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Mechanisms of CD4 Downregulation by the Nef and Vpu Proteins
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Abstract: Human immunodeficiency virus type 1 (HIV-1), human immunodeficiency virus type 2 (HIV-2),
and simian immunodeficiency virus (SIV) are the etiological agents of acquired immunodeficiency
syndrome (AIDS) in humans and a related disease in non-human primates. These viruses infect T cells
and macrophages that express the surface glycoprotein, CD4, because this glycoprotein acts as a co-
receptor for incoming virus particles. Once infection has occurred, however, the presence of CD4
poses problems for the virus life cycle, including the possibility of superinfection, premature binding of
CD4 to nascent virus particles, and inhibition of virus release. Accordingly, primate immunodeficiency
viruses have evolved at least two distinct mechanisms, mediated by the Nef and Vpu viral proteins, to
“downregulate” CD4 in the host cells. Nef and Vpu are mainly expressed early and late, respectively, in
the viral life cycle, ensuring continuous removal of CD4. Nef links mature CD4 to components of
clathrin-dependent trafficking pathways at the plasma membrane, and perhaps in intracellular
compartments, leading to internalization and delivery of CD4 to lysosomes for degradation. Vpu, on the
other hand, interacts with newly-synthesized CD4 in the endoplasmic reticulum, linking CD4 to the SCF
ubiquitin ligase and facilitating the entry of CD4 into the endoplasmic-reticulum-associated degradation
pathway. These two mechanisms lead to a dramatic reduction of CD4 expression in infected cells and
are essential for efficient virus replication and disease progression.
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1. INTRODUCTION on T cells. CD4 and the chemokine receptors are
thus referred to as “co-receptors” for HIV-1 binding to
the host cells. HIV-1 infection eventually leads to
depletion of CD4+ helper T cells by a mechanism
that is poorly understood. Loss of these cells is the
chief contributor to the destruction of the immune
system in AIDS.

The human immunodeficiency viruses, HIV-1 and
HIV-2, are the etiological agents of acquired
immunodeficiency syndrome (AIDS) in humans. The
simian immunodeficiency viruses (SIV) are a diverse
set of pathogenic and non-pathogenic viruses
isolated from non-human primates (reviewed in [1])
that are closely related to HIV and can also cause
immunodeficiency diseases (simian AIDS). Because
of the slowly-progressing nature of human and
simian AIDS, these viruses are classified as
lentiviruses (lenti: slow), a family within the larger
class of RNA viruses known as retroviruses. Of the
two human immunodeficiency viruses, HIV-1 is the
most virulent and has had a larger impact on public
health. Therefore, the majority of research has
focused on HIV-1.

CD4 is a type I transmembrane glycoprotein that
normally functions in cooperation with the T-cell
antigen receptor (TCR) to recognize antigens
presented by major histocompatibility complex type II
(MHC-II) molecules on professional antigen-
presenting cells (APCs) [2]. This interaction is a first
step in the activation of the immune response, and
CD4+ T cells play a central role in stimulating the
production of antibodies and the proliferation of
other T cells. CD4 binds via its cytoplasmic tail to the
Lck non-receptor tyrosine kinase. These two proteins
traffic together [3] via the biosynthetic pathway to
the plasma membrane, where they remain as a
stable complex until stimulated by contact with an
APC. This contact brings CD4 and Lck together with
the TCR, initiating a series of intracellular signaling
events that ultimately lead to T-cell activation. CD4 is
then rapidly internalized into endosomes from where
it is delivered to lysosomes or recycled to the plasma
membrane.

HIV-1 infects and replicates in cells that express
the cell surface glycoprotein, CD4. CD4-positive
(CD4+) cells include macrophages and a subset of T
cells (i.e.,  T lymphocytes) known as “helper”, which
are central players in innate and adaptive immunity,
respectively. Tropism for CD4+ cells results from the
ability of the envelope (Env) glycoprotein of HIV-1 to
bind to CD4 in conjunction with a chemokine
receptor, mainly CCR5 on macrophages or CXCR4

As with all other plasma membrane proteins, CD4
is found in small amounts within all endomembrane
systems, including the secretory, endocytic,
lysosomal and recycling pathways. The presence of
CD4 within compartments of these systems as well
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Fig. (1). HIV-1 genome. The HIV-1 genome is 9.2 kb in length (GenBank accession number AF033819). Principle features
are presented here in diagrammatic form, including the 5’ and 3’ long terminal repeats (LTR); the major genes gag, pol, and
env; and the accessory genes vif , vpr, tat , rev, vpu, and nef. The positions of vpu and nef, the focus of this review, are
highlighted in color.

as on the cell surface poses several problems for
HIV-1 replication. These include retention of budding
virions within infected cells and the possibility of
superinfection, the latter of which increases the
cytopathic effects on host cells [4,5]. It is thus not
surprising that HIV-1 has evolved means to reduce
the levels of both intracellular and surface CD4 (for
previous reviews see references [6] and [7]). This
reduction, referred to as “downregulation”, is
essential for the efficient replication of HIV-1 in
cultured cells [8,9].

Presumably, this is because, in addition to
downregulating CD4, Nef has other effects that
revolve around “reprogramming” the cell (i.e.,
creating the right environment for replication of the
virus). The functions of Vpu, on the other hand,
relate more specifically to viral assembly and
prevention of CD4 incorporation into particles, events
that are more important late in the viral life cycle. Env
is also believed to contribute to the downregulation
of CD4, as previous studies have shown that the
Env glycoprotein gp160 binds to CD4 in the ER and
prevents its transport to the cell surface [10-12].
However, this effect is reciprocal, since gp160 is also
retained in the ER when it is bound to CD4 [13].
Hence it is unclear whether downregulation of CD4 is
a specific function of Env or whether it is an
unintentional consequence of Env expression.

