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The human immunodeficiency virus type 1 (HIV-1) Vpu protein interacts with CD4 within the endoplasmic
reticula of infected cells and targets CD4 for degradation through interaction with ␤-TrCP1. Mammals possess
a homologue of ␤-TrCP1, HOS, which is also named ␤-TrCP2. We show by coimmunoprecipitation experiments that ␤-TrCP2 binds Vpu and is able to induce CD4 down-modulation as efficiently as ␤-TrCP1. In two
different cell lines, HeLa CD4ⴙ and Jurkat, Vpu-mediated CD4 down-modulation could not be reversed
through the individual silencing of endogenous ␤-TrCP1 or ␤-TrCP2 but instead required the two genes to be
silenced simultaneously.
acid protein which is constitutively phosphorylated by casein
kinase II at serine 52 and serine 56 (21). Vpu phosphorylation
is necessary for the recruitment of ␤-TrCP1 and CD4 degradation but not for CD4 binding (3). In contrast to cellular
substrates such as IB␣ and ␤-catenin, Vpu acts as an adapter
protein for targeting CD4 degradation. In infected cells, the
constitutive phosphorylation of Vpu leads to a competition
with the natural substrates of SCF␤-TrCP1 and a lower nuclear
translocation of NF-B upon tumor necrosis factor treatment
(2). Human cells possess a homologue of BTRC (encoding
␤-TrCP1), FBXW11 (HUGO gene nomenclature; also named
HOS or BTRCP2) (5, 9, 14), that encodes ␤-TrCP2. A redundant role for mammalian ␤-TrCP1 and ␤-TrCP2 in ubiquitination and degradation of IB␣ and ␤-catenin was proposed
on the basis of RNA interference analyses and data from mice
with genetic ablation of BTRC (11, 15, 19). In this study, we
determined whether ␤-TrCP2 shares with its homologue structural and functional properties that would allow it to bind Vpu
and modulate CD4 expression and, thus, participate in HIV-1
pathogenesis.
Conservation in the WD40 domains of ␤-TrCP1 and
␤-TrCP2. The homologues share 75% amino acid sequence
similarity (Fig. 1A). We built a model of ␤-TrCP2 by homology
modeling based on the known structure of ␤-TrCP1 (Protein
Data Bank code 1P22; http://www.rcsb.org/). The two homologues show striking structural similarities in their ligand-binding domains (Fig. 1B). Moreover, they show very similar electrostatic surface properties, with a conservation of the central
groove covered by positively charged amino acids that could
interact with the phosphorylated residues in the destruction
motif of the target proteins. Both homologues are expressed in
primary CD4⫹ T cells (data not shown).
Coexpression of Vpu with ␤-TrCP1 or ␤-TrCP2 induces a

CD4 down-modulation is essential for the production of
viral infectious particles (7). In human immunodeficiency virus
type 1 (HIV-1)-infected cells, CD4 undergoes rapid downmodulation through the independent action of three viral proteins: the gp160 precursor of the viral envelope glycoprotein
(Env), Nef, and Vpu (6; reviewed in references 7 and 8). Vpu
induces a rapid degradation of CD4 (3, 24) and promotes CD4
ubiquitination and proteasomal degradation by recruiting betatransducing repeat-containing protein 1 (␤-TrCP1) (4, 17).
␤-TrCP1 is the F-box protein that functions as the substrate
recognition subunit of the E3 ubiquitin ligase SCF␤-TrCP
(Skp1-Cullin-F-box) complex (20, 23). Mammalian SCF␤-TrCP
and Drosophila sp. SCF␤-TrCP have been implicated in the
regulation of NF-B (Dorsal) and Wnt/Wingless (Armadillo)
signal transduction pathways by mediating the ubiquitination
and degradation of NF-B inhibitor IB and transcriptional
coactivator ␤-catenin, respectively (9, 12, 13, 16, 22, 25, 26;
reviewed in reference 10). ␤-TrCP1 is characterized by an
N-terminal F-box domain (residues 139 to 186), which allows
the interaction with the other components of the complex via
Skp-1, and a C-terminal WD40 repeat domain (residues 253 to
545) that binds the substrate. The recognition of target proteins occurs through a phosphorylation-dependent destruction
motif, DSPG⌽XSP (where ⌽ represents a hydrophobic and X
any amino acid), that is present in both IB␣ and ␤-catenin.
This motif is also present in HIV-1-encoded Vpu, an 81-amino-
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FIG. 1. Sequence conservation of the WD40 domain of ␤-TrCP1
and ␤-TrCP2. (A) Amino acid sequence of the WD40 domain of
␤-TrCP1 (residues 260 to 569; upper line of each set) and ␤-TrCP2
(residues 233 to 542; lower line). Red arrows represent beta sheets.
For ␤-TrCP2, only the amino acids that differ from ␤-TrCP1 are
shown. (B) Left, ribbon representation of the ␤-TrCP1 X-ray structure.
Upper panel, top view of the ligand binding domain. Lower panel,
solvent-accessible surface of ␤-TrCP1, with the color indicating the
value of the electrostatic potential (red for negative regions, blue for
positive, and white for neutral). Right, ribbon representation and solvent-accessible surface of the ␤-TrCP2 model in the same orientation.

