly upregulated (Fig. 9A and B). Virion release was im-
paired for both NL4-3-Vpu-W76G and NL4-3-Vpu-S52,56N
(Fig. 9C).

Importantly, these mutations had additive effects on virion
release: the combination proviral mutant NL4-3-Vpu-S52,56N-
W76G was as impaired in virion release as virus lacking Vpu (Fig.
9C). Immunoblot analysis confirmed equal levels of expression of
Gag/p55 in the provirus-transfected cells (Fig. 9D). Since a minor-
ity of the cells were infected, the BST2 degradation phenotype was
not evident by immunoblot analysis (Fig. 9D). Less Vpu-W76G
and Vpu-S52,56N-W76G protein was detected by immunoblot
analysis performed with anti-Vpu antiserum than was detected in
the case of the NL4-3 Vpu and Vpu-S52,56N proteins (Fig. 9D),
suggesting that Vpu with the W76G mutation might be more
poorly expressed in the NL4-3 proviral context. However, FLAG-
tagged NL4-3 Vpu-W76G and CH077 Vpu-W76G mutants pro-
vided in trans and assessed by anti-FLAG immunoblot analysis
(Fig. 7D) were expressed just as well as NL4-3 Vpu-FLAG and
CH077 Vpu-FLAG, respectively. These data support the notion
that the rabbit anti-Vpu antiserum does not detect W76G variants
as well as the wild-type Vpu. Nonetheless, Vpu-W76G was char-
acterized by robust BST2 downregulation activity, suggesting that
this effect is not necessarily sufficient to yield enhanced virion
release.

Tryptophan 76 is not required for colocalization of Vpu and
BST2. We determined the intracellular distribution of NL4-3 Vpu
site-directed mutants W76G, S52,56N, and W76G-S52,56N as it
related to BST2 to determine whether changes in the colocaliza-
tion of these proteins accounted for the impaired virion release

FIG 9 Functional consequences of W76G alone and in combination with S52,56N mutations in the context of NL4-3 virus. (A) Surface downregulation of BST2
in HeLa P4-R5 cells infected with NL4-3 virus or the indicated viral mutants at a multiplicity of infection of 0.2. Viral supernatants were added to the cells for 5
h, the cells were washed, and then fresh culture medium was added. At 30 h after infection, the cells were analyzed by flow cytometry. The two-color plots show
BST2 expression (y axis) versus intracellular p24 expression (x axis). Results are representative of three experiments performed in triplicate. (B) Relative levels of
BST2 downregulation by site-directed viral mutants as described for panel A. Data are expressed relative to NL4-3. The values shown are means of the results of
the representative experiment described in the panel A legend and performed in triplicate. Error bars are the standard deviations. (C) Virion release by Vpu
mutant provirus. Pelletable p24 antigen was measured by ELISA in supernatants from cultures of the cells analyzed as described for panels A and B which were
infected with the indicated Vpu mutant viruses. Error bars are the standard deviations of triplicate experiments. (D) Immunoblot analysis of the expression of
Vpu from cells infected with viral mutants. Cell lysates were analyzed for Gag, actin, BST2, and Vpu by immunoblotting.
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enhancement activity of the W76G and combination W76G-
S52,56N mutants. HeLa P4-R5 cells were cotransfected with plas-
mids expressing NL4-3 Vpu, NL4-3 Vpu-W76G, NL4-3 Vpu-
S52,56N, or NL4-3 Vpu-W76G-S52,56N and Rev (pcRev-E2).
The next day, cells were fixed, permeabilized, and stained for Vpu
and BST2 as described in Materials and Methods. As shown in Fig.
10, the intracellular distributions of the Vpu proteins (in green,
left column) were not markedly different: each Vpu protein con-
centrated in a perinuclear region as well as in more peripheral
endosomes. Likewise, the colocalizations of Vpu proteins and
BST2 (in red) were similar among the mutants and indistinguish-
able from the wild-type results (merged images in the right col-
umn of Fig. 10). These data suggest that the impaired virion re-
lease enhancement activity of the W76G Vpu mutant is not the
result of mislocalization away from BST2, a conclusion supported
by the preserved ability of this protein to downregulate BST2.

DISCUSSION

Despite facing the robust type I interferon response of acute infec-
tion and the associated upregulation of BST2 (17), the transmit-
ted/founder Vpu proteins tested here are no better at BST2 down-
regulation or enhancement of virion release than the “prototype”

clade B VpuNL4-3 or the clade B Vpu proteins obtained from a
cohort of chronically infected patients. These results suggest that
the recent observation that clade B T/F viruses (some of which
were the originating proviruses of the Vpu proteins studied here)
are relatively more resistant to interferon than chronic clade B
controls (45) is not likely related to an optimized anti-BST2 activ-
ity of Vpu. However, we observed a trend toward superior CD4
downregulation activity of the evaluated T/F Vpu proteins com-
pared to VpuNL4-3 and the chronic Vpu proteins. This raises the
possibility that the anti-CD4 activity of Vpu plays a role in trans-
mission, possibly through consequent enhancement of the infec-
tivity of newly produced virions. This hypothesis is consistent
with recent results indicating that T/F viruses exhibit enhanced
cell-free infectivity and greater virion incorporation of envelope
glycoprotein (45).