Downregulation of CD4 by HIV-1 occurs by at
least two mechanisms, which are mediated by the
products of the nef and vpu  viral genes, and to
some extent by the env  gene1. HIV-1 is remarkably
efficient, having only nine genes to accomplish many
complex tasks during its life cycle. Like all
retroviruses, it contains three major genes, gag, pol
and env , which are responsible for virus assembly,
enzymatic functions, and viral entry, respectively (Fig.
(1)). In addition, HIV-1 contains a set of “accessory
genes” that are responsible for diverse functions
required for optimal viral fitness, including
transcriptional regulation, viral mRNA export and the
inhibition of host-cell viral restriction factors. The
products of two such accessory genes, Nef and Vpu,
are multifunctional proteins. This is not surprising
given that the virus must accomplish much with a tiny
genome. Their only known shared function is CD4
downregulation, although they accomplish this at
different cellular locations and by different
mechanisms (Fig. (2)). Indeed, whereas Nef acts on
mature CD4 in the endocytic or late secretory
pathways (i.e., at the plasma membrane, endosomes
or the trans-Golgi network [TGN]), Vpu functions to
target newly-synthesized CD4 from the endoplasmic
reticulum (ER) into the ER-associated degradation
(ERAD) pathway. The timing of Nef and Vpu
expression differs as well. Nef is expressed very early
in the infection cycle, before nearly all other viral
proteins. Vpu, on the other hand, is made later,
when the viral structural genes are expressed.

This review focuses on recent advances in the
understanding of the mechanisms of downregulation
of CD4 by Nef and Vpu. Most of our discussion deals
primarily with HIV-1, because it is the most
extensively studied of the primate immunodeficiency
viruses. Wherever relevant, however, we mention
similarities and differences with HIV-2 and SIV.

2. NEF
2.1. Key Role of Nef in Disease Progression

Nef is an important determinant of viral
pathogenicity. A critical role for nef in the
development of AIDS is supported by studies on
patients —referred to as “long-term non-progressors”
(LTNPs) — that do not manifest symptoms of AIDS
for 10 years or longer after infection with HIV-1.
Many of these patients were found to carry a virus
lacking nef [14-16]. Further evidence for the role of
nef in disease progression is provided by studies of
SIV in rhesus macaques. As with humans, deletion
of nef reduced the pathogenic potential of the virus,
and dramatically delayed the onset of AIDS [17]. In
fact, the virus appeared to be under strong selective
pressure to express Nef. When macaques were
infected with an engineered SIV strain that
contained a premature stop codon in the nef gene,
the open reading frame was rapidly and completely
restored [17].

1 We will follow the standard convention, using lower case italics when
referring to viral genes, and capitalized roman type when referring to gene
products (e.g. nef and Nef).
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Fig. (2). A schematic representation of protein trafficking pathways involved in CD4 downregulation. Nef and Vpu act on
different steps in CD4 trafficking pathways to effect downregulation. Nef links CD4 to the clathrin adaptor proteins AP1,
AP2, and AP3, directing CD4 into clathrin-dependent trafficking pathways that lead to endocytosis from the plasma
membrane and ultimately toward late endosomes and lysosomes where degradation of CD4 takes place. Several potential
trafficking steps are indicated, including traffic between the trans -Golgi network (TGN) and endosomes mediated by AP1,
endocytosis mediated by AP2, and traffic to late endosomes mediated by AP3 (and also possibly by COP-I). Vpu acts at
an earlier step in CD4 biosynthesis, linking CD4 that is in the endoplasmic reticulum to β-TrCP and the SCF ubiquitin ligase
complex. This interaction leads to retrotranslocation of CD4 from the endoplasmic reticulum to the cytoplasm and ultimately
to degradation in proteasomes.

Mouse models also indicate a correlation between
the expression of Nef and the virulence of HIV-1
infection. Upon inoculation with HIV-1, mice
transplanted with human thymus experienced a
significant decline in CD4+ thymocytes [18,19].
Importantly, viruses that were unable to express Nef
had a slower rate of replication, achieved a lower

overall titer, and depleted fewer thymocytes than
their wild-type counterparts [20,21]. In another
mouse model system, the expression of Nef by CD4+
cells induced an AIDS-like disease, despite the
absence of all other HIV-1 proteins [22-24].

A number of functions attributed to nef may
explain the accessory gene’s influence on viral
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replication and pathogenicity. These include: (1)
enhancement of virion infectivity [25-28], (2)
regulation of apoptotic pathways [29-31], (3)
disruption of endogenous T-cell signaling ([32-38]
reviewed in [39]), (4) activation of cellular kinases
[40,41], and (5) modulation of the expression of cell-
surface receptors. In this latter regard, Nef has been
shown to increase the surface levels of TNF [42],
LIGHT [42], DC-SIGN [43,44], and the MHC-II-
associated invariant chain [45,46], while decreasing
the levels of CD1 [47-49], CD4, CD8 [50], CD28 [51],
CD80 [52], CD86 [52], CCR5 [53], CXCR4 [54],
MHC-I ([55-65] reviewed in [66]), and mature MHC-II
[45,46] at the plasma membrane. Of all of these
functions, the downregulation of CD4 is probably the
best characterized.

viral mRNA load [68]. There is some evidence that
transcription of nef may begin before provirus
integration; however, the majority of Nef appears to
be derived from viral DNA integrated into the host-
cell chromatin [69,70].

