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Abstract: The Human Immunodeficiency Virus (HIV) genome encodes three major structural proteins common to all ret-
roviruses (Gag, Pol and Env), two regulatory proteins (Tat and Rev) that are essential for viral replication, and four acces-
sory proteins (Nef, Vif, Vpu, Vpr). While accessory proteins were initially reported to be unnecessary for viral growth,
their importance as virulence factors is now being more and more appreciated: they can dramatically alter the course and
severity of viral infection, replication and disease progression. None of the HIV accessory proteins display enzymatic ac-
tivity: they rather act altering cellular pathways via multiple protein-protein interactions with a number of host cell factors.

All currently approved anti-HIV drugs target pol and env encoded proteins. Therefore, widening the molecular targets of
HIV therapy by additionally targeting accessory proteins may expand treatment options, resulting in high impact effective
new therapy.

In this review we present the state of the art of compounds that target HIV accessory proteins. Most of the research has
focused on the inhibition of specific accessory proteins/host cell partner interactions. Promising compounds have been
found within different classes of molecules: small natural and synthetic molecules, peptides and proteins, oligonucleo-
tides, in particular those used as RNA interference (RNAI) tools.

With the assortment of compounds available, especially against Nef and Vif functions, the demonstration of the clinical

efficacy of the new anti-HIV-1 drugs targeting accessory proteins is next challenge.
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AIDS: STATE OF THE ART

The human immunodeficiency virus (HIV) is the etio-
logical agent of the acquired immunodeficiency syndrome
(AIDS) in humans. HIV establishes a persistent infection in
human hosts, with the depletion of CD4+ lymphocytes, the
major target cells of viral infection in vivo, eventually result-
ing in defective cellular immunity [1]. AIDS was first re-
ported in the United States in 1981 and has since become a
major worldwide epidemic. The global number of people
living with HIV continues to grow, as does the number of
deaths due to AIDS. In 2007, an estimated 33 million people
were living with HIV, 2.7 million became infected and 2
million died of HIV-related diseases (UNAIDS/WHO AIDS
Epidemic Update: July 2008).

To date, the US Food and Drug Administration has ap-
proved 26 anti-HIV drugs, which fall into six broad catego-
ries: i) nucleoside and ii) non-nucleoside inhibitors of re-
verse transcriptase, iii) protease inhibitors and iv) fusion
inhibitors. Very recently v) an entry inhibitor that antago-
nizes CCR5 coreceptor and vi) an HIV integrase strand
transfer inhibitor have been approved [2, 3].

Used alone these drugs are effective in reducing viral
replication. However, the antiviral effect is only temporary
as HIV rapidly develops resistance to all known agents. To
circumvent this problem, combination therapy (also called
highly active antiretroviral therapy, or HAART) has proven
very effective at both reducing virus load and suppressing
the emergence of resistance in a number of patients. In the
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US, where HAART is widely available, the number of HIV-
related deaths has declined [4]. Despite the success obtained
with HAART, approximately 30-50% of patients ultimately
fail resulting in the emergence of viral resistance. Viral resis-
tance in turn is caused by the rapid turnover of HIV during
the course of infection combined with a high viral mutation
rate. Incomplete viral suppression is thought to provide an
environment for drug resistant variants to emerge. Even
when viral plasma levels have dropped below detectable
levels (<50 copies/ml) as a consequence of HAART, low-
level HIV replication continues [5, 6]. Moreover, it now
appears that many individuals may not be able to take
HAART indefinitely, due to serious long-term side effects.
As many as 40-60% of patients who have received HAART
for greater than one year have developed symptoms of Cush-
ing's Syndrome, with hyperglycemia, hyperlipidemia, cen-
tripetal fat distribution, and peripheral muscle wasting [7].

Clearly there is a need for new antiviral agents, prefera-
bly targeting other viral components to reduce the rate of
resistance and suppress viral replication even further.

The HIV-1 genome encodes three major structural pro-
teins common to all retroviruses (Gag, Pol and Env), two
regulatory proteins (Tat and Rev) that are essential for viral
replication, and four accessory proteins (Nef, Vif, Vpu, Vpr)
(Fig. (1)). Accessory proteins are multifunctional tools that
the HIV virus (and simian immunodeficiency virus (SIV))
has developed to make host biology promote the virus life
cycle. Studies in vivo or in primary cell types susceptible to
HIV infection, have demonstrated that the accessory gene
products can dramatically alter the course and severity of
viral infection, replication and disease progression. Moreo-
ver, soluble HIV proteins exert bystander effects on neigh-
boring immune cells in the absence of productive infection

(8].
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Fig. (1). Organization of the HIV-1 genome. Boxes indicate open
reading frames. The Tev orf is isolate specific. The long terminal
repeats (LTR) are present at both ends of the proviral DNA. "Struc-
tural Genes": gag (Group-specific Antigen) codes for p24, the viral
capsid; p6 and p7, the nucleocapsid proteins; and pl7, a matrix
protein; pol codes for viral enzymes, reverse transcriptase,
integrase, and protease which cleaves the proteins derived from gag
and pol into functional proteins; env (for "envelope™) codes for the
precursor to gpl20 and gp4l, proteins embedded in the viral
envelope which enable the virus to attach to and fuse with target
cells. "Transactivation Genes", genes essential for replication in
vitro: Tat (trans-activator of viral transcription) binds to tat-
responsive RNA element (TAR), upregulates viral transcription;
Rev (regulator of viral expression) binds to rev-responsive RNA
element (RRE), regulates viral RNA transport and splicing. "Acces-
sory Genes", genes not essential for replication in vitro: Nef (nega-
tive factor) downregulates CD4, MHC-I, binds cellular kinases,
essential for viral disease induction in vivo; Vpu (viral protein,
unknown) downregulates CD4, MHC-1, promotes virus release, not
in HIV-2; Vif (virion infectivity factor) facilitates virion matura-
tion; Vpr (viral protein, regulatory) arrests cell proliferation.

