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The C-Terminal End of HIV-1 Vpu Has a Clade-Specific
Determinant That Antagonizes BST-2 and Facilitates Virion
Release

Shilpi Sharma,a Moein Jafari,a Amandip Bangar,a Karen William,a John Guatelli,a,b Mary K. Lewinskia,b

aDepartment of Medicine, University of California San Diego, La Jolla, California, USA
bVA San Diego Healthcare System, San Diego, California, USA

ABSTRACT The cellular protein bone marrow stromal antigen-2 (BST-2)/tetherin acts
against a variety of enveloped viruses by restricting their release from the plasma mem-
brane. The HIV-1 accessory protein Vpu counteracts BST-2 by downregulating it from the
cell surface and displacing it from virion assembly sites. Previous comparisons of Vpus
from transmitted/founder viruses and between viruses isolated during acute and chronic
infection led to the identification of a tryptophan at position 76 in Vpu (W76) as a key
determinant for the displacement of BST-2 from virion assembly sites. Although present
in Vpus from clades B, D, and G, W76 is absent from Vpus from clades A, C, and H. Mu-
tagenesis of the C-terminal region of Vpu from two clade C viruses led to the identifica-
tion of a conserved LL sequence that is functionally analogous to W76 of clade B. Ala-
nine substitution of these leucines partially impaired virion release. This impairment was
even greater when the mutations were combined with mutations of the Vpu �-TrCP
binding site, resulting in Vpu proteins that induced high surface levels of BST-2 and re-
duced the efficiency of virion release to less than that of virus lacking vpu. Microscopy
confirmed that these C-terminal leucines in clade C Vpu, like W76 in clade B, contribute
to virion release by supporting the displacement of BST-2 from virion assembly sites.
These results suggest that although encoded differently, the ability of Vpu to displace
BST-2 from sites of virion assembly on the plasma membrane is evolutionarily conserved
among clade B and C HIV-1 isolates.

IMPORTANCE Although targeted by a variety of restriction mechanisms, HIV-1 estab-
lishes chronic infection in most cases, in part due to the counteraction of these host de-
fenses by viral accessory proteins. Using conserved motifs, the accessory proteins exploit
the cellular machinery to degrade or mistraffic host restriction factors, thereby counter-
acting them. The Vpu protein counteracts the virion-tethering factor BST-2 in part by
displacing it from virion assembly sites along the plasma membrane, but a previously
identified determinant of that activity is clade specific at the level of protein sequence
and not found in the clade C viruses that dominate the pandemic. Here, we show that
clade C Vpu provides this activity via a leucine-containing sequence rather than the
tryptophan-containing sequence found in clade B Vpu. This difference seems likely to re-
flect the different evolutionary paths taken by clade B and clade C HIV-1 in human pop-
ulations.

KEYWORDS BST-2, Vpu, host-pathogen interactions, human immunodeficiency virus,
molecular biology, restriction factors, virology, virus-host interactions

A variety of host restriction factors have evolved as a first line of innate defense against
viral pathogens. In the case of primate lentiviruses, these host factors include the

APOBECs, TRIM5�, SAMHD1, the SERINCs, and BST-2 (bone marrow stromal antigen-2).
APOBEC proteins introduce hypermutations in human immunodeficiency virus type 1
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(HIV-1) reverse transcripts (1); TRIM5� destabilizes the capsid, thereby inhibiting reverse
transcription (2, 3); SAMHD1 depletes the intracellular pool of deoxynucleoside triphos-
phates (dNTPs) to block reverse transcription (4–8); SERINCs inhibit the infectivity of
progeny virions (9, 10); and BST-2 inhibits virion release by tethering virions to the cell
surface (11, 12).

Constitutively expressed in certain cell types (B and T cells, plasmacytoid dendritic
cells, myeloid cells, and many transformed cell lines) and interferon inducible in others,
BST-2 (also known as tetherin, CD317, and HM1.24) is a type II transmembrane protein
with an unusual topology that enables it to trap newly formed enveloped virions on
cellular membranes (11, 12). BST-2 has a short N-terminal cytoplasmic domain, a
transmembrane domain, an �-helical ectodomain, and a C-terminal glycosylphosphati-
dylinositol (GPI) membrane anchor. Like other GPI-modified proteins, BST-2 localizes to
lipid rafts (13), which are also the budding sites of HIV virions (14). The BST-2 ectodo-
main dimerizes to form a rigid coiled-coil region that keeps the transmembrane and GPI
membrane anchors separated such that one can partition into the budding virion while
the other remains in the plasma membrane, thereby forming a virion-cell tether. The
virion-tethering activity of BST-2 is not specific to HIV; BST-2 restricts the release of
several enveloped viruses, including all retroviruses tested so far, arenaviruses (Lassa
virus), filoviruses (Ebola and Marburg virus-like particles]), and Kaposi’s sarcoma-
associated herpes virus (KSHV) (11, 12, 15–18). In addition to its activity as a restriction
factor, BST-2 induces NF-�B activity in response to viral infection and consequently
proinflammatory signaling; this activity may or may not be linked to its tethering activity
(19, 20). BST-2 also seems important for the development of antiviral cell-mediated immu-
nity, which might be a consequence of a role in the degradation of viral proteins or the
display of viral peptides by major histocompatibility complex class II (21). To keep pace with
their hosts, viruses have evolved specific antagonists of BST-2. These include the Env
glycoprotein of HIV-2 (22, 23), Nef of simian immunodeficiency virus (SIV) (24, 25), the Ebola
glycoprotein (16), the K5 protein of KSHV (17, 26), and Vpu of HIV-1 (11, 12).

The BST-2 antagonist Vpu is unique to HIV-1 and its primate lentiviral predecessors.
Vpu is a short, oligomeric, type I integral transmembrane protein. Its cytoplasmic
domain can be subdivided structurally into �-helices 1 and 2, which are separated by
a hinge region (27, 28). The hinge region contains two conserved serines that are
phosphorylated by casein kinase II and form a DSGxxS �-TrCP recognition motif (29–31).
When Vpu interacts with its targets (in the case of BST-2, via the two proteins’ transmem-
brane domains), the phosphorylated DSGxxS sequence recruits �-TrCP, a substrate adaptor
for an SCF (Skp1/Cullin/F-Box protein) E3 ubiquitin ligase complex. Via this interaction, Vpu
induces the ubiquitination and subsequent degradation and mistrafficking of cellular
proteins, including CD4 and BST-2 (32–37). However, mutants of the �-TrCP binding motif
in Vpu are only partially impaired in counteracting BST-2-mediated restriction of virion
release.