Translation of HIV and SIV nef mRNAs produce
polypeptides that range in size from 27 to 35 kDa.
HIV-1 Nef proteins are generally 27 kDa and 206 to
210 amino acid residues in length (Fig. (3)). Regar-
dless of species, Nef proteins are myristoylated at
the N-terminus [71]. Attachment of the hydrophobic
myristoyl group promotes association of Nef with
cellular membranes [72-74], and is required for
almost all of its functions [75,76], including the
downregulation of CD4 [77]. Post-translational
phosphorylation of serine and threonine residues on
Nef has been reported [78-80], and has been
proposed to improve the ability of Nef to
downregulate CD4 [80].

2.2. Biochemical and Structural Features of Nef

Investigations into the specific functions of Nef,
described above, have been facilitated by structural
and biochemical studies (reviewed in [67]). Nef is
expressed at high levels during the early stages of
HIV-1 infection, when its multiply-spliced mRNA
transcript makes up nearly three-quarters of the total

The three-dimensional structure of HIV-1 Nef has
largely been solved by a combination of X-ray
crystallography [81-83] and nuclear magnetic
resonance (NMR) spectroscopy [84,85]. These
studies revealed that Nef has three major structural

Fig. (3). Nef structural and functional motifs. A ribbon diagram (left) and surface representation (right) of HIV-1 Nef are
depicted with important functional motifs highlighted. These include the N-terminal myristoylation site (MyrG); myristate is
represented as a black squiggle embedded in a membrane bilayer (green band), the CD4 binding site at WL57,58 (WL), the
acidic cluster at residues 62-65 (EEEE), and the central proline motif spanning residues 72-75 (PxxP), all present within the
relatively unstructured N-terminal region; the well-folded core domain, including D123, implicated in oligomerization of Nef;
and the C-terminal flexible loop, which contains the residues EE154,155 (EE); the ExxxLL motif (residues 160-165); and
DD174,175 (DD). The ExxxLL motif is the binding site for the clathrin adaptor protein complexes AP1 and AP3. EE154,155
and DD174,175 have been implicated in binding to β-COP and V1H, respectively. Each site is color-coded for easy
recognition; green for hydrophobic motifs, orange for acidic motifs, and cyan for the proline helix. These images are a
composite of two structures (Protein Data Bank ID numbers 1QA5 [177] and 2NEF [85]) and were drawn using PyMOL
[178].
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elements: (1) a flexible N-terminal region (residues 1-
80), within which are an acidic region (residues 62-
65), and a type II polyproline helix (residues 69-78);
(2) a well-folded C-terminal core (residues 81-147
and 181-202); and (3) an exposed, flexible loop
(residues 148-180) that does not appear in the
crystal structure. This loop is centered around a di-
leucine motif (residues 160-165), and is bounded by
negatively charged di-glutamic acid (residues 154-
155) and di-aspartic acid (residues 174-175) regions
(see Fig. (3)).

tail was necessary and sufficient for Nef binding.
Subsequent NMR analyses narrowed the binding
region to a 13-residue peptide in the CD4 cytosolic
domain (residues 407-419) and a surface pocket in
Nef containing a tryptophan-leucine motif (residues
57-58) [93] (Fig. (3)). The dissociation constant of
this interaction was calculated to be in the
submicromolar range [94]. The cytosolic tail of CD4
contains a di-leucine motif (residues 413-414) that is
essential for Nef-mediated downregulation of CD4
[95-99]. This di-leucine pair is essential for in vitro
binding of CD4 to Nef [93,94]; however, this motif
may not be required for interaction in cells, as
suggested by co-immunoprecipitation experiments
[97] and bioluminescence resonance energy transfer
(BRET) [100].

Myristoylated Nef appears to form stable
homodimers and homotrimers [86,87], with the
equilibrium between these two oligomers dependent
on the concentration of Nef [86]. An aspartic acid
(residue 123) in the C-terminal core domain, which
mediates the interaction between Nef and human
thioesterase II [88], has also been found to be
crucial for oligomerization. Mutation of this residue
prevented the formation of dimers, and abrogated
many of the functions of Nef [89,90]. Oligomerization
reduces the amount of solvent-exposed surface area
for each Nef molecule [86]; however, for a protein of
its size, Nef remains extremely accessible.
Calculations indicate that the total exposed surface
area of HIV-1 Nef is 17,600 Å2 [91]. In comparison,
the tightly-folded nuclear import protein Ran, which is
also 206 residues in length, has a total accessible
surface of 9,950 Å2 [91]. The combination of highly
exposed areas and flexible domains may account for
the numerous protein interactions attributed to Nef
[91].

Binding between Nef and CD4 appears to be
driven, in part, by myristoylation of the viral protein.
While the myristoyl group is not required for a direct
interaction between the two proteins [93,94], it
targets Nef to membranes [101], where it is in closer
proximity to CD4. This subcellular localization is
supported by the presence of basic residues near
the N-terminus of Nef, which serve to anchor the
protein among acidic phospholipids common to
cellular membranes [87]. Phosphorylation of CD4, in
contrast, seems to disrupt the formation of
complexes with Nef [102]. Treatment of cells with
phorbol 12-myristate 13-acetate (PMA), a drug that
leads to the protein kinase C (PKC)-dependent
phosphorylation of CD4, partially impaired the
function of Nef. Mutation of serine residues on CD4,
as well as the use of PKC-inhibitors, restored the
ability of Nef to downregulate CD4. Interestingly, Nef
and CD4 could only be chemically cross-linked in the
absence of PMA, indicating that phosphorylation of
the CD4 cytosolic tail prevents association with Nef.