All currently approved drugs target HIV-1 Pol and Env
encoded proteins (i.e. reverse transcriptase (RT), protease
(PR), integrase (IN), gp41). Therefore, widening the molecu-
lar targets of HIV therapy by additionally targeting regula-
tory and accessory proteins may expand treatment options,
resulting in high impact effective new therapy. Drug devel-
opment against Tat and Rev can be found in recent reviews
[9, 10]. Here we present the current state of the art of com-
pounds that target HIV accessory proteins.

NEF PROTEIN

Nef was originally named “negative factor” because it
was thought to inhibit viral replication [11]. Successively,
Nef was instead found to be an essential factor for efficient
viral replication and pathogenesis in vivo; it also facilitates
virus replication and enhances virions infectivity in vitro [12,
13]. Long-term non progressors, who are HIV infected indi-
viduals that do not display the typical manifestations of
AIDS but only minor CD4 counts after extended time, are
commonly associated with either a deletion in the nef gene or
defective nef alleles [14, 15]. In addition, rhesus macaques
infected with an engineered strain of SIV that lacked the
functional Nef protein also did not attained high virus loads
and did not progress to clinical disease [16].

STRUCTURE

The HIV-1 Nef is a 25 KDa myristolylated protein. HIV-
2 and SIV nef alleles have an additional C-terminal tail of
10-30 amino acids. Because of the large degree of solvent-
expose surface area with several disordered regions, it has
been difficult to obtain a precise three-dimensional structure
of the full-length protein; however, HIV-1 Nef fragments

Richter et al.

that cover the whole polypeptide chain have been structur-
ally characterized using NMR and X-ray crystallography
[17]. Schematically, HIV-1 Nef possesses a genetically di-
verse and structurally flexible N-terminal arm of about 70
residues, followed by a well-conserved and folded core do-
main of around 120 residues (Fig. (2)). The core domain is
the only part of Nef that adopts a stable tertiary fold. The
high sequence conservation of the core domain in all nef
alleles implies that this region has the same structure in HIV-
2 and SIV Nef, as it has in HIVV-1 Nef. Most of the motifs
that are critical for binding to different cellular proteins are
in the core domain and are exposed to their binding partners
(Fig. (2)). Three proximal helices of the Nef core domain
could theoretically form a cavity accessible to drugs [18].
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Fig. (2). HIV-1 Nef full-length structure as derived from the NMR
structure assembly: functional motifs and their location. Binding
sites for the known interacting proteins are indicated. Reprinted by
permission from Macmillan Publishers Ltd: [EMBO Rep.] [17],
copyright 2001.

The N-terminal anchor domain has been solved using
NMR spectroscopy, and it appears that this domain adopts a
relatively unstructured conformation that becomes partially
ordered upon the addition of an N-terminal myristyl group
[19]. It has been speculated that the overall flexibility of Nef
enables the protein to switch between multiple
conformations and that the structural organization of Nef
may be dictated by its binding partner(s) [20].

Both the amino and carboxy termini are less conserved
than the core domain and are thought to contain extended
loop sequences. These sequences are enriched in short, linear
signal sequences (i.e. tyrosine-based motifs, dileucine
motifs, and diacidic motifs) that are known to be recognized
by components of vesicular coats.
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FUNCTIONS

HIV-1 and SIV Nef proteins have gained an important
role in HIV pathogenesis, altering normal cell processes by
several mechanisms (Table 1). First of all it has been demon-
strated that Nef promotes viral infection by activating CD4+
cytotoxic T lymphocytes (CTLs), rendering them suitable
host cells [20-24]. Nef specifically alters signal transduction
pathways downstream the T-cell receptor, affecting trasduc-
ers such as Vav [25], p2l-activated kinase 2 [26], Rac,
CDC42, and the DOCK2/ELMO1 complex [27]. In detail,
Nef is able to interact with several tyrosine kinases of the Src
family through its proline-rich (PxxP) motif that interacts
with the kinase Src homology 3 (SH3) domains, and with
several serine/threonine kinases [17, 28, 29]. During HIV or
SIV infection, there is a widespread programmed cell death
in infected and uninfected adjacent cells [22, 30]. Most of
this apoptosis is mediated by Fas-Fas ligand (FasL) interac-
tions: Nef-induced alteration of T-cell signalling pathway
also leads to the upregulation of Fas ligand (FasL) on the cell
surface, promoting apoptosis of neighbouring CTLs. On the
other hand, to protect host cell from apoptosis Nef prevents
signal transduction from FasL tumor necrosis factor (TNF)
receptor and inhibits p53 and p21 mediated apoptosis [17].
Nef also protects infected cells by reducing cell surface ex-
pression of major histocompatibility complex class | (MHC-
1), thus preventing viral antigen display on host cells avoid-
ing CTL’s activation [31]. Moreover, Nef selectively affects
some MHC-I allotypes, and ignores others, thus avoiding
lysis by natural Kkiller (NK) cells, which recognize infected
cells that lack sufficient surface MHC-1 expression [17, 30,
32]. The most broadly investigated biological activity of Nef
on host cells is the downregulation of CD4, HIV key cellular
co-receptor. Although it may seem counterproductive that
HIV-1 benefits from downregulating its own coreceptor, it is
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now clear that this function strongly correlates with im-
proved viral pathogenesis. This is probably due to prevention
of superinfection and enhancement of newly formed virion
budding and release, leading to a controlled and productive
infection [17, 33, 34]. In addition, Nef alters numerous intra-
cellular trafficking pathways by binding to adaptor protein
complex components, such as adaptor proteins (APs), coat
protein 1 (COP-1) and phosphofurin acidic cluster sorting
protein-1 (PACS-1) or members of the clathrin mediated
endocitosis, such as Dynamin 2 [17, 31, 35].