In addition to targeting BST-2 for ubiquitination and degradation, Vpu inhibits newly
synthesized BST-2 from reaching the cell surface (38), and it inhibits the recycling of
endocytosed BST-2 (39, 40). In addition to binding the SCF E3 ligase complex, the
DSGxxS motif of Vpu also binds to the clathrin adaptor protein complexes AP-1 and
AP-2 in cooperation with an acidic leucine-based motif (ExxxLV) in helix 2 (41, 42). These
interactions contribute to the downregulation of BST-2 from the cell surface and its
sequestration in a perinuclear compartment (42–45).

Moreover, several lines of evidence suggest that the degradation and downregula-
tion of BST-2 is only weakly correlated with Vpu’s ability to enhance virion release
(46–48). As noted above, a Vpu hinge-serine mutant unable to bind �-TrCP retains
partial activity in enhancing virion release, even though it is unable to downregulate
BST-2 (47). This partial activity was explained by the displacement of BST-2 from virions
(Gag) in the plane of the plasma membrane, an activity independent of the hinge
region phosphoserines and of BST-2 downregulation and that mapped to Vpu cyto-
plasmic helix 2 (47). Conversely, while characterizing Vpus from inferred transmitted/
founder viruses and while comparing Vpus cloned from longitudinally collected plasma
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from patients during the acute and chronic phases of infection, we identified clade B
Vpus that were impaired for enhancing virion release yet were able to downregulate
BST-2 and CD4 (49). The defect in these Vpus mapped to a W76G polymorphism near
their C termini. We used immunofluorescence microscopy to support the hypothesis
that W76, like helix 2, is required for the displacement of BST-2 from Gag. Using nuclear
magnetic resonance (NMR) spectroscopy, we found that the C terminus of Vpu and
particularly W76 interacted with and inserted into lipids, leading to a model in which
W76 anchors the C terminus to the plasma membrane and enables Vpu to displace
BST-2 from virion assembly sites (50). Remarkably, W76, while well conserved in clade
B, D, and G Vpu proteins, is absent from clades A, C, and H.

Here, we address the question of whether clade C Vpu encodes BST-2 displacement
activity and, if so, by what means. We identify a short motif containing two adjacent
leucine residues in the C terminus of clade C Vpu that is functionally analogous to W76
of clade B. These leucines contribute to the displacement effect, and when they are
mutated together with the hinge region phosphoserines, Vpu-mediated enhancement
of virion release is lost.

RESULTS
Vpu proteins differ in their C-terminal regions. Figure 1A shows a sequence

alignment of the consensus sequences of Vpu from various clades. All the sequences
were obtained from the Los Alamos National Laboratory (http://www.hiv.lanl.gov/) (51).
The Vpu proteins from the various clades share about 35% sequence identity, with a
high degree of similarity in the transmembrane (TM) region, helix 1, and the hinge
region. Helical region 2 and the C terminus are more variable. Vpu enhances virion
release by downregulating BST-2 from the cell surface and by displacing BST-2 from
virion assembly sites (47, 50). The tryptophan at position 76 in helix 2 was previously
identified in clade B as essential for the BST-2 displacement phenomenon (49, 50), but

FIG 1 C-terminal region of Vpu is relatively variable. (A) A multiple-sequence alignment of Vpu proteins from various clades
of HIV-1, generated using Clustal-Omega (EMBL) software. Shown are the consensus sequences from the indicated clades from
the LANL database (51). The conserved �-TrCP-binding phosphoserines are boxed in red, and the location of the conserved
tryptophan (W76) in clades B, D, and G is indicated by the red arrow. (B) Sequence alignment of HIV-1 Vpu proteins from MJ4
(infectious molecular clone of clade C HIV-1, used in this study) and NL4-3 (representative of clade B).
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while this tryptophan residue is well conserved in clades B, D, and G, it is absent from
clades A, C, and H. W76 is part of the conserved sequence HAPW in clades B and D. The
sequence in clade C Vpu that aligns with the HAPW sequence of clade B Vpu is LRLL,
as shown in Fig. 1A. The entire LRLL sequence is highly conserved in clade C, with
prior studies noting that it was lacking in only 6 out of 115 subtype C viruses
surveyed (52, 53).

The diphosphoserine �-TrCP-binding motif of clade C Vpu does not fully
account for the enhancement of virion release. For clade B Vpu, the conserved
diphosphoserine motif in the hinge region is the major driver of BST-2 degradation and
downregulation, but this motif and these processes do not fully account for the
enhancement of virion release (36, 37, 48). Phosphoserine mutants retain partial activity
with respect to virion release, and this has been attributed to Vpu’s ability to displace
BST-2 from virion assembly sites (47). Therefore, we first evaluated whether or not the
phosphoserines of clade C Vpu behave similarly to those of clade B. To do so, we
measured residual virion release enhancement activity when the serines were
replaced with asparagines. We used pMJ4, an HIV-1 clade C chimeric infectious
molecular clone, for these studies (54). Figure 1B shows an alignment of the clade
C MJ4 and clade B NL4-3 Vpu proteins, showing the clade-specific differences
between the two proteins in their C termini. We first made a vpu-negative construct
(pMJ4ΔVpu) by inserting termination codons in place of residues 10 and 13. To
complement the MJ4ΔVpu provirus with Vpu in trans, we cloned the vpu coding
sequence from pMJ4 into a pcDNA3.1(�)-based (Invitrogen) plasmid with a Rev
response element (RRE) downstream of the cloning site, pcDNA-RRE (49), adding a
FLAG epitope tag to the C terminus. To create the �-TrCP-binding mutant of MJ4
Vpu, the two serines at positions 58 and 62 were replaced with asparagines (S58N
and S62N; here referred as S58,62N). HeLa P4-R5 cells, which constitutively express
BST-2, were transfected with pMJ4ΔVpu, either alone or in combination with
plasmids expressing either wild-type MJ4-Vpu or the �-TrCP-binding mutant
S58,62N. The next day, the cells were stained for surface BST-2 and intracellular Gag
to evaluate BST-2 downregulation, while the released virions were pelleted through
a 20% sucrose cushion and quantified by p24 enzyme-linked immunosorbent assay
(ELISA). As seen in Fig. 2A, the expression construct encoding wild-type MJ4-Vpu
trans-complemented the MJ4ΔVpu genome, enhancing the release of virions by
over 6-fold (comparing the first and second bars). The S58,62N mutant, in contrast,
enhanced the release of virions only about 3-fold. These data recapitulate the
previously reported phenotypes of mutants of the clade B Vpu �-TrCP-binding
motif. Also similar to clade B Vpu, whereas the wild-type clade C Vpu downregu-
lated BST-2 from the cell surface, the S58,62N mutant did not (Fig. 2B). These
differences were not due to differential expression of the Vpu proteins; as seen in
Fig. 2C, the S58,62N mutant was better expressed than the wild type, despite its
impaired activity. The ability of the �-TrCP binding site mutant to enhance virion release
indicated the presence of additional determinants in clade C Vpu that contribute to the
antagonism of BST-2-mediated restriction.