2.3. Direct Interaction Between Nef and CD4

A physical interaction between Nef and CD4 was
first demonstrated by yeast two-hybrid assays [92].
These experiments revealed that the CD4 cytosolic

Fig. (4). CD4 downregulation by Nef and Vpu. Depicted here are confocal micrographs of HeLa cells transiently transfected
with human CD4 and HIV-1 Nef or Vpu expression vectors. The fluorescent protein histone H2B-gfp marks the nuclei of
transfected cells and appears green. CD4 was detected 24 hours post-transfection by indirect immunofluorescence and
appears red. In the left panel are control cells that were cotransfected with CD4 and a control vector. CD4 is detected
primarily on the plasma membrane. The center panel contains cells that were cotransfected with CD4 and Nef. In these
cells, CD4 is localized primarily in endosomal vesicles. The right panel depicts cells that were cotransfected with CD4 and
Vpu. CD4 expression is markedly reduced. A small amount of CD4 is detected in cytoplasmic bodies and vesicular
compartments. Scale bar = 10 µm. These images were obtained in our laboratory by O.W.L.



176    Current Molecular Medicine,  2007, Vol. 7, No. 2 Lindwasser et al.

2.4. Nef-Mediated Trafficking of CD4: the Role of
Clathrin Adaptor Proteins

plasma membrane [116]. Nef-GFP chimeras have
also been observed to co-localize with AP2 at the
periphery of the cell [117]. V1H, a regulatory subunit
of the vacuolar ATPase (V-ATPase) proton pump,
has been proposed to act as a bridge between Nef
and AP2. Previously named Nef Binding Protein 1
(NBP1), V1H has been shown to bind to both the µ2
subunit of AP2 and the di-aspartic acid motif of the
C-terminal flexible loop of Nef [118], and to facilitate
the internalization of CD4 [119]. Recent findings
have suggested that cargo selection and clathrin
coat assembly is supported by multiple, low-affinity
interactions (reviewed in [120]). Members of the
“endocytic interactome” [121], such as Epsin and
Eps15, stabilize the formation of vesicles by
simultaneously binding clathrin, AP2, and other
accessory proteins. This network of internalization
factors may aid the downregulation of CD4 by Nef.
When combined with RNAi against AP2, the
expression of an Eps15 dominant-negative mutant
profoundly inhibited the effect of Nef on CD4 [122].

CD4-Nef interaction is thought to lead to the
internalization of CD4 from the cell surface (Fig. (2)).
In the presence of Nef, the CD4 protein is
synthesized at normal levels and transported to the
cell-surface with normal kinetics [103]. However,
upon reaching the plasma membrane and binding to
Nef [101], CD4 is recruited to clathrin coated pits
(CCPs) [104] and rapidly internalized [95,103]. This
results in a dramatic change in the subcellular
localization of CD4, which accumulates in endosomal
vesicles (Fig. (4)). This event requires the di-leucine
motifs on both CD4 [104] and Nef [105,106], which
have been shown to interact with the clathrin
adaptor protein (AP) complexes [58,105-107]. AP
complexes (reviewed in [108-111]) promote the
formation of post-Golgi transport vesicles by linking
cargo proteins to clathrin. There are four AP
complexes in mammals, AP1, AP2, AP3 and AP4,
the first three of which are associated with clathrin.
Each of these complexes is composed of four
distinct polypeptides: one small chain (σ1-4), one
medium chain (µ1-4), and two large chains (β1-4 and
γ , α, δ and ε, respectively). The different AP
complexes confer distinct sorting properties on the
vesicles that they are associated with. Thus, AP1
mediates transport between the TGN and
endosomes, AP2 mediates transport from the
plasma membrane to early endosomes, AP3
mediates transport from early endosomes to late
endosomes and lysosomes, and AP4 mediates
transport from the TGN to the basolateral membrane
of polarized cells.

2.5. Targeting of CD4 from Endosomes to
Lysosomes

There has also been considerable attention paid
to the mechanism by which Nef targets CD4 from
endosomes to lysosomes. Treatment of Nef-
expressing cells with lysosomal inhibitors stabilizes
the overall level of CD4, indicating that the receptor
is degraded in these acidic compartments [103]. The
discovery of Nef mutants able to accelerate the
internalization of CD4, but unable to degrade the
receptor, suggests that endocytosis and lysosomal
targeting occurs through distinct mechanisms [123].
This implies that the interaction between Nef and
AP2 is not sufficient to drive CD4 to lysosomes;
instead, the viral protein probably utilizes a different
component of the cellular sorting machinery.

Nef interactions with AP1, AP2 and AP3 have
been demonstrated using GST pull-down assays
[105,107,112]. Additionally, a requirement for the
Nef di-leucine motif in the interaction with AP1 and
AP3 has been demonstrated using a yeast three-
hybrid technique [113]. Several models have been
proposed for the Nef mediated downregulation of
CD4 based on the interaction with these various AP
complexes [95,99,103,104,114]. These generally
invoke the formation of a Nef-CD4-AP complex that
redirects CD4 into one of several sorting pathways.
Formation of a Nef-CD4-AP2 complex would promote
endocytosis of CD4 from the plasma membrane,
whereas formation a Nef-CD4-AP1 or -AP3 complex
would affect intracellular sorting of CD4. AP1 and/or
AP3 would therefore either play a role in the
trafficking of CD4 after internalization from the
plasma membrane, or function as an alternative
pathway directing CD4 from the TGN to endosomes
and lysosomes.