Recently, it has been reported that the ancestral SIV nef
gene product has a protective role, decelerating HIV progres-
sion to AIDS. It acts down-modulating T-cell receptor
(TCR)-CDg3, thus reducing T-cell activation and consequent
cell death, besides protecting infected cells against killing by
CTL’s. This evidence draws back the initial “negative role”
given to Nef, as in primate lentiviruses it contributes to the
non-pathogenic phenotype [24, 36, 37].

Recent data on Nef protein are described in [18 and 38].

NEF INHIBITORS

Nef inhibition could potentially replicate the effect of
harboring a nef deletion or a non-progressor Nef sequence,
both of which are known to hinder clinical evolution to
AIDS.

Small Molecules

Based on the evidence that various batzellidine and
crambescidin alkaloids inhibit HIV related protein—protein
interactions, such as HIV gp120-CD4, CD4-p56'*, and
HIV-1 cell-fusion [62, 63], Weiss group studied the inhibi-
tory effects of a library containing the natural products
ptilomycalin A, batzelladine F, and 46 batzelladine- and

Table1l. Known Functions of Nef
Biological Activities & Functions Mechanism Binding Partners Reference
Promotion of viral infection Activation of CD4+ CTL [38]
Immune system escape Reduction of MHC | expression on cell Citoplasmic tail domain of MHC I, AP- [39-43]
surface 1, PACS-1, ARF6, ARF1, PI3-kinase
Immune system escape and enhancement Reduction of CD4 molecules display on V1H, AP-2, ARF-1, beta-COP, Lck [38, 43-45]
of infectivity cell surface
Alteration of signal transduction pathways | Binding to molecules acting downstream Vav, p21-activated Kinase, Rac, [27, 46-52]
downstream T-cell receptor T-cell receptor CDC42, DOCK2/ELMO1 complex
Upregulation of FasL on cell surface [53]
Inhibition of host apoptosis Activity suppression of kinases trasducing | ASK1 [54]
signal from FasL and TNF receptor
Inhibition of p53 activity p53 [55]
Association with cellular kinases p21-activated kinases, PI3-kinases [56]
Impairment of intracellular trafficking Alteration of cytosolic vescicular traffick- | Heterotetrameric clathrin-AP complex [42, 44, 45, 57, 58]
pathways ing, endocytosis and budding (AP-1, AP-2, AP-3, AP-4) and associ-
ated accessory proteins, VH1, PACS-1,
COP-1
Enhancement of viral replication and Downregulation of celluar factors MHC 11, CD8,CD28, CD80, CD86, [38, 41, 59-61]
infectivity CCRS5, CXCR4, transferrin receptor,
mannose receptor, TNF, thioesterase
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crambescidin-based analogs on Nef binding towards three
cellular ligands, i.e p53, actin and p56ICk [64]. All three cellu-
lar proteins bind to the unstructured N-terminus of Nef. By
means of phage display-based and direct binding assays,
their competition-binding data demonstrated that at com-
pound concentrations of 5 puM, nine guanidines from this
library inhibited the three Nef-ligand interactions at levels of
>80%. Three compounds, (1), (2), and (3), (Fig. (3)) exhib-
ited >94% inhibition of the three Nef-ligand interactions. All
active compounds interacted primarily with Nef and not with
the cellular partners.

Structure-activity analysis prompted the following con-
siderations: 1) the bicyclic or tricyclic guanidine motif is
essential for modulating Nef inhibition, as these guanidine
units could form bidentate hydrogen bonds to an appropriate
Nef functionality, possibly a carboxylate side chain; 2) how-
ever, two guanidine subunits decrease inhibitory activity; 3)
the aliphatic side chains must be flexible to permit these
molecules to assume various binding conformations.

Unfortunately, all active compounds resulted too cyto-
toxic to allow tissue culture-based assays; therefore no data
on the compound potential to inhibit Nef function in vivo has
been reported.
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Subsequently, the quanidine-derived library was screened
against a Nef library, called Nef allelome, containing 10’
different variants of Nef [65]. The basic idea was that small
molecules active against most Nef clinical variants would be
less prone to promote drug resistance.

Alkaloid (3) (Fig. (3)), which was one of the simplest and
most flexible compounds among the tested derivatives, re-
sulted the most active against both wild-type and allelome
Nef. This study indicates that compounds with well-placed,
fewer flexible functional groups can better adapt to resis-
tance-conferring mutations, and can hence offer the broadest
spectrum of inhibition against Nef.

The structurally well defined Nef Src homology 3 (SH3)
binding surface (Fig. (2)) is involved in the interaction of
Nef with intracellular protein kinases, including several
members of the Src tyrosine kinase family, and in particular
with Hck, a Src family member expressed primarily in
macrophages, an important HIV target cell type. Biochemi-
cal and structural studies have established that Nef binds
specifically to the Hck SH3 domain with unusually high
affinity. This interaction is bipartite in nature, involving a
highly conserved Nef proline-rich motif (PQVPxR) and the
surface of SH3, as well as a very specific interaction of the

CF;COy”
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Fig. (3). Chemical structures of small molecule inhibitors of HIV-1 Nef function.
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Hck SH3 domain RT loop and a conserved hydrophobic
pocket of Nef [66]. Engagement of the Hck SH3 domain by
Nef is sufficient to induce constitutive kinase activation both
in vitro and in vivo. Given the well characterized binding of
Nef with the SH3 domain of Hck and the biological rele-
vance reported for this interaction [67], a number of studies
focused on the discovery and development of specific inhibi-
tors.