The C terminus of clade C Vpu has determinants that support the enhancement
of virion release. We studied the 78LRLL81 region of the clade C Vpu C terminus, since,
as noted above, this region aligns with the 73HAPW76 region of clade B Vpu (Fig. 1B).
The sequence of MJ4 Vpu, highlighting the positions of the two phosphorylated serines
and the C-terminal residues that we mutated, is shown in Fig. 2D. The various mutants
and their activity with respect to enhancing virion release and downregulating BST-2
from the cell surface are summarized in Table 1. First, we made single, double, and
quadruple mutants of the 78LRLL81 residues, replacing these residues with alanines.
These mutants were then expressed in HeLa P4-R5 cells along with the vpu-negative
proviral clone of MJ4, pMJ4ΔVpu, and their activity was assessed compared to that of
wild-type Vpu. First, we measured the ability of these mutants to enhance virion
release. As seen in Fig. 3A, all the mutants were able to enhance virion release, albeit
to different extents and in some cases significantly less effectively than wild-type Vpu.
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The �-TrCP binding site mutant (S58,62N) was again significantly but incompletely
impaired. Mutants of the LRLL sequence had variable phenotypes but supported the
hypothesis that this region contributes to virion release: the L78A, L80A, LL80,81AA,
and LRLL78-81AAAA mutants each were significantly impaired for virion release, al-
though the LR78,79AA mutant was not. We also replaced the LRLL region of clade C
Vpu with the HAPW sequence from clade B Vpu; this swap mutant was slightly impaired
but not statistically different from the wild type. These results suggest that the leucine
residues, particularly L80 and L81, contribute to the enhancement of virion release. We
next measured the ability of these mutants to downregulate BST-2 from the cell surface.
The cells used for the virion release assays were stained with Alexa Fluor 647-
conjugated anti-BST-2 antibody, permeabilized, and stained with fluorescein iso-
thiocyanate (FITC)-conjugated anti-Gag p24 antibody. We gated on Gag-positive
cells to measure the effects of the various Vpu mutants on BST-2 at the cell surface.
As seen from the graph in Fig. 3B and the two-color plots in Fig. 3C, all mutants of
one or more of the LRLL residues downregulated BST-2 similarly to wild-type Vpu,
indicating that their defect in virion release was not due to impaired BST-2
downregulation. Figure 3B shows the mean fluorescence intensities (MFIs) of the

FIG 2 Clade C Vpu-S58,62N retains partial activity at enhancing virion release despite its inability to
downregulate BST-2. (A) HeLa P4-R5 cells were transfected with proviral MJ4ΔVpu plasmid with empty
vector or in combination with expression constructs of wild-type Vpu or the �-TrCP-binding mutant
Vpu-S58,62N in duplicate. The next day, the supernates were harvested and pelleted over 20% sucrose
cushions and then evaluated for Gag content by p24 ELISA. Ratio paired t test, compared to results for
wild-type Vpu, was performed on unnormalized data from three independent experiments using
GraphPad Prism (version 7.0c). **, P � 0.01. Error bars are standard deviations. (B) The cells from a
representative experiment shown in panel A were harvested and stained for cell surface BST-2 expression
using Alexa Fluor 647-conjugated mouse anti-BST-2 antibody and then permeabilized and stained with
FITC-conjugated mouse anti-Gag p24 antibody. The cells were fixed after staining and analyzed by flow
cytometry using FlowJo software. (C) The whole-cell lysates were blotted for the expression of Vpu
proteins using mouse anti-FLAG antibody, Gag p24 with mouse anti-HIV-1 gag, and anti-actin as a
loading control. This immunoblot is representative of three independent experiments. (D) The amino
acid sequence of MJ4 Vpu highlighting the serines and the C-terminal residues (large font) which were
mutated for this study. The extracellular region is in green, the TM domain is in black, and the
cytoplasmic tail is in red.
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BST-2 surface stain in the presence of these Vpu proteins compared to when Vpu
was absent (ΔVpu) and confirms that the activities of the 78LRLL81 region mutants
are similar to that of the wild type. To ensure that the differences in virion release
were not due to the differences in the expression of the mutants or to variability of
the transfections, we measured the expression of the Vpu proteins by immuno-
blotting for FLAG (Vpu) and Gag (p55 and p24). As shown in Fig. 3D, all of the Vpu
mutants were expressed at least as well as the wild type. Thus, we conclude that the

78LRLL81 region, and more specifically residues L80 and L81, significantly contribute
to virion release, even though this region is dispensable for the downregulation of
BST-2 from the cell surface.