Examination of the amino acid sequences of primary Vpu iso-
lates with differential anti-BST2 activities suggested that the con-
served tryptophan at position 76 near the protein’s C terminus is
important for the Vpu-mediated enhancement of virion release
but is less critical for the downregulation of BST2 from the cell
surface. This conclusion was directly supported by site-directed

FIG 10 Subcellular distribution and colocalization of Vpu site-directed mutants with BST2. HeLa P4-R5 cells were cotransfected with plasmids expressing the
indicated NL4-3 Vpu-FLAG site-directed mutants and Rev. The following day, Vpu and BST2 were visualized as described in Materials and Methods, using
polyclonal rabbit anti-Vpu and monoclonal mouse anti-BST2 antibodies. The left column shows anti-Vpu staining, the middle column shows anti-BST2
staining, and the right column shows a merged image in which Vpu is green and BST2 is red, with the overlap in yellow. Scale bar, 20 �m.
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mutagenesis of both NL4-3 and a highly functional T/F Vpu pro-
tein (CH077). Specifically, the naturally occurring W76G poly-
morphism is associated with impaired enhancement of virion re-
lease but preserved BST2 surface downregulation. Site-directed
mutants encoding W76G were similarly impaired whether pro-
vided in trans or in the context of a replication-competent virus.
Moreover, reciprocal mutation of the impaired primary Vpu pro-
teins from glycine to a tryptophan at position 76 rescued the virion
release enhancement phenotype of the impaired primary Vpu
proteins (CH040 and N988 chronic-1). We found that W76G
alone or in combination with S52,56N had no effect on the colo-
calization of Vpu with BST2. Importantly, evaluation of the com-
bination mutant encoding S52,56N (which abrogates binding to
�-TrCP) and W76G indicated that these mutations are additive,
and thus their effects are likely mechanistically distinct.

The mechanism by which W76 specifically contributes to the
enhancement of virion release by Vpu is unclear, but it appears to
be independent of the downregulation of BST2 from the cell sur-
face. Also, given the additive nature of its contribution to the
release enhancement phenotype of the �-TrCP-binding mutant
S52,56N, the mechanism is also apparently independent of the
degradation of BST2. The contribution of W76 might involve the
recently described ability of Vpu to displace BST2 from virion
budding sites in the plane of the plasma membrane (12). This
phenotype mapped to the C-terminal �-helix in the Vpu cytoplas-
mic domain, which is adjacent to the unstructured extreme C
terminus in which W76 resides. Interestingly, the displacement
effect is phenotypically additive with the effect of �-TrCP, remi-
niscent of the additive effect of the W76G and S52,56N mutations
described here. But rather than accounting for the residual activity
of a Vpu mutant with substitutions of serines 52 and 56 that lacks
the ability to bind �-TrCP and is essentially defective in down-
regulating BST2 (12), the phenotype of the W76G variants shown
here suggests that the overall downregulation of cell surface BST2
is not sufficient for the antagonism of restricted virion release.

Currently, we hypothesize that despite the downregulation of
total cell surface BST2 by Vpu W76G, sufficient BST2 likely re-
mains at virion budding sites to preserve the restriction of release.
How W76 would specifically enable Vpu to exclude BST2 from
budding sites remains to be elucidated. Nonetheless, we speculate
that Vpu might require such an activity due to the timing of its
expression. We note that Vpu, like Gag, is a Rev-dependent pro-
tein that is expressed relatively late in the virus replication cycle.
Vpu has no “head start” to remove BST2 from the cell surface
before the onset of viral assembly, as might be the case for the SIV
Nef proteins that antagonize BST2 (reviewed in reference 6).
Thus, optimal Vpu activity with respect to the enhancement of
virion release might require a mechanism that enables the antag-
onism of BST2 that is poised to associate with assembling virions,
and we hypothesize that this mechanism requires W76. Notably,
W76 is a conserved feature of clade B Vpu proteins such as those
studied here, as well as clades D and G, but it is not conserved
within one of the most prevalent clades of group M HIV-1, clade
C. This lack of conservation might be explained by alternative
sequences at the extreme C terminus of Vpu proteins that provide
a functional contribution similar to that of W76. Alternatively, the
downregulation of BST2 from the cell surface, an activity for
which W76 is dispensable, might actually be a more robustly con-
served phenotype than the enhancement of virion release.

In summary, the members of the subset of clade B T/F Vpu

proteins studied here do not appear to be superior to Vpu proteins
from a group of chronically infected persons with respect to their
anti-BST2 activity, although they may be optimized for CD4
downregulation. Whether the enhanced anti-CD4 activity of T/F
Vpu proteins generally plays a role in transmission requires fur-
ther study. In addition, the study of Vpu proteins encoded by
primary isolates led us to identify C-terminal residue W76 as im-
portant for enhancement of virion release by clade B Vpu by a
mechanism that is not associated with the removal of BST2 from
the cell surface.
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