As described above, interactions with AP1 and
AP3, could play a role in the lysosomal targeting of
CD4 by Nef. Another candidate for this role is the
coatomer protein (COP)-I complex, an important
component of non-clathrin coated vesicles. The
COP-I complex contains seven subunits (α, β, β’, δ,
γ , ε, ζ) and its association with membranes is
regulated by the small GTPase Arf1. Although COP-I
is known to function in the early stages of the
biosynthetic pathway [124-126], there is additional
evidence to suggest that it may also be involved in
vesicular transport from early to late endosomes
[127-130]. The β subunit of COP-I, which shares
significant sequence homology with β-subunits of AP
complexes [131], has been shown to physically
interact with Nef by yeast two-hybrid assays and co-
immunoprecipitation experiments using HIV-1-
infected cells [132]. In a CHO cell line derivative,
containing a temperature-sensitive mutant of the
endosomal COP-I complex [133], Nef was unable to
target CD4 to acidic compartments at the restrictive
temperature [123]. However, the C-terminal di-
glutamic acid motif (residues 154-155) of Nef,

There is a considerable amount of evidence for
the involvement of AP2 in CD4 downregulation.
Expression of µ2-D176A, a dominant-negative AP2
mutant, has been shown to block the effect of Nef
on CD4 [115]. Similar results were obtained with
Dyn1-K44E, a dominant-negative mutant of dynamin
known to inhibit AP2-dependent endocytosis at the
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originally identified as the binding site for β-COP, is
not well conserved among HIV isolates [134]. In
addition, downregulation of CD4 does not
necessarily correlate with the presence of this motif
[135]. In vitro experiments have shown that Arf1
interacts with the same di-glutamic acid motif on Nef,
and Arf1 may act as a connector between Nef and
the COP-I complex [136].

protein trafficking, and may reveal critical steps
susceptible to therapeutic intervention.

3. Vpu
3.1. Functions of Vpu

Despite the reduction of surface CD4 elicited by
the HIV-1 and SIV Nef proteins, significant amounts
of CD4 would remain early in the biosynthetic
pathway without the action of additional viral
proteins. As alluded to in the Introduction, the
presence of CD4 in the endoplasmic reticulum (ER)
of infected cells poses a significant problem for the
virus. The viral attachment and fusion protein (Env)
and its receptor (CD4) can interact within this
compartment, leading to retention and degradation
of Env-CD4 complexes [13]. Additionally, a fraction
of Env-CD4 complexes are transported at a reduced
rate to the plasma membrane in an inactive state
with negative consequences for infectivity [9,13].
Primate immunodeficiency viruses have evolved
different strategies to counteract this problem, in
some cases causing the degradation of CD4 in the
ER and thereby promoting infectivity. In HIV-1 and
some variants of SIV2, the protein responsible for
this activity is an accessory factor encoded by the
vpu  (Viral Protein U) gene [138-142]. In fact, the
presence of a vpu  gene is a distinguishing
characteristic of this group of viruses, setting them
apart from the lineages that include HIV-2 and other
primate immunodeficiency viruses3 [138-140]. In the
case of HIV-1, the vpu  gene is expressed from the
same mRNA as env, ensuring synchronous
expression [143]. HIV-1 vpu  sequences are well
conserved in isolates from AIDS patients [144].
Premature stop codon mutations in the vpu gene
have been observed in isolates from LTNPs [145],
suggesting a requirement for vpu  in the progression
to full-blown AIDS. Both vpu  and nef are required for
pathogenicity in in vivo models [146] and the
downregulation of CD4 is essential for viral infectivity
[1,8,147]. The requirement of both vpu  and nef for
optimal infectivity suggests that either the site of
action against CD4 (ER versus post-Golgi) of these
two proteins exerts complementary effects, or that
some of the non-redundant functions of vpu  and nef
may also play a role in infectivity.

2.6. Open Questions and Future Directions

Despite all the progress made in understanding
the role of Nef in CD4 downregulation, significant
questions still remain. One of the most remarkable
aspects of the models discussed above is the ability
of Nef to mediate endocytosis and lysosomal
targeting of CD4 using distinct coat components.
Many of these models are predicated on an
interaction, either direct or indirect, between Nef and
AP2. However, binding of these two proteins has not
yet been convincingly demonstrated. This may be
due to a relatively weak affinity of Nef for AP2.
Indeed, emerging evidence indicates that clathrin
coat assembly at the plasma membrane is the result
of weak interactions among components of the
endocytic machinery [121]. It is also possible that a
third protein is required to stabilize the binding of Nef
to AP2. An early candidate for this role was CD4
itself, as the cytoplasmic tail of this cell-surface
receptor had been shown to bind to both Nef [93]
and AP2 [137]. However, the ability of Nef to
mediate its own internalization [123], independent of
CD4, argues against this possibility. V1H, a subunit
of the V-ATPase proton pump, has also been
proposed to connect Nef to AP2, but its contribution
to the formation of this complex still needs to be
assessed. Ultimately, the observation of a direct or
indirect interaction between Nef and AP2, using
more sensitive techniques such as BRET or surface
plasmon resonance, will be required to validate the
current model for CD4 downregulation.