For clade B Vpu, mutation of W76, like mutation of the �-TrCP binding site, only
partially impairs virion release enhancement, but the combination of these muta-
tions renders Vpu inactive (49, 50). Therefore, we made similar combination mu-
tants of clade C Vpu and tested them for their ability to enhance virion release and
downregulate BST-2. When combined with mutation of the �-TrCP binding site,
C-terminal mutations within the 78LRLL81 region rendered Vpu inactive (Fig. 4A
to C); in particular, the single-residue substitutions L80A and L81A drastically
impaired virion release when combined with mutations at the �-TrCP binding site
(Fig. 4A, L80A�S58,62N and L81A�S58,62N). Paradoxically, virion release was lower
in the presence of these mutants than when no Vpu was expressed (ΔVpu). The
same phenotype was observed when mutations of both L80 and L81 were com-
bined with mutations of the �-TrCP binding site (LL/AA�S58,62N) or when muta-
tion of the entire 78LRLL81 sequence was combined with mutations of the �-TrCP
binding site (LRLL/AAAA�S58,62N). That these combination mutants would sup-
port less efficient virion release than the no Vpu condition was surprising. However,
measurement of surface BST-2 provided a potential explanation: not only were
these mutants unable to downregulate BST-2, their expression increased cell sur-
face BST-2 to more than that of the no Vpu condition (Fig. 4B and C). Western
blotting of the cell lysates confirmed that the expression levels of the Vpu mutants
were similar (Fig. 4D). Overall, the data indicate that L80 and L81 of clade C Vpu are
substantial contributors to virion release and that when these leucines are mutated
in combination with the serines of the �-TrCP binding site, Vpu’s ability to enhance
virion release is lost.

To confirm that these findings were a general feature of clade C Vpus, we cloned
and tested Vpu from a primary clade C isolate from early infection, clone

TABLE 1 Summary of clade C Vpu mutants with respect to their ability to enhance virion
release and downregulate BST-2

�-TrCP binding site
P value for impairment
in virion release
vs wild-type Vpua

Ability to
downregulate
BST-2 vs �VpuIntact Mutated

L78A �0.05 Yes
R79A NS Yes
L80A �0.05 Yes
L81A NS Yes
LR/AA NS Yes
LL/AA �0.05 Yes
LRLL/AAAA �0.05 Yes
LRLL/HAPW NS Yes

S58,62N �0.05 No
L78A � S58,62N NS No
R79A � S58,62N �0.05 No
L80A � S58,62N �0.05 No
L81A � S58,62N �0.01 No
LR/AA � S58,62N �0.01 No
LL/AA � S58,62N �0.01 No
LRLL/AAAA � S58,62N �0.01 No
LRLL/HAPW � S58,62N �0.05 No

aNS, not significant.
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QC406.70M.ENV.F3 (GenBank accession number FJ866133) (55, 56), referred to here
as C-133. A sequence alignment of the C-133 Vpu compared to MJ4 is shown in Fig. 5A.
We evaluated its activity and that of its �-TrCP-binding serine and C-terminal leucine
mutants compared to that of the MJ4 Vpu. Figure 5B shows that the ability of C-133
Vpu to enhance virion release is similar to that of MJ4 Vpu, as is its ability to
downregulate BST-2 from the cell surface (Fig. 5C) and its expression level (Fig. 5D). As
with MJ4 Vpu, mutation of the �-TrCP-binding serines 58 and 62 to asparagines
abrogated the downregulation of BST-2 from the cell surface (Fig. 5C) but only partially
impaired virion release (Fig. 5B). Conversely, and similar to MJ4 Vpu, mutation of L80
and L81 (LL/AA) in C-133 Vpu did not affect the downregulation of BST-2 from the cell
surface (Fig. 5C) but slightly impaired virion release (Fig. 5B). Mutation of both the
serines and leucines together (C-133 S58,62N�LL/AA) completely eliminated the ability

FIG 3 Characterization of C-terminal mutants of clade C Vpu. (A) Vpu mutants were analyzed for their ability to enhance virion release by measuring the
concentration of pelletable p24 antigen in the supernate by p24 ELISA in duplicate. Ratio paired t test, compared to data for wild-type Vpu, was performed
on unnormalized data from three independent experiments using GraphPad Prism (version 7.0c). *, P � 0.05; **, P � 0.01. Error bars are standard deviations.
(B) Downregulation of surface BST-2 by wild-type Vpu and Vpu mutants was analyzed by staining the cells with Alexa Fluor 647-conjugated anti-BST-2 antibody,
followed by permeabilization and staining with FITC-anti-p24. Cells were analyzed by flow cytometry using a BD Accuri C6 instrument, and the MFI for the AF647
channel was calculated after gating on live p24� cells using FlowJo software. The values for all the mutants from two independent experiments were normalized
to those for ΔVpu and plotted using GraphPad Prism (version 7.0c). Error bars are standard deviations. (C) The 2-color plots from a representative experiment
show BST-2 expression (y axis) versus intracellular p24 expression (x axis). (D) Immunoblot analysis of transfected cells to analyze the expression levels of the
Vpu mutants from a representative of three independent experiments. The star indicates a nonspecific band.
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of Vpu to antagonize BST-2, resulting in virion release levels similar to that of virus
lacking vpu (ΔVpu).

Mutations within the C terminus do not alter the subcellular localization of
clade C Vpu, but they impair the ability of Vpu to displace BST-2 from Gag in the
plane of the plasma membrane. Whereas clade B Vpu is primarily present in the
endoplasmic reticulum and Golgi network, studies of a different clade C Vpu fused to
enhanced green fluorescent protein found that it is also evident on the plasma
membrane (57, 58). To establish that the above-described mutations do not cause Vpu
to localize aberrantly, we examined transfected cells using immunofluorescence mi-
croscopy. HeLa P4-R5 cells were transfected with pMJ4ΔVpu, either alone or along with
various Vpu expression constructs. The next day, the cells were stained for BST-2 (red),
Vpu as FLAG (blue), and Gag p24 (green). Z-series were collected and projection images

FIG 4 Characterization of C-terminal mutants of Vpu in combination with �-TrCP binding site mutations S58N/S62N. (A) Vpu mutants were analyzed for their
ability to enhance virion release as described for Fig. 3. Ratio paired t test, compared to data for mutant Vpu-S58,62N, was performed on unnormalized data
from three independent experiments (of duplicates) using GraphPad Prism (version 7.0c). *, P � 0.05; **, P � 0.01; ***, P � 0.001. Error bars are standard
deviations. (B) Downregulation of surface BST-2 by the Vpu mutants was analyzed as described for Fig. 3 from two independent experiments. The values for
all the mutants were normalized to data for ΔVpu. Error bars are standard deviations. (C) The 2-color plots from a representative experiment show BST-2
expression (y axis) versus intracellular p24 expression (x axis). (D) Immunoblot analysis of transfected cells to analyze the expression levels of the Vpu mutants.
A star indicates a nonspecific band.