In a recent publication, Nef-Hck interaction inhibition
has been effectively achieved by combining virtual and ex-
perimental screening [68]. High-throughput docking and
application of a pharmacophoric filter on one hand and
search for analogy on the other hand identified drug-like
compounds that were further confirmed to bind Nef in the
low micromolar range (Kyq of 0.98 + 0.3 uM, isothermal
titration calorimetry), to target the Nef SH3 binding surface
(NMR experiments), and to efficiently compete for Nef-SH3
interactions (cell-based assay, glutathione-S-transferase
(GST) pull-down). Initial identification of these compounds
by virtual screening was validated by screening of the very
same library of compounds in the cell-based assay. The two
best inhibitory compounds, (4) and (5), in both virtual and
experimental screening are reported in Fig. (3) The two main
chemical differences between (4) and (5) consist of (i) the
transformation of the carbamate functionality into an amide
group by a methylene insertion and (ii) the absence of pheno-
lic function, leading to a benzoic acid bearing an N-acyl
chain located in the meta position. The docking of (4) and (5)
on Nef led to very similar models. In (5) the absence of a
phenolic group allowing the formation of an intramolecular
hydrogen bond with the carboxylic group of the benzoic
acid, improves the possibility for additional electrostatic
contribution with the Lys-82 from Nef. The theoretical
calculation of the log P values predicted (5) to be a more
soluble molecule as compared with (4), and neither (4) nor
(5) produced significant cell toxicity in cell viability assays
for concentrations up to 100 uM, which might be important
for drug development.

All these studies targeting Nef SH3 binding surface, pro-
vide essential templates for future development of biologi-
cally active anti-Nef derivatives and new classes of antiviral
molecules.

Another mammalian two-hybrid system to screen inhibi-
tors of the interaction between Nef and Hck was developed
by Murakami et al. [69]. By testing 500 samples from a
library of natural and synthetic compounds they found that
the four more effective samples (ECso in the nanomolar
range) were adriamycin derivatives (Fig. (3)). Adriamycin
(6) is an anticancer drug that inhibits DNA topoisomerase by
intercalating into the DNA. It was found that this drug inhib-
ited Nef-Hck interaction by reducing the amount of Hck:
hence, this activity was most likely related to the drug un-
specific inhibition of DNA processing.

Finally, two macrolide antibiotics, inhibitors of vacuolar
type H'-ATPase, concanamycin B and bafilomycin A1 ((7)
and (8), respectively, Fig. (3)) inhibited Nef-induced CD4
degradation in human cell lines at nanomolar concentrations
[70]. Predictably, CD4 accumulated in the lysosomes and did
not recover surface expression, indicating that the two anti-
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biotics act through inhibition of acidification of lysosomes
and do not affect cell membrane protein uptake and endocy-
tosis.

MRNA, siRNA

Recently, research on Nef inhibitors has focused on RNA
interference (RNAIi) mechanisms. RNAI is triggered by
double-stranded RNA (dsRNA) molecules, which are
processed in the cytoplasm by the dsRNA-specific
endonuclease Dicer into 19-24 nucleotides small interfering
RNAs (siRNAs) or micro-RNAs (miRNAs). These
si/miRNAs are incorporated into the multiprotein RNA-
induced silencing complex (RISC) that guides the
recognition and ultimately the cleavage or translational
repression of complementary single-stranded RNA, such as
messenger RNA or viral genomic RNA.

HIV is a rational target of RNAI because of its single-
stranded RNA genome: unspliced genome-length and spliced
subgenomic viral RNAs are possible targets for RNAI in the
cytoplasm. RNAI against the nef gene, along with tat and
rev, has been most widely studied because targeting early
regulating viral genes may augment the efficacy of
antiretroviral therapies. In addition, nef is localized at the 3’
end of the HIV genome and it is hence contained in many
viral transcripts. Suppression of HIV-1 replication has been
achieved both in transiently and stably transfected cells by
siRNA and short-hairpin RNA (shRNA) targeting nef or the
portion of the nef gene overlapping the U3 region [71-76].
However, the rapid emergence of HIV escape mutants has
severely limited the development of si/shRNA as therapeutic
antiviral agents. In fact, a drawback of the high RNA
sequence specificity is that single nucleotide substitutions or
deletions or mutations that alter the local RNA secondary
structure in the target region abolish inhibition [77]. The
simultaneous use of multiple siRNA, or long-hairpin RNA
(IhRNA) or long double-stranded (dsRNA) are some of the
strategies applied to reduce the chance of viral escape by
targeting the nef gene [78-80]. Some publications/patents
presented miRNA-based approaches, which do not require
perfect sequence complementarity [81, 82]. Other Nef tar-
geted miRNAs were computationally designed within the nef
gene of HIV-1 genome and further validated by experimental
means. The validation was carried out in cell culture models.
The miRNAs designed within the nef gene showed depend-
ence on the miRNA since expression levels from the clone
carrying the target region were downregulated compared to
the expression from the vector without the target regions.
Anti-miRNA could partially restore the reporter activity,
while an unrelated anti-miRNA had no such effect proving
that it was not a non-specific effect of DNA oligos [82].

Unfortunately, while all reports showed promising data
on RNAI activity, none of them has lead to clinical trial
applications.

Peptides

A third inhibitory Nef-directed approach involved the use
of synthetic peptides that abrogated binding with a Nef cellu-
lar partner. In one report, Hck-derived SH3 domains showed
potent inhibition of SH3-dependent Nef functions, such as
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association with p21-activated kinase-2 and induction of the
transcription factor NFAT, and did not compete with physio-
logical SH3-mediated processes [83].

More recently, an artificial 12 amino acid proline-rich
peptide (PD1: acetyl-HSKYPLPPLPSL-amide)) obtained
from a phage display screening against the SH3 domain,
exhibited exceptional affinity for the Hck SH3 domain (K4 =
0.23 uM) and was able to competitively displace Nef from
Hck SH3 by competition for the PXXP binding site [84].