A number of other issues, concerning the Nef-
mediated downregulation of CD4, deserve additional
study. Of particular interest is the role of the CD4 di-
leucine motif, which is required for downregulation by
Nef. It is currently unclear whether or not this motif is
required for binding to Nef, having been reported as
both essential [93,94] and non-essential [97].
Another unresolved issue is the relative contributions
of AP1, AP3, and COP-I in the Nef-induced targeting
of CD4 to endosomes and lysosomes. In particular,
the binding of Nef to components of the COP-I coat
will require further scrutiny in order to sort out the
contribution of this interaction to CD4
downregulation. Finally, it will be of interest to
determine whether Nef acts on other components of
the host’s lysosomal targeting machinery, including
proteins involved in ubiquitin mediated sorting and
the formation of multivesicular bodies. Answers to
these questions should help clarify the pathway(s)
used by Nef to downregulate CD4. This process
should also provide additional insights into cellular

The HIV-1 vpu  gene codes for an 81 to 86-
residue polypeptide, depending on the isolate, with
an apparent molecular mass of 16 kDa [148]. Vpu
proteins share the following features: a hydrophobic
N-terminal transmembrane helix, followed by a
relatively hydrophilic cytosolic C-terminal domain with
one or two α-helices bordering a conserved motif

2 Simian immunodefiency viruses isolated from chimpanzees, and the
Cercopithecus species greater spot nosed monkeys, Mona monkeys,
mustached monkeys and Dent’s Mona monkeys.
3 These include the closely related SIVsm from sooty mangabey isolates
and other lineages represented by SIVagm and SIVlhoest from African
green monkeys and L’Hoest’s monkeys respectively, among others. In
some cases virus and host exhibit evidence of cospeciation. In others
there is evidence of viruses acquiring more recent hosts.
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(DpSGxxpS) that binds the cellular β-transducin
repeat containing protein (β−TrCP) (Fig. (5)). Like
Nef, the Vpu gene product is a multifunctional
protein. In addition to its function in downregulating
CD4, Vpu is essential for the proper localization and
enhancement of virus assembly in human cells [149].
However, this assembly function is not strictly
required in simian cells [150], possibly explaining the
lack of a vpu  gene in most SIVs.

as well as unassembled subunits of membrane
protein complexes (recently reviewed in [154]).
Misfolding is detected by ER resident or cytosolic
chaperones. ERAD substrates are dislocated from
the ER to the cytoplasm and tagged with ubiquitin by
ERAD-dedicated ubiquitin ligases, after which they
are degraded by the 26S proteasome. There appear
to be multiple ERAD pathways, depending on
whether the misfolded domain of the target protein
resides in the ER lumen, in the cytoplasm or in a
membrane-spanning domain. However, downstream
events, including recognition of the ubiquitinated
protein and proteasomal degradation, seem to occur
in the same fashion for most substrates and are
dependent on the same set of genes [155].

3.2. Mechanism of Vpu-induced CD4 Degradation

Vpu-induced CD4 degradation occurs early in the
secretory pathway (Fig. (2)) and can also be
demonstrated in vitro in ER-derived microsomes
[142,151]. In the presence of Vpu, CD4 expression
is strongly reduced, although small amounts of CD4
are present in cytoplasmic bodies and vesicular
compartments (Fig. (4)). This process requires a
functioning proteasomal pathway and the presence
of lysine residues on the cytosolic tail of CD4,
suggesting that CD4 is itself ubiquitinated on one or
more of its four cytosolic lysine residues during the
degradative process [152,153]. This process
resembles the ER-associated degradation (ERAD)
pathway, although aspects of the mechanism may
be peculiar to the Vpu system. ERAD is a quality
control mechanism that is conserved from yeast to
man and helps clear from the ER misfolded proteins

A recent study in which HIV-1 Vpu-mediated CD4
degradation was reconstituted in budding yeast
revealed important differences between this process
and the standard ERAD pathway since the former
did not depend on ubiquitin ligases that are
genetically linked to ERAD [153]. Indeed, CD4 was
properly translocated into the ER in yeast, yet
exhibited poor stability in yeast strains with a fully
functioning ERAD system. In the absence of Vpu,
ubiquitination occured on lysine residues in the CD4
extracellular domain after dislocation from the ER as
is typical for an ERAD substrate. In contrast, yeast
strains defective in ERAD-dedicated ubiquitination

Fig. (5). Vpu structural features. A ribbon diagram (left) and surface representation (right) of HIV-1 Vpu are shown. The
transmembrane (TM) helix and cytoplasmic domain are indicated, as well as the position of the DpSGxxpS β-TrCP binding
motif. The membrane bilayer is represented by a green band. These images are a composite of two structures (Protein Data
Bank ID numbers 1PI7 [179] and 1VPU [180]) and were drawn using PyMOL [178].
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ligases were not able to efficiently degrade CD4.
However, in these ERAD-defective yeast strains,
expression of Vpu and the human protein β-TrCP
(discussed in more detail below) restored the rapid
degradation of CD4. Remarkably, this degradation
was now dependent on the presence of lysine
residues in the cytosolic tail of CD4, which became
ubiquitinated by the SCF E3 ubiquitin ligase complex
prior to dislocation. The SCF complex is not normally
involved in the ERAD pathway in yeast. This parallels
the situation in human cells, described in the
following section.