Sharma et al. Journal of Virology

June 2019 Volume 93 Issue 11 e02315-18 jvi.asm.org 8

https://jvi.asm.org


were created; representative fields are shown in Fig. 6. All the Vpu mutants are similarly
expressed, with typical juxtanuclear concentrations (presumably in the Golgi and
trans-Golgi network) as well as localization to the plasma membrane, with substantial
overlap between BST-2 and Vpu (purple in the merged panels on the right).

We next tested the hypotheses that clade C Vpu displaces BST-2 away from virion
assembly sites and that L80 and L81 contribute to this activity. To do this, we measured
the colocalization of BST-2 with Gag p24 in the plane of the plasma membrane. The
displacement effect is independent of the phosphoserines in clade B Vpu, and in their
absence BST-2 is not downregulated from the cell surface or degraded (which would
confound the colocalization measurements), so we studied the role of the C-terminal
leucines in the context of the S58,62N substitution (47, 50). HeLa P4-R5 cells were
transfected with pMJ4ΔVpu, either with empty vector or together with the Vpu
expression plasmids. The next day, the cells were stained for BST-2, Gag p24, and Vpu
(FLAG). To capture the cell surface in a reproducible manner, Z-series of images were
collected along and just above the cover glass, images were processed by a deconvo-
lution algorithm, and the single image plane adjacent to the cover glass was analyzed.
Figure 7A shows representative single-plane images of the bottom surface of the cells.
Colocalization of BST-2 and Gag (yellow in the fourth column of images, Gag�BST2)
appeared to be less when Vpu-S58,S62N was expressed than in cells without Vpu
(MJ4ΔVpu alone). This effect of Vpu-S58,62N was lost when either L80 or L81 was
replaced with alanine. To quantify these effects, we analyzed multiple single cells for
each condition (see dot plots of individual cells in Fig. 7B to D). Each cell was masked
completely in the image plane adjacent to the cover glass, and the intensity of Vpu as
well as Pearson correlation coefficients between BST-2 and Gag, and between BST-2
and Vpu, were calculated using SlideBook software (version 4.1; Intelligent Imaging
Innovations, Denver, CO). Because the expression of Vpu among individual cells was
variable, we included only those cells with Vpu intensities between 200 and 300 arbitrary
units (Fig. 7C) for subsequent analyses of BST-2/Vpu (Fig. 7B) and of BST-2/Gag (Fig. 7D)
colocalization. In these data, a value of �1 indicates perfect correlation, 0 indicates no

FIG 5 Characterization of a primary clade C Vpu and its phosphoserine and C-terminal dileucine mutants. (A) The sequence alignment of
MJ4 Vpu compared with the C-133 Vpu cloned from a primary clade C virus isolated from early infection was generated using
Clustal-Omega (EMBL) software. The �-TrCP-binding phosphoserines and dileucines mutated for these experiments are boxed in red. (B)
The indicated Vpu mutants were analyzed for their ability to enhance virion release as described for Fig. 3. The data shown are from four
independent experiments done in triplicate. Error bars are standard deviations. (C) Downregulation of surface BST-2 by the Vpu mutants
was analyzed as described for Fig. 3 for four independent experiments. The values for all the mutants were normalized to those for ΔVpu.
Error bars are standard deviations. (D) Immunoblots representative of four independent experiments were performed as described for Fig.
3D to analyze the expression of the Vpu mutants.
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correlation, and �1 indicates a negative correlation. All the Vpu proteins colocalized
similarly with BST-2 (Fig. 7B). In the absence of Vpu, BST-2 and Gag colocalized to a
moderate extent, but this colocalization was substantially and significantly decreased
when the �-TrCP binding mutant S58,62N was expressed (Fig. 7D). These data repre-
sent the BST-2/Gag displacement effect, which is independent of the Vpu phospho-
serines. When either the L80A or L81A substitution was added to the S58,62N mutant
(Fig. 7D, L80A�S58,62N and L81A�S58,62N), the displacement effect was largely lost,
and the colocalization of BST-2 and Gag approached that of the no-Vpu condition
(MJ4ΔVpu alone). Taken together, these data suggest that leucines L80 and L81 in clade
C Vpu are functionally analogous to W76 in clade B Vpu: they support the displacement
of BST-2 from Gag along the plasma membrane and, in doing so, contribute to optimal
virion release.

FIG 6 Mutations in the C terminus of Vpu do not affect subcellular localization. HeLa P4-R5 cells were
transfected to express MJ4ΔVpu alone or together with the indicated Vpu-S58,62N-FLAG-tagged mu-
tants. The next day, cells were fixed and permeabilized and then stained for BST-2 (red), blocked with
mouse serum, and lastly stained for Gag p24 (green) and FLAG (Vpu; blue). The slides were imaged using
a wide-field fluorescence microscope (Olympus) and analyzed using SlideBook software (version 4.1;
Intelligent Imaging Innovations, Denver, CO). For each field, a series of images along the z-stack was
collected and deconvolved using a no-neighbor method, and a projection image was created. Images
were assembled using Photoshop (Adobe) software. Vpu-expressing cells were outlined manually.
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Addition of a clathrin binding sequence to the C terminus of Vpu partially
rescues virion release activity of the phosphoserine and dileucine combination
mutant. We hypothesized that 80LL81 is part of a clathrin-binding motif, like L�p�(�),
where � is a bulky hydrophobic residue, p is a polar residue, and (�) is an acidic residue
(59). To test this hypothesis, we adopted the strategy employed by Kueck et al. (41) and
appended a clathrin box (CB) sequence from the HRS protein to our phosphoserine and
C-terminal dileucine mutants of MJ4 Vpu, and then we asked whether this rescued their
ability to antagonize BST-2 (Fig. 8). To assess specificity, we also appended a nonfunc-