VPU PROTEIN

In 1988 a new unknown (U) virus protein (\VP) was iden-
tified in the HIV-1 genome. This protein, called Vpu, is
found only in HIV-1 and SIVs isolated from chimpanzees
(SIVepz), and three species of old world monkeys within the
genus Cercopithecus (SIVgsn) [85]. HIV-1 Vpu is highly
conserved: strains from several isolates show a high level of
sequence identity and homology over the entire sequence,
making the protein a potential drug target [86]. There is
evidence of a role of Vpu in HIV-1 pathogenesis. In animals
infected with viruses where vpu deletions are sufficiently
large to prevent reversions, long-term non-progressing infec-
tions characterized by lack of CD4+ T cell depletion were
observed [87].

STRUCTURE

Vpu is an 81-aminoacid long protein with a molecular
weight of 9 KDa. It was identified as a type | integral mem-
brane protein. Residues 1-27 constitute the N-terminal hy-
drophobic membrane anchor. The remaining 54 residues
protrude into the cytoplasm (Fig. (4)). This part includes 15
charged aminoacids: a membrane proximal stretch of basic
residues followed by acidic residues that confer an overall
negative electrostatic charge to the molecule. This cytoplas-
matic part contains two phosphorylation sites at two serine
residues (Ser-52 and Ser-56). The membrane-spanning N-
terminal domain forms a stable o-helix connected to the
soluble cytoplasmatic tail by a short unstructured fragment.
The cytoplasmatic domain is formed by two discrete o-
helical structures encompassing aminoacid positions 35-50
and 58-70, separated by a flexible segment containing the
two conserved phosphorylated serine residues. However, the
Vpu tertiary structure is probably affected by its interaction
with cellular factors, which it has been shown to interact
with.

In addition, the Vpu protein is capable of homo-
oligomerizazion into higher molecular weight structures of
up to 80 KDa in the presence of membranes and 85 KDa in
the absence of membranes. Based on these values, it was
suggested at least a tetramer as a putative oligomerization
state in vivo, which may significantly impact the overall Vpu
conformation in membranes.

FUNCTIONS

Vpu primary function is to induce degradation of CD4
molecules in the endoplasmatic reticulum (ER). Both Nef
and Vpu viral proteins downregulate CD4 in host cells. Nef
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Fig. (4). Structural domains of Vpu. Vpu consists of an N-terminal
hydrophobic domain, that functions as membrane anchor, and a
hydrophilic cytoplasmic domain. The cytoplasmic domain contains
two amphipathic a-helical domains of opposite polarity. They are
separated by an unstructured region containing two conserved seryl
residues which are phosphorylated by protein kinase CK-2. The
cytoplasmic domain contains sequences critical for CD4 degrada-
tion while the membrane anchor domain has a critical function in
regulating virus release and plays an important role in the formation
of cation selective ion channels. Vpu forms homo-oligomeric com-
plexes. Only the monomeric form is shown. A putative interaction
between helix 1 and helix-2 as shown in the cartoon suggests only
one of many possible conformations of VVpu [208]. Reprinted from
Mol. Cell, 14, Strebel K., HIV-1 Vpu: putting a channel to the
TASK, 3, Copyright (2004), with permission from Elsevier.

and Vpu are mainly expressed early and late, respectively, in
the viral life cycle, ensuring continuous removal of CD4. Nef
(see above) 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 Skpl-Cull-F-box-protein (SCF) ubiquitin ligase and
facilitating the entry of CD4 into the endoplasmic-reticulum-
associated degradation pathway. CD4 downregulation is
additionally performed by the gp160 envelope glycoprotein
precursor (Env). However, CD4-gp160 complexes remain
trapped in the ER, thus blocking transport and maturation of
both CD4 and the Env protein itself [88]. Vpu induces deg-
radation of CD4 molecules trapped in complexes with Env,
thus allowing gpl160 to resume transport toward the cell
surface. Vpu physical interaction with CD4 in the ER targets
CD4 to the degradation pathway [89]. The determinants for
CD4 degradation are all contained in the cytoplasmatic do-
main of Vpu: the viral protein regions responsible for this
interaction are residues 28-47 and 76-81 at the C-terminal
[90]. The Vpu phosphorylated cytoplasmatic residues are
crucial for directing the Vpu-CD4 complex to the ubiquitin-
dependent proteosome degradation pathway, but they are not
strictly required for the protein binding to CDA4.

Vpu is also involved in the efficient release of viral parti-
cles from HIV-1 infected cells. This role is allocated to the
transmembrane domain of Vpu. Though controversially, this
activity has been linked to the Vpu ability to form ion chan-
nels [91], which appear to be selective for monovalent
cations, such as sodium and potassium. It has been proposed
that Vpu pore formation could also induce cellular factors
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involved in the late stages of virus formation or exclude
cellular factors inhibitory to the viral budding process [92].
Finally, it has been suggested that VVpu mediates the efficient
membrane association of other proteins with the conse-
quence of enhancing viral particle release [93].

Complete Vpu description is found in [86, 92, 94, 95].

VPU INHIBITORS

Small Molecules

Amiloride derivatives were the first small molecules
structures reported to block Vpu function. In particular, 5-
(N,N-hexamethylene)amiloride (compound (9)) and, to a
lesser extent, 5-(N,N-dimethyl)amiloride (compound (10)) in
Fig. (5) inhibited the budding of virus-like particles from
HelL a cells when they were expressing Gag and Vpu proteins
from HIV-1 [96]. Experiments with both full-length Vpu and
with a peptide corresponding to its N-terminal region,
reconstituted into lipid bilayers, indicated that the derivatives
block channel activity, thus linking the blocking to Vpu.
Compound (9) has also been reported to inhibit another viral
channel protein, p7 from hepatitis C virus [97] and amiloride
itself is known to block the epithelial Na* channel [98].
However, experimental binding constants have not yet been

measured.
0
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Fig. (5). Chemical structures of small molecule inhibitors of HIV-
1Vpu.