decrease in total cellular CD4 content. To construct the Vpugreen fluorescent protein (GFP) expression vector, the Vpu
sequence from HIV-1 strain NL4.3 was amplified by PCR and
subcloned into pEGFPN3 (Clontech). The mutation of serine
52 to alanine was performed by PCR to create the phosphorylation mutant VpuS52A-GFP. We tested whether the coexpression of the Vpu-GFP hybrid molecule with ␤-TrCP1 or

␤-TrCP2 modulated CD4 levels in HeLa CD4⫹ cells. We selected GFP⫹ cells by fluorescence-activated cell sorting
(FACS) prior to cell lysis and analysis by immunoblotting.
Vpu-GFP decreased total CD4 levels in the absence of any
other viral proteins, and its coexpression with either ␤-TrCP1
or ␤-TrCP2 resulted in a further decrease in CD4 levels (Fig.
2). The expression of ␤-TrCP1 or ␤-TrCP2 alone had no effect
on CD4 levels (data not shown).
␤-TrCP2 interacts with Vpu. The coexpression of Vpu-GFP
with ␤-TrCP2, followed by immunoprecipitation and immunoblotting analysis, revealed that ␤-TrCP2 associates with Vpu
(Fig. 3A). In order to evaluate the extent of CD4 down-modulation induced by Vpu-GFP, alone or in combination with
␤-TrCP1 or ␤-TrCP2, we used FACS to measure surface CD4
levels on GFP⫹ cells. Kinetics experiments indicated that the
maximal down-modulation induced by Vpu was reached 24 h
posttransfection and lasted until 48 h. For this reason, and
since Vpu was shown to contribute to apoptosis when expressed at longer times (1), we measured cell surface CD4
expression at 24 h posttransfection (Fig. 3B). Quantification
identified a 26% decrease in the number of CD4⫹ cells and a
50% decrease in the mean fluorescence intensity (MFI) for
cells expressing Vpu-GFP compared to cells expressing the
phosphorylation mutant VpuS52A-GFP. The coexpression of
Vpu-GFP with exogenous ␤-TrCP1 or ␤-TrCP2 resulted in a
39% or 41% decrease in the number of CD4⫹ cells and a 65%
or 63% decrease in MFI, respectively. The expression of
␤-TrCP1 or ␤-TrCP2 alone had no effect on cell surface CD4
levels. These data suggest that the endogenous levels of
␤-TrCPs are almost sufficient to mediate CD4 down-modulation and that the addition of exogenous ␤-TrCPs has a minor
but reproducible effect. The reduction of CD4 surface expression in this experimental approach is consistent with previous
estimates of Vpu-dependent CD4 down-modulation (6).
Vpu-mediated CD4 down-modulation is inhibited by double
silencing of ␤-TrCP1 and ␤-TrCP2 and is restored following
reexpression of silencing-resistant ␤-TrCP1 or ␤-TrCP2. Sequence-specific inhibition of endogenous ␤-TrCP1 and ␤-TrCP2
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FIG. 2. Coexpression of Vpu and ␤-TrCP1 or ␤-TrCP2 in HeLa
CD4⫹ cells induces a decrease in total cellular CD4 content. HeLa
CD4⫹ cells were transfected with the indicated combinations of VpuGFP, VpuS52A-GFP, ␤-TrCP1, and ␤-TrCP2. GFP⫹ cells were isolated
24 h after transfection by FACS and lysed. The proteins were separated on sodium dodecyl sulfate-polyacrylamide gels and analyzed by
Western blotting using antibodies directed against CD4, GFP, Flag,
and tubulin.
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FIG. 3. ␤-TrCP2 interacts with Vpu in HeLa CD4⫹ cells and enhances the down-modulation of CD4 mediated by Vpu in a manner
similar to that of ␤-TrCP1. (A) HeLa CD4⫹ cells were transfected with
the indicated combinations of Vpu-GFP, VpuS52A-GFP, ␤-TrCP1, and
␤-TrCP2 (2 g for each plasmid). The cells were lysed 24 h after
transfection, and Flag-tagged proteins were immunoprecipitated using
M2-conjugated agarose beads. The proteins were separated on 12%
sodium dodecyl sulfate-polyacrylamide gels, transferred to membranes, and detected using anti-GFP and anti-Flag antibodies. IB,
immunoblotting; IP, immunoprecipitation. (B) HeLa CD4⫹ cells were
cotransfected with either VpuS52A-GFP (upper panels) or Vpu-GFP
(lower panels) and an empty control vector (Mock), ␤-TrCP1, or
␤-TrCP2. Twenty-four hours posttransfection, CD4 levels on GFP⫹
cell surfaces were measured by flow cytometry.