FIG 7 L80 and L81 contribute to the displacement of BST-2 from virion assembly sites. (A) HeLa P4-R5 cells were transfected to express MJ4ΔVpu alone or
together with the indicated Vpu-S58,62N-FLAG-tagged mutants. The next day, the cells were fixed and permeabilized and then stained for BST-2 (red), blocked
with mouse serum, and lastly stained for Gag p24 (green) and FLAG (Vpu; blue). The slides were imaged using a wide-field fluorescence microscope (Olympus)
and analyzed using SlideBook software (version 4.1; Intelligent Imaging Innovations, Denver, CO). For each field, a series of images along the z-stack was
collected and deconvolved using a constrained-iterative method, and the section closest to the cover glass was chosen for analysis. Shown here are
representative images of such sections assembled using Photoshop (Adobe) software. Vpu-expressing cells were outlined manually. (B) Dot plot showing the
quantitated colocalization of Vpu with BST-2; each symbol represents the Pearson correlation coefficient for a single cell. Error bars are standard deviations. (C)
Dot plot depicting the expression levels (Cy5 intensity measurements) of Vpu, where each dot represents a single cell. Error bars are standard deviations. (D)
Dot plot showing the colocalization of Gag and BST-2 at the cell surface. Each dot represents the Pearson correlation coefficient for BST-2 with Gag, calculated
for individual cells. *, P � 0.001. Error bars are standard deviations. For panels B and D (except ΔVpu), only those cells with a Vpu (Cy5) intensity between 200
and 300 were analyzed.
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tional version of the clathrin box sequence (CM; amino acid sequence shown in Fig. 8A)
to the Vpu proteins. HeLa P4-R5 cells were transfected with these Vpu constructs
and vpu-negative provirus (pMJ4ΔVpu) as before. Cells were harvested for immu-
nostaining and analysis by flow cytometry, lysates were collected for immunoblot-
ting, and supernates were harvested to assess the quantities of released virions. The
representative immunoblots in Fig. 8B show that fusion of the CB sequence to
wild-type and S58,62N mutant Vpus dramatically decreased their expression (com-
pare lane 3 with 4 and lane 5 with 6 in the FLAG-Vpu row). In contrast, the LL/AA-CB
and (LL/AA�S58,62N)-CB proteins, as well as the corresponding -CM versions, were
all well expressed, allowing a comparison of their relative activities. The enhance-
ment of virion release by the Vpu-LL/AA mutant was not significantly affected by
either the CB or CM sequences (Fig. 8C). However, the CB sequence substantially
increased virion release when appended to Vpu-LL/AA�S58,62N. This increase did

FIG 8 Clathrin box sequence partially rescues the virion release activity of a Vpu phosphoserine and C-terminal leucine combination mutant. (A) Schematic
diagram of the clathrin box Vpu constructs. The CM sequence contains alanine substitutions of the LI residues in the CB sequence essential for binding to
clathrin. (B) HeLa P4-R5 cells were transfected with MJ4ΔVpu in the absence or presence of the indicated Vpu-CB or Vpu-CM constructs. After 24 h, the cells
were harvested and immunoblotted for the expression of Vpu (FLAG). (C) Vpu mutants were analyzed for their ability to enhance virion release as described
for Fig. 3 The data shown are from three independent experiments performed in duplicate. Error bars are standard deviations. (D) Downregulation of surface
BST-2 by the Vpu mutants was analyzed as described for Fig. 3 for two independent experiments. The values for all the mutants were normalized to those for
ΔVpu. Error bars are standard deviations.
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not approach the levels of wild-type Vpu or even the LL/AA or S58,62N individual
motif mutants, but it was specific to the CB and not the CM sequence. Cell surface
downregulation of BST-2 was not rescued by the addition of the CB sequence to any
mutant (Fig. 8D). Although appending the CB sequence to the Vpu-S58,62N mutant
failed to rescue either BST-2 downregulation or virion release, the strikingly low
expression of Vpu-S58,62N-CB relative to that of Vpu-S58,62N rendered this com-
parison problematic (Fig. 8B, compare lanes 5 and 6). Taken together, these data
suggest that a clathrin-binding sequence can partially provide the activity naturally
carried by L80 and L81 in the clade C Vpu C terminus with respect to enhancing
virion release, but whether this is due to clathrin binding or simply the hydrophobic
property of the sequence is unclear.

DISCUSSION

The accessory proteins of HIV-1 contribute to the establishment and spread of
infection by counteracting various innate and adaptive immune responses. In the case
of Vpu, the antagonism of BST-2 not only facilitates the dissemination of cell-free virions
but also decreases the amount of virion-associated Env glycoprotein on the surface of
the infected cell, thereby reducing the effectiveness of immune clearance mediated by
antibody-dependent cellular cytotoxicity (ADCC) (60–62). Although a relatively small
protein, Vpu is packed with a variety of motifs that enable the coopting of seemingly
diverse host cellular machinery, including short peptide sequences that bind to the
�-TrCP-containing cullin1-based E3 ubiquitin ligase complex and to clathrin adaptor
protein complexes. Together, these interactions enable Vpu to degrade and mistraffic
targets such as BST-2.

A unified model of Vpu activity has been elusive; instead, several mechanisms
appear to contribute, one of which is the apparent ability of Vpu to displace BST-2 from
Gag in the plane of the plasma membrane. This displacement activity presumably
provides nascent virions a means to escape entrapment by BST-2, even when the total
amount of BST-2 on the cell surface is not decreased. To our knowledge, the displace-
ment effect so far has been shown exclusively with clade B Vpu proteins. Moreover, it
depends on a residue, W76, which is not present in clades such as A and C. Here, we
show that the C-terminal region of clade C Vpu contains a conserved LL motif that
provides an activity analogous to that of W76 in clade B viruses: it contributes to
enhancing virion release in conjunction with the hinge region phosphoserines that
have a dual role in recruiting the ubiquitin-ligase and clathrin adaptor complexes, and
it supports the displacement of BST-2 from Gag in the plane of the plasma membrane.