Computational studies established that compound (9)
forms hydrogen bonds with Ser-24 and tryptophans located
at the helix/lipid interface. Concurrently, compound (9)
hydrophobic ring was shown to be involved in hydrophobic
interactions with Vpu hydrophobic residues towards the N-
terminal end [99]. Based on these models, it was suggested
that the binding site of the blocker (9) lies within the chan-
nel. The mode of compound (9) inhibition, once it is in the
pore, is that of steric hindrance. This steric hindrance is sup-
ported by a combination of factors such as hydrogen bond
formation with tryptophan and implementation of slightly
altered pore geometry. In contrast, compound (10), although
binding within the pore, is still able to allow for space for
water molecules and ions to pass through [100].

Therefore, rational structures of inhibitory Vpu ligands
should contain both hydrogen acceptor groups and a spa-
cious hydrophobic tail to block the pore.
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Very recently, amphotericin B methyl ester (AME), a
cholesterol-binding compound, was reported to inhibit HIV-
1 particle production [101]. Initial experiments indicated that
the mechanism of inhibition by AME is distinct from that by
cholesterol depletion, since AME had no significant effects
on Gag binding to the plasma membrane, Gag association
with lipid rafts, or Gag multimerization. AME significantly
disrupted virion morphology and its activity was related to
the presence of Vpu, since AME did not inhibit the release of
Vpu-defective HIV-1 or Vpu-minus retroviruses, such as
murine leukemia virus (MuLV) and SIV. Interestingly, AME
markedly reduced the ability of Vpu to counter the activity
of CD317, also called BST-2, HM1.24 or tetherin (see be-
low); hence AME is the first small molecule reported to
interfere with the anti-CD317 function of Vpu.

Proteins

Last discovery in terms of Vpu inhibitors is called
CD317 [102]. Neil and colleagues initially demonstrated that
an inhibitory factor(s) for virion release was induced by
interferon o (IFN-o) [103]. By means of a microarray analy-
ses of mMRNA expressed in human cell lines treated with or
without IFN-a., they identified CD317 (also called BST2 or
HM1.24) a membrane protein of previously unknown func-
tion, which was called “tetherin”.

CD137 can be constitutively expressed or induced by in-
terferon-o. and causes retention of fully formed HIV-1 viri-
ons on infected cell surfaces. It was shown that CD317 ex-
pression correlated with a requirement for Vpu during HIV-1
particle release. Furthermore, in cells where HIV-1 virion
release required Vpu expression, depletion of CD317 abol-
ished this requirement. CD317 caused retention of virions on
cell surfaces and, after endocytosis, in CD317-positive com-
partments. VVpu co-localized with CD317 through the trans-
menbrane (TM) domain of Vpu in intracellular compart-
ments and inhibited these effects.

CD317 is an integral membrane protein that has an N-
terminal cytoplasmic tail followed by a TM domain, ex-
tracellular coiled-coil domain and a glycosyl phosphatidyli-
nositol (GPI) anchor at the C-terminus. CD317 localizes at
the cell surface, probably in lipid rafts. The GPI anchor lo-
calizes within rafts but the TM domain resides outside the
rafts. CD317 also resides in an intracellular pool and cycles
between the intracellular pool and the cell surface. During
this cycle, clathrin adaptor AP-2 interacts with the cytoplas-
mic tail of CD317 and triggers clathrin-mediated endocytosis
[104].

Even though some hypothesis have been made [95], the
molecular basis for tetherin’s antiviral activity and for coun-
teraction by Vpu have not been precisely elucidated. None-
theless it is clear that inhibition of Vpu function and conse-
quent mobilization of tetherin’s antiviral activity is a poten-
tial therapeutic key strategy in HIV/AIDS.

VPR/VPX PROTEIN

The vpr gene was isolated in all HIV and SIV genomes,
while a vpx gene in addition to vpr has been found in HIV-2
and SIV from other lineages, i.e. SIVmac (rhesus), SIVsm
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(sooty mangabey), SIVmnd-2 (mandrill), SIVrcm (red-
capped mangabey) and SIVdrl (drill) [105]. The Vpr and
Vpx proteins share considerable sequence similarity and are
thought to have arisen by duplication of a single ancestral
gene; they both encode small proteins of approximately 100
amino acids.

The viral protein R (Vpr) of HIV-1 is a small basic pro-
tein of 96 amino acids (14 kDa). The importance of Vpr in
promoting HIV-1 pathogenesis has been proved by several
observations: mutations to key amino acids have been asso-
ciated with long-term non-progressive HIV infections [106],
and monkeys infected with a SIV that did not express the vpr
and vpx genes displayed a very low virus burden and did not
developed the immunodeficiency disease [107]. However,
Vpr/Vpx functions during the natural course of infection
have not been yet clarified.

STRUCTURE

Although the full-length Vpr protein aggregates in solu-
tion, the tertiary structure of the protein has been assessed by
NMR analysis of a soluble full-length Vpr (1-96) polypep-
tide [108]: the protein is constituted by three amphipathic o.-
helices (D17-H33, W38-Y50, T55-R77) (Fig. (6)).

(38-50)Vpr

Fig. (6). NMR structure of the HIV-1 regulatory protein Vpr. Back-
bone superimposition of 15 selected structures of (1-96) Vpr, per-
formed on the (17-33), (38-50) and (54-77) o-helices [108]. Re-
printed from J. Mol. Biol., 327, Morellet N., Bouaziz S., Petitjean
P., Roques B.P., NMR structure of the HIV-1 regulatory protein
Vpr, 13, Copyright (2003), with permission from Elsevier.