56 on Vpu [165]. This modification is constitutive and
is likely to be catalyzed by one or more casein kinase
II isoforms [166]. These residues are found in the
context of a DpSGxxpS motif (Fig. (5)) (pS
represents the two phosphoserines and x represents
any amino acid) and bind to the WD repeat domain
of β-TrCP. β-TrCP in turn binds to the SCF complex
via its F-box domain [158]. Insertion of helix-breaking
proline residues into either of the two putative
cytosolic α-helices also abrogates the effect of Vpu
on CD4 [157]. The DpSGxxpS motif is shared by
endogenous targets of β-TrCP such as IκB-α and β-
catenin. Other targets have very similar motifs such
as DpSGxxxpS (ATF4) or DpTGxxpTpS (NF-κB
p105).3.3. Formation of a CD4-Vpu- -TrCP-SCF Complex

As mentioned above, the link between Vpu and
ubiquitination of CD4 appears to be β-TrCP, a host
cell factor that binds to the SCF E3 ubiquitin ligase.
Vpu binds to the cytosolic tail of CD4 [156] in a
manner that requires the cytosolic α-helices of Vpu
[157]. In the presence of both CD4 and Vpu, β-TrCP
is recruited to membranes [158], strongly suggesting
a model in which a ternary complex of CD4, Vpu and
β-TrCP on the ER membrane mediates docking of
the SCF complex in a position where it can transfer
ubiquitin to the cytosolic tail of CD4, facilitating its
destruction. This process is inhibited by
overexpression of an F-box-deleted β-TrCP mutant
that is incapable of binding SCF, lending further
weight to this model [158].

In the case of β-catenin and HIV-1 Vpu, for which
detailed structural information is available [162,167-
169], the two phosphates make specific contacts in
the WD-repeat β-propeller domain of β-TrCP. The first
phosphoserine residue (S52 of HIV-1 Vpu) of the
motifs of both β-catenin and HIV-1 Vpu is oriented in
the same manner and makes the same contacts with
β-TrCP residues, making electrostatic and hydrogen
bonds with a pocket formed by Y271, R285, S309
and S325 of β-TrCP [162,167,169]. The small size of
the central glycine residue in the DpSGxxpS motif is
probably important to prevent steric hindrance with
bulky residues L331 and L351 of β-TrCP that abut
the binding site of the N-terminal phosphoserine
residue.

A number of cellular substrates for β-TrCP–
mediated ubiquitination by SCF have been
described, including the transcription factors β-
catenin, ATF4, NFκB p105, and the kinase IκB-α
[159-161], none of which are membrane proteins.
For these cellular substrates, ubiquitination leads to
either proteolytic processing (in the case of NFκB
p105) or complete degradation by the 26S
proteasome (in all other cases). Perhaps uniquely,
Vpu docking to β-TrCP leads not to ubiquitination
and degradation of Vpu itself but of CD4 instead.
Presumably, in the ternary complex of CD4, Vpu and
β-TrCP, the cytosolic lysine residues of CD4 are
accessible to SCF in a similar fashion as its other
substrates, albeit in trans. It is worth noting that the
β-TrCP binding site and the ubiquitination sites can
be present in widely separated domains of substrate
proteins ([162] and references therein).

The second phosphoserine residue is oriented
differently in these two proteins and makes different
contacts with β-TrCP. In the case of β-catenin, the
peptide motif is extended and makes contacts with a
basic patch centered on R431 [162,169]. The Vpu
peptide forms a bend at the conserved glycine
residue and makes contacts with a basic patch
centered on K365. Flanking residues of HIV-1 Vpu in
the two α-helices surrounding the DpSGxxpS motif
(residues 51 - 56 are DSGNES in the Vpu sequence
from the HIV-1 strain HXB2) also make extensive
contacts with β-TrCP. The peptide LIERAEDSG
(residues 45 – 53 of HXB2 Vpu) binds to β-TrCP
[168]. Other acidic residues on Vpu near the second
phosphoserine residue strengthen binding to this
basic patch by making additional electrostatic
interactions. In addition, hydrophobic residues
upstream of the DSG motif of Vpu make van der
Waals contacts with V270, Y271 and F523
[167,168]. However, both phosphoserines in the
DpSGxxpS motif are required for CD4
downregulation by HIV-1 Vpu and neither can be
replaced with an acidic residue [170]. Currently, it is
not well understood why there is a discrepancy
between the in vitro binding studies and the in vivo
function of Vpu.

Overexpression of Vpu has been shown to
interfere with the regulation of these cellular
substrates in a number of systems, presumably via
competitive inhibition with the binding site on β-TrCP.
For example, overexpression of Vpu inhibits
degradation of IκB-α in response to the presence of
TNFα [163]. In consequence, the NFκB pathway is
suppressed, sensitizing cells to Fas-mediated
apoptosis [164].

3.5. Variability of the -TrCP-Binding Motif
3.4. Binding of Vpu to -TrCP To summarize, Vpu proteins take advantage of a

host cell β-TrCP binding motif in order to recruit the
SCF E3 ubiquitin ligase to the cytosolic tail of CD4,

HIV-1 Vpu binds to β-TrCP in a manner that
requires phosphorylation of serine residues 52 and
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leading to ubiquitination of CD4 and its degradation
via an ERAD-related pathway. There appear to be
several possible modes of binding of this motif to the
WD repeat domain of β-TrCP; however, the relative
invariance of the N-terminal half of this motif (roughly
DpSG) and the similarity of contacts made with this
sequence in the context of the Vpu and β-catenin
peptides suggest that this is a common element in β-
TrCP ligands. Similarly, the near absolute
conservation of the DSG sequence between widely
divergent HIV-1 and SIV clades (with the exception
of SIVcpzANT, mentioned above) is consistent with
this hypothesis. On the other hand, there appear to
be multiple modes of binding of the C-terminal half of
the motif, even among very similar sequences. It is
interesting to note that HIV-1 Vpu cannot tolerate
mutation of its phosphorylatable serine residues to
acidic residues, whereas numerous isolates obtained
from chimpanzees (SIVcpz strains) and Greater
Spot-Nosed Monkeys (SIVgsn) for which Vpu-
mediated CD4 downregulation has been assayed
contain several acidic residues in place of serine or
threonine residues and even tolerate an Ala in place
of the bend-forming Gly (for example, the sequence
in SIVcpzANT is DSAIEED) [171]. It may be that
sequences outside of the DpSGxx(phospho- or
acidic) core motif determine the mode of binding and
its plasticity.