What is the mechanism by which the LL motif functions? Given the hydrophobic
nature of the leucines and their similar position to W76 in clade B Vpu, they might, like
W76, provide a membrane-anchoring activity through which the Vpu C terminus is
fixed to the lipid bilayer (50). Alternatively, we considered that the sequence near the
C-terminal end of clade C Vpu is reminiscent of the clathrin-binding motif L�p�(�)
(59). Specifically, the sequence 78LRLLDVND85, in which the boldfaced residues are an
imperfect but near match to the foregoing clathrin-binding sequence, led us to
speculate that L80 and L81 support clathrin-binding activity. If so, then the C-terminal
Vpu mutants might be unable to direct BST-2 to clathrin coats. This might underlie the
mechanism of the displacement effect, if that effect involves the recruitment of BST-2
to clathrin-coated domains of the plasma membrane. However, when we appended the
HRS clathrin box (CB) sequence to the C-terminal end of our Vpu mutants, the effects
were inconclusive. Unexpected negative effects on protein expression prevented con-
firming that the CB sequence rescued the S58,62N mutation, as predicted by previous
work using the clade B Vpu from NL4-3 (41). The basis for these negative effects of the
CB sequence on protein expression at steady state are unclear, and remarkably they
occurred only when the C-terminal LL sequence was intact. Moreover, despite its
markedly reduced expression, the wild-type clade C Vpu appended with the CB
sequence paradoxically retained the ability to enhance virion release and to down-
regulate BST-2. One possibility is that the CB and LL sequences together yield an affinity
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for clathrin coats that causes Vpu to be degraded in lysosomes together with its targets.
Regarding the hypothesis that L80 and L81 are part of a clathrin-binding sequence, the
virion release phenotype of the Vpu-LL/AA�S58,62N mutant was partially rescued by
the CB sequence (and not by a related mutant of that sequence predicted not to bind
clathrin), but this rescue was not to the level of Vpu-S58,56N, as it should have been if
the CB sequence had substituted fully for L80 and L81.

The notion that clathrin coats are involved in the displacement effect is not without
precedent: the ExxxLV clathrin adaptor protein binding motif in helix 2 of the cyto-
plasmic domain of clade B Vpu was reported to support the displacement effect (47),
and the effect was reportedly inhibited by expression of a dominant-negative version
of the clathrin assembly protein AP180 and by knockdown of the AP-1 clathrin adaptor
via short interfering RNA (63). A caveat to the latter study is that the hinge phospho-
serines were reported as required for the displacement effect, whereas we and others
have found them dispensable and, by design, here have studied the effect in their
absence (47, 50, 63). Could W76 of clade B Vpu also be part of a clathrin-binding
sequence? This is plausible, since PWDLW is a clathrin-binding sequence and is remi-
niscent of the 75PWDID79 clade B sequence of which W76 is a part (59).

Does the LL motif in clade C support other activities that have been associated with
W76 in clade B Vpu, such as the downregulation of CD1d? The 74APW76 sequence of
clade B Vpu is reportedly required for the downregulation of CD1d (64). Clade C Vpu
proteins are relatively poorly active in this regard, but if those that are active require the

78LRLL81 or 80LL81 sequence, then the functional equivalency of these regions in clade
B and C Vpu proteins would be further supported.

A final question is the following: why have the different clades of HIV-1 evolved to
encode the BST-2 displacement activity differently? While the answer must be specu-
lative, we note that the W76G polymorphism in clade B Vpu occurs in a predicted
epitope for cytotoxic T lymphocytes (CTLs) and is probably a CTL escape mutation. In
our previous study of pairs of Vpu proteins derived from patients during the acute and
chronic stages of infection, the W76G polymorphism developed over time (49). Appar-
ently, the fitness cost of losing the displacement effect was less than that of remaining
susceptible to CTL activity. Conceivably, the clade C LL sequence might support the
displacement effect while providing a relatively poor target for CTLs.

In summary, we show that the C-terminal region of clade C Vpu harbors a dileucine
motif that, in conjunction with phosphoserines in the protein’s hinge region, plays an
important role in enhancing virion release. This sequence appears to function analo-
gously to W76 in clade B Vpu to support the displacement of BST-2 from virion
assembly sites. The mechanism of this effect and how it is supported by these different
sequences remains to be determined.

MATERIALS AND METHODS
Plasmids, cells, and reagents. The proviral plasmid pMJ4 was obtained through the NIH AIDS

Reagent Program, NIAID, NIH; HIV-1 MJ4 was from Thumbi Ndung’u, Boris Renjifo, and Max Essex (54).
The vpu-negative pMJ4ΔVpu was constructed by inserting termination codons in place of Vpu residues
10 and 13 using the QuikChange XL site-directed mutagenesis kit (Agilent). The vpu mutant clone
pMJ4-Vpu-S58,62N was constructed using QuikChange. For the Rev-dependent FLAG-tagged MJ4-
Vpu expression construct, the vpu coding region from pMJ4 was amplified by PCR with primers
designed to introduce a C-terminal FLAG tag, gel purified using a QIAquick gel extraction kit
(Qiagen), and then cloned into the pcDNA-RRE expression vector (described in reference 49) after
digestion of the purified PCR products and backbone with NheI and XhoI (NEB). Expression plasmids
encoding Vpu-L78A, Vpu-R79A, Vpu-L80A, Vpu-L81A, Vpu L78A,R79A (LR/AA), Vpu-L80A,L81A (LL/
AA), Vpu-L78A,R79A,L80A,L81A (LRLL/AAAA), and Vpu-L78H,R79A,L80P,L81W (LRLL/HAPW) with a
C-terminal FLAG tag were made by QuikChange site-directed mutagenesis (Agilent) of the MJ4-Vpu-
FLAG expression construct. Expression plasmids encoding Vpu-S58,62N�L78A, Vpu-S58,62N�R79A,
Vpu-S58,62N�L80A, Vpu-S58,62N�L81A, Vpu-S58,62N�L78A,R79A (LR/AA�S58,62N), Vpu-S58,62N�
L80A,L81A (LL/AA�S58,62N), Vpu-S58,62N�L78A,R79A,L80A,L81A (LRLL/AAAA�S58,62N), and Vpu-S58,62N�
L78H,R79A,L80P,L81W (LRLL/HAPW�S58,62N) with a C-terminal FLAG tag were made by site-directed
mutagenesis of the MJ4-Vpu S58,62N-FLAG expression construct using QuikChange. The C-133 Vpu
construct and mutants were cloned similarly from the following reagent, which was obtained through
the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: clone QC406.70M.ENV.F3 (GenBank
accession number FJ866133; catalog number 11910) from Julie Overbaugh (55, 56). The clathrin box (CB)
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sequence (AQLISFD) from HRS was inserted before the C-terminal FLAG tag using site-directed mutagen-
esis to create wtVpu-CB-FLAG, (S58,62N)-CB-FLAG, (LL/AA)-CB-FLAG, and (LL/AA�S58,62N)-CB-FLAG. The
mutated sequence (AQAASFD) of the HRS CB (referred to as CM) was also inserted before the C-terminal
FLAG tag using site-directed mutagenesis to create (LL/AA)-CM-FLAG and (LL/AA�S58,62N)-CM-FLAG. All
sequences were verified by Sanger sequencing (GENEWIZ).