The helix encompassing residues 55-78 is rich in leucine
residues, which, along with hydrophobic residues on one
side of the helix, can form a leucine zipper motif. This struc-
ture may account for the formation of Vpr dimers. The three
helices are connected by loops and are folded around a hy-
drophobic core surrounded by a flexible N-terminal domain
and a C-terminal arginine-rich region that are negatively and
positively charged, respectively. The N-terminal domain
contains four conserved prolines which are important for the
correct folding of the viral protein; the C-terminal region
displays six arginines which may be responsible for some
Vpr functions, such as its transducing properties and ability
to cross the cell membranes.

FUNCTIONS

Vpr is expressed at a late stage of the virus life cycle, but
it is present during the early steps of infection of target cells
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since it is packaged into virions released from the producing
cells. Vpr has a potential role in the initiation step of the
reverse transcription process since it has been shown that it
is present in the reverse transcription complex along with the
two copies of viral RNA and other viral proteins, such as RT,
IN and NCp7 [109, 110]. In addition, Vpr modulates the in
vivo mutation rate of HIV-1 by influencing the accuracy of
the reverse transcription, which is four time less faithful in
the absence of Vpr expression. This activity derives from the
interaction of Vpr with the nuclear form of uracil DNA gly-
cosylase (UNG2), an enzyme involved in the base excision
repair pathway that specifically removes the RNA base
uracil from DNA [111]. Despite the lack of any identifiable
canonical nuclear localization signal (NLS), Vpr is rapidly
targeted to the host cell nucleus after infection and it is then
able to shuttle between the nucleus and the cytoplasmatic
compartments. Vpr is an integral component of the pre-
integration complex (PIC), where the viral DNA associates
with IN and other viral and cellular proteins. It has been
proposed that Vpr enhances the transport of the viral DNA
into the nucleus by promoting direct or indirect interactions
with the cellular machinery regulating the nucleo-
cytoplasmatic shuttling [112]. Vpr molecules packaged into
infected virions induce an arrest in the G2 phase of the cell
cycle of infected T cells and there is evidence that the cellu-
lar pathway altered by Vpr is well conserved in all eukary-
otic cells. Since HIV-1 long terminal repeat (LRT) seems to
be more active in the G2 phase, it is possible that Vpr con-
fers a favorable cellular environment for efficient transcrip-
tion of HIV-1 by arresting the cell cycle at G2. Vpr repre-
sents one of the multiple pathways through which HIV in-
duces apoptosis, and eventually depletion of CD4'T cells.
Vpr induction of apoptosis is mediated by permeabilization
of the mitochondrial membrane and subsequent dissipation
of the mitochondrial transmembrane potential [113]. Differ-
ent evidence suggests that this effect is generated by either a
direct action of Vpr on mitochondria [114], or by the physi-
cal interaction of Vpr with the adenine nucleotide transloca-
tor (ANT) [115], which triggers caspase-mediated apoptosis
[116]. In addition, extracellular VVpr also displayed apoptotic
activity: it was proposed that Vpr found in sera and cerebro-
spinal fluid of HIV-1 infected patients, may play a role in the
development of AIDS-associated dementia [117]. Vpr in-
creases the transcriptional activity of both the viral LTR and
cellular promoters. This effect is mediated by the interaction
with transcription factors: in fact, Vpr displays DNA se-
quence specificity only when complexed with cellular part-
ners [118]. Hence, Vpr may function as an adaptor molecule
for efficient recruitment of transcriptional co-activators.
Finally, it has been recently reported that Vpr is required for
efficient Nef expression from unintegrated viral DNA, link-
ing the activity of Vpr to that of Nef [119].

For a complete recent review on Vpr and its functions see
[120].
VPR/VPX INHIBITORS

Small Molecules

Recently two natural compounds have been shown to in-
hibit Vpr function. Using a screening system of fungal me-
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tabolites in budding yeast cells expressing Vpr, Watanabe et
al. identified fumagillin as antagonizer of Vpr-mediated
growth inhibition in yeast cells [121]. Fumagillin (compound
(112), Fig. (7)) is a compound already known to be a potent
inhibitor of angiogenesis; in addition, it is already success-
fully used in the clinic to treat Kaposi’s sarcoma and mi-
crosporidiosis in AIDS patients. A possible mechanism of
action for fumagillin and its synthetic derivative TNP470
(compound (12), Fig. (7)) was reported to be the inhibition
of Vpr-mediated G, arrest in mammalian cells. However, it
is still unknown if the effect of fumagillin on Vpr is exerted
by direct binding or is mediated by downstream pathways.
Affinity binding assays failed to prove direct binding, but the
affinity might have been too weak to be detected in such
assay.

By screening small molecule libraries including ion
channel inhibitors, kinase/phosphatase inhibitors, orphan
ligands, endocannabinoids and bioactive lipids, damnacan-
thal stood up as the best inhibitor of Vpr-induced cell growth
cessation in mammalian cells [122]. Damnacanthal is an
anthraquinone derivative first isolated from noni fruit (com-
pound (13), Fig. (7)), a traditional Tahaitian fruit commonly
used as a folk medicine by Polynesians for over 2000 years.
Contrary to fumagillin, damnacanthal inhibits Vpr-dependent
apoptosis without affecting the induction of G, arrest or
maintenance [123]. Hence, it was proposed that damnacan-
thal can help distinguishing Vpr-induced cell death mecha-
nisms.

Based on the observation that the cell cycle arrest in-
duced by Vpr is similar to that observed in cells arrested in
G, by treatment with DNA-damaging agents such as the
classical bifunctional alkylating mutagen nitrogen mustard
(mustine, HN2), Poon et al. reported that pentoxifylline
(compound (14), Fig. (7)) is active in reducing Vpr-mediated
cell cycle arrest at concentration of 0.5 to 1.0 mM [124].
Pentoxifylline is a member of the methylxanthine family
which has been used in a number of clinical settings [125,
126] and treatment with methylxanthines in conjunction with
alkylating agents has been shown to abrogate the G2 delay.