SIVcpzANT peptide (DSAIEED and flanking
residues) to see whether it binds to β-TrCP in a
similar fashion to HIV-1 Vpu or whether it binds in an
extended fashion similar to β-catenin.

A simpler explanation for alternative outcomes of
β-TrCP binding may be related to the position of the
ubiquitination sites within the target proteins. For
example, the small size of the Vpu cytosolic domain
may prevent its ubiquitination by the SCF complex,
leading to CD4 ubiquitination by default. The
apparently unique case of NFκB p105, which is
cleaved at a single site rather than degraded, might
also be explained by unknown regulatory elements
independent of the β-TrCP binding motif.

An exciting possibility is that binding of the Vpu β-
TrCP binding motif is distinct from that of the cellular
substrate proteins. This would raise the possibility of
finding a small molecule to occlude the Vpu-specific
basic patch around K365 of β-TrCP. Such an
inhibitor would have the potential to blockade CD4
degradation and also to have limited side effects.
Clearly much more structural information will be
required in order to know whether such an approach
would be feasible.

No other known substrates of the SCF complex
are targeted to the ERAD-like pathway seen in the
Vpu-CD4 system. It may be worth mining the
databases for host cell membrane proteins with
DpSGxx(phospho- or acidic) motifs within their
cytosolic domains that may themselves be targeted
for degradation and/or processing or that may act as
adaptors in a similar fashion to Vpu. Likewise, this
mode of ERAD has not been observed for other
membrane proteins and may require features that
are unique to or shared with the Vpu-CD4 system,
such as the SCF complex. It would be interesting to
test whether the DpSGxxpS motif within Vpu can be
functionally replaced by other motifs capable of
recruiting non-SCF ubiquitin ligases (an example
would be the zinc finger motif of the HIV-1 protein Vif
that binds to the Cul5 ubiquitin ligase) to determine
whether targeting to the ERAD-like pathway is
specific to SCF. In addition, it remains an open
question whether CD4 ERAD shares features with
that of membrane proteins such as Ste6p* and the
human protein F508del-CFTR, including the
requirement for cytosolic chaperones.

All of the above suggests that recognition of
substrates by β-TrCP is mediated by an invariant
DpS/T (positions 1 and 2) motif. The presence of a
glycine in position 3 both prevents steric hindrance
and allows the potential for either a bend or
extended orientation for binding of a downstream
acidic moiety (pS, pT, D or E) in position 6 or 7 to
one of at least two potential binding pockets. It is
tempting to conjecture that the specific requirement
for pS in the downstream position of the HIV-1 Vpu
motif reflects a dependence for a specific mode of
binding to β-TrCP, or that additional residues outside
of the core motif contribute to binding.

3.6. Open Questions and Future Directions

Several puzzling features of the Vpu system
remain to be answered. For example, among the
known ligands of β-TrCP, the lentiviral Vpu proteins
appear to be unique in that they do not mediate
their own ubiquitination by the SCF complex even
though all known clades contain at least one lysine
residue in the cytosolic domain [172]. It is possible
that the sequence context of the DpSGxx(phospho-
or acidic) motif dictates the orientation of Vpu on the
WD repeat domain in such a way that the Vpu lysine
residues are inaccessible or that the CD4 tail is
presented in a particularly favorable orientation. The
sequence of the C-terminal half of the binding motif,
as well as downstream residues, may be a potential
predictor of binding site usage and/or outcome
(whether the target protein is processed, degraded
or acts as an adaptor). To investigate this possibility,
it may be useful to determine the binding site for the

A large amount of sequence data for vpu  genes
has been obtained from patient studies, but such
studies are necessarily constrained by the degree in
which they can be manipulated, and hence the
amount of information that can be found regarding
the in vivo role(s) of Vpu is limited. A useful in vivo
system has been developed that takes advantage of
chimeric SIV/HIV viruses, known as SHIV, in infected
monkeys. The SHIV model has been used to assess
the immunological impact of infection and the
potential efficacy of vaccines. The SHIV model
system has also proven useful in studying the role of
Vpu in vivo. In one series of experiments, a vpu-
deleted SHIV was observed to be non-pathogenic
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despite increased production of Env [173]. In a
similar study, the vpu-deleted SHIV strain gained
compensatory mutations in nef and env , although
whether the mutated nef and/or env  genes obtain
novel functions as in the case of HIV-2 Env (see
above) is unknown [174]. These two studies used
the same starting virus (SHIV(KU-1bMC33)), each in
infected pig-tailed macaques. Clearly there is some
variability in outcomes. In another SHIV study, a
non-phosphorylatable Vpu mutant was observed to
revert to wild-type at high frequency, underscoring
the importance of the phosphoserine residues of
Vpu in infection and pathogenesis [175]. These
studies highlight the utility of developing in vivo
systems to both confirm molecular information
obtained in vitro and to advance our understanding
of Vpu function.
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the manuscript.
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