Transfections. One day prior to transfection, HeLa P4-R5 cells were seeded in 12-well plates in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and penicillin-
streptomycin at a density of 180,000 cells per well. The next day they were transfected with either 600 ng
of proviral plasmid pMJ4ΔVpu plus 500 ng of empty vector [pcDNA3.1(�)] or 600 ng of proviral plasmid
pMJ4ΔVpu plus 500 ng of Rev-dependent Vpu-FLAG expression plasmid in duplicate using Lipo-
fectamine 2000 (Thermo Fisher Scientific). Cells and supernates were collected the next day and were
used for flow cytometry, p24 ELISA, and immunoblot analysis.

Virion release assays. Supernates from HeLa P4-R5 cells transfected with the proviral plasmid alone
or with Vpu expression constructs were collected and pelleted through 20% sucrose cushions. Super-
natant Gag was quantitated by p24 ELISA (Perkin-Elmer).

Immunoblots. Transfected HeLa P4-R5 cells were collected and lysed in 1� Laemmli sample buffer.
The lysates were run on 10% polyacrylamide gels, blotted onto polyvinylidene difluoride membranes,
and probed for actin (mouse anti-�-actin, AC-74; Sigma), FLAG (mouse anti-FLAG M2; Sigma), and Gag
(mouse anti-HIV-1 gag, MAB880-A; EMD Millipore), followed by goat anti-mouse-horseradish peroxidase
conjugate (Bio-Rad). The blots were developed using enhanced chemiluminescence substrate (Bio-Rad)
and imaged using the ChemiDoc MP system (Bio-Rad).

Flow cytometry. Transfected HeLa P4-R5 cells were stained with Alexa Fluor 647-conjugated mouse
anti-human CD317 (BST-2, RS38E; BioLegend) or its isotope control, Alexa Fluor 647-conjugated mouse
IgG1k, according to the manufacturer’s instructions. Cells were washed and then fixed and permeabilized
using the BD Cytofix/Cytoperm kit according to the manufacturer’s instructions. The cells were then
stained with FITC-conjugated anti-HIV-1 p24 antibody (KC57; Beckman Coulter) and analyzed using a BD
Accuri C6 flow cytometer and FlowJo software (TreeStar). Cell surface expression of BST-2 was quanti-
tated after gating on the live p24-positive population.

Immunofluorescence microscopy. Immunofluorescence microscopy was performed as described
previously (50), with some modifications. Briefly, HeLa P4-R5 cells were seeded at 100,000 cells per well
on glass coverslips in a 24-well plate a day before transfection. Cells were transfected with 450 ng of the
proviral plasmid pMJ4ΔVpu and 350 ng of FLAG-tagged Vpu expression constructs using Lipofectamine
2000 (Thermo Fisher). Four hours later, the culture medium was changed to complete DMEM, supple-
mented with 30 ng/ml of human alpha interferon A/D (Sigma) to increase BST-2 expression for improved
detection, and left overnight. The next day, the cell culture medium was aspirated and cells were washed
twice with phosphate-buffered saline (PBS). Cells were fixed using 3% paraformaldehyde for 15 min at
4°C. After two washes with PBS, cells were permeabilized using 0.2% NP-40 for 7 min at 4°C. Again, the
cells were washed twice and then were blocked with 5% donkey serum and 3% bovine serum albumin
in PBS for 30 min at 4°C. After a single PBS wash, cells were stained with a 1:300 dilution of mouse
anti-BST-2/HM1.24/CD317 antibody (Chugai Pharmaceutical Co., Kanagawa, Japan) for 30 min at 4°C.
After 4 washes with PBS, cells were stained with a 1:500 dilution of Rhodamine Red-X-conjugated donkey
anti-mouse antibody (Jackson ImmunoResearch) for 30 min at 4°C. After 5 washes with PBS, cells were
blocked with 5% mouse serum for 30 min at 4°C. After a PBS wash, cells were stained with FITC-
conjugated mouse anti-HIV-1 p24 antibody (KC57; Beckman Coulter), diluted 1:150, and AF647-
conjugated rabbit anti-FLAG, diluted 1:200 (Cell Signaling), for 30 min at 4°C. Cells were then washed 5
times with PBS, and coverslips were mounted on glass slides using Pierce gold antifade reagent (Pierce)
and were left to dry overnight before imaging. Images were acquired using a fluorescence microscope
(Olympus) and SlideBook (version 4.1; Intelligent Imaging Innovations, Denver, CO). For each field, series
of z-stacks closest to the cover glass were collected, images were deconvolved using the SlideBook
software Constrained Iterative (CI) method, and a representative single-image plane was chosen and
assembled using Photoshop software (Adobe).

For the quantitation of colocalization, the images were deconvolved using the CI method and a
single plane closest to the cover glass was chosen. A mask was made on the entire cell, and the Pearson
correlation coefficient between BST-2 and Gag and between BST-2 and Vpu was calculated for the whole
cell. For each cell analyzed, Vpu intensity was also calculated in all samples where Vpu expression
constructs were transfected along with the provirus. The values of Vpu intensity were plotted using
GraphPad Prism software. A midrange set of values of 200 to 300 was selected as an acceptable
expression level of Vpu. The Pearson correlation coefficients of BST-2 and Gag were plotted and analyzed
for only those cells which had a Vpu expression intensity between 200 and 300 arbitrary units.
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