was performed using small interfering RNA (siRNA) (data not
shown). Reverse transcription-PCR showed specific mRNA
silencing of at least 80% with each target, and inhibition of the
expression of both homologues was obtained with a combination of siRNAs directed against ␤-TrCP1 and ␤-TrCP2 (Fig.
4A). Silencing was effective at least up to 72 h after siRNA
transfection (data not shown). mRNA silencing should result
in rapid declines of ␤-TrCP1 and ␤-TrCP2 levels due to the
short half-lives of the two proteins (less than 3 h in HeLa cells
[data not shown]).
We determined whether the CD4 down-modulation mediated by Vpu was still effective in cells in which the endogenous
␤-TrCPs had been previously silenced. For this experiment, we
transfected a T-cell line, Jurkat (expressing endogenous levels
of CD4), with either unspecific siRNA or siRNA targeting
␤-TrCP1 or ␤-TrCP2. Twenty-four hours later, the cells were

FIG. 4. Silencing of ␤-TrCP1 and ␤-TrCP2 reverses Vpu-mediated
CD4 down-modulation. (A) Jurkat cells were transfected with siRNAs
targeting ␤-TrCP1 or ␤-TrCP2, a combination of both, or an unspecific
siRNA. ␤-TrCP1 and ␤-TrCP2 mRNA levels were measured by quantitative reverse transcription-PCR 24 h later. Percentages are related
to 100% ␤-TrCP1 or ␤-TrCP2 mRNA in cells transfected by the
irrelevant siRNA. (B) Jurkat cells were transfected with siRNA targeting ␤-TrCP1 or ␤-TrCP2, a combination of both, or an unspecific
siRNA. The cells were transfected 24 h later with the indicated
combinations of vectors. The surface CD4 level on GFP⫹ cells was
measured 24 h later by flow cytometry. The results were expressed
as the percentage of CD4⫹ cells (upper panel) and as the MFI
(lower panel) relative to those for the VpuS52A-GFP plus pCMV
control sample. Shown is a representative experiment from three
independent analyses.
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transfected with Vpu-GFP or VpuS52A-GFP. The expression of
Vpu-GFP induced an 18% decrease in the number of CD4⫹
cells and a 27% decrease in MFI (Fig. 4B). Similarly, the
expression of Vpu-GFP in HeLa CD4⫹ cells (which express
CD4 exogenously) induced a 15% decrease in the number of
CD4⫹ cells and a 31% decrease in MFI. The small amount of
CD4 down-modulation compared to the previous experiment
could be explained by a different experimental procedure, i.e.,
the cells were transfected with synthetic siRNAs prior to the
transfection with Vpu. Vpu had a minimal effect on CD4 levels
in cells in which both ␤-TrCP1 and ␤-TrCP2 had been silenced.
Reexpression of siRNA-resistant ␤-TrCP2 and ␤-TrCP1 restored Vpu-mediated CD4 down-modulation.
Silencing of ␤-TrCP2 inhibits Vpu-induced CD4 down-modulation in the context of HIV-1 infection. We used a singleround HIV-1 replication assay by infecting GHOST cells,
which express human CD4 stably (18), with HIV ⌬env⌬nef
pseudotyped with vesicular stomatitis virus. In the absence of
nef, the CD4 down-modulation level induced by HIV-1 is comparable to that obtained with cells transfected with Vpu-GFP.
CD4 down-modulation was minimal upon effective silencing of
␤-TrCP1 and ␤-TrCP2 (data not shown).
In summary, ␤-TrCP1 and ␤-TrCP2 have a common specificity for the Vpu pseudosubstrate, and they are detected in
CD4⫹ T cells, indicating that both homologues may play an
additive role in HIV-1 pathogenesis.
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