OCH;
CHO

OH

o}
o
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Fig. (7). Chemical structures of small molecules inhibitor of HIV-1 Vpr.
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Pentoxifylline did not affect Vpr expression or localization,
but more studies would be needed to elucidate its mechanism
of action. In fact, pentoxifylline has been recently suggested
to inhibit HIV-1 transduction and replication at least partly
by suppression of the ATR kinase [127], indicating the need
for more detailed studies to prove the specificity of pentoxi-
fylline effect on Vpr. In vivo administration of pentoxifylline
did not show decrease in the viral load of AIDS patients,
however, the concentration of pentoxifylline achievable in
patients (5 to 10 uM) would have been insufficient to have
an effect on Vpr, given the much higher levels required in
vitro (0.5 to 1 mM) to alleviate the cell cycle arrest. Hope-
fully, the effects of pentoxifylline as lead compound may
assist in the identification of other more potent derivatives
which are effective at concentrations achievable in vivo.

Oligodeoxynucleotides

Among a series of unmodified phosphodiesters oligonu-
cleotides (PO-ODNSs) complementary to some of the HIV-1
regulatory genes, PO-ODN sequences complementary to the
vpr gene emerged as potent inhibitors of HIV-1 multiplica-
tion in de novo infected cells (ECsq 0.8-3.3 uM) [128]. These
PO-ODNs were not cytotoxic per se and were not inhibitory
to HIV-1 multiplication in chronically infected cells. Struc-
ture-activity relationship studies indicated that their antiviral
activity was not related to an antisense mechanism, but to the
presence, within the active sequences, of contiguous guanine
residues. These guanine clusters could spontaneously fold in
G quartet/quadruplex structures: this conformation on one
hand rendered the PO-ODNSs stable to degradation, and, on
the other hand, conferred properties to specifically interfere
with events on the HIV-1 life cycle that followed the adsorp-
tion step and preceded the reverse transcription.

Peptides

Two different genetic selections permitted to identify Vpr
binding peptides with inhibitory activity. A random hex-
americ peptide library fused to the C-terminus of a GST inert
carrier protein was screened in S. cerevisiae budding yeast.
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The genetic selection identified 15 peptides that suppressed
the growth arrest phenotype of HIV-1 Vpr [129]. This effect
correlated with the peptide binding affinity for Vpr, as de-
tected by GST pull-down binding assay. All the 15 peptides
contained a conserved di-W motif which was suggested to be
critical for the peptide ability to interact with Vpr and for
inhibition of its biological activity. In addition, the most
potent peptides displayed a stretch of hydrophobic residues
at their C terminus that could be responsible for part of the
inhibitory activity. Four peptides harbored a WXXF motif,
which is present in uracil DNA glycosylase (UDG) that
specifically binds to Vpr to increase reverse transcriptase
fidelity. The selected peptides were shown to alleviate Vpr-
mediated apoptosis and cell cycle G2 arrest, to colocalize
with Vpr in mammalian cells and to interfere with the pro-
tein nuclear translocation.

A random heptapeptide phage-display library was used to
select Vpr binding peptides [130]. The identified peptides
were further confirmed by using the yeast two-hybrid system
for intracellular interactions of Vpr with peptides. The great
majority of these peptides contained the consensus motif
WXXF, which is shared with UDG.

The described two different genetic selection methods
identified a common motif which bind and inhibit some of
Vpr function and could thus be exploited for development of
more potent inhibitors.

By using a peptide library that spans the 96-residue-long
Vpr protein, it has been recently shown that some Vpr-
derived peptides can bind both HIV-1 RT and IN [131]. In
particular, peptides derived from the C-terminal domain of
Vpr were the best binders of conserved regions of both RT
and IN. The vast majority of the binding peptides also de-
creased target protein activity. This property was proposed to
be the result of steric hindrance or conformation changes in
the RT and IN active sites, whereas a blockage of the di-
merization state was attributed to the inhibition of IN. Since
therapeutic properties were shown for peptides targeting
HIV-1 RT and IN that inhibited viral replication in HIV-1
infected cells, such characteristics must be pursued in the
design and development of novel and potent Vpr-derived
peptides.

Dominant Negative Mutants

Alterations of amino acids within the Vpr leucine-rich
domain at position 73 from arginine to serine (R73S), ren-
dered Vpr defective in stimulating transcription and replica-
tion of the HIV-1 genome in the presence of wild-type Vpr
and the viral transactivator, Tat [132]. Production of the
mutant Vpr interfered with the replication of the wild-type
and delta Vpr virus in the cells. Accordingly, a Vpr mutant
virus containing the transition of arginine to serine at posi-
tion 73 exhibited an inhibitory effect on the replication of
wild-type virus. In addition, the Vpr mutant 73 (Arg to Ser),
which displayed dominant negative properties, retained its
stability and ability to incorporate into virions and to localize
in the nuclei of the infected cells.

Vpr was reported to enhance the activity of glucocorti-
coids in mammalian cells by interacting directly with the
glucocorticoid receptor and general transcription factors,
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acting as a coactivator. In fact, Vpr contains the signature
motif LXXLL also present in cellular nuclear receptor coac-
tivators, such as steroid receptor coactivator 1, which medi-
ates their interaction with the glucocorticoid and other nu-
clear hormone receptors. It was shown that a mutant Vpr
molecule with disruption of this coactivator signature motif
(RU486) lost its ability to influence transcription of gluco-
corticoid-responsive genes and became a dominant-negative
inhibitor of Vpr, possibly by retaining its general transcrip-
tion factor—binding activities [133]. Mutations in the LXXLL
region also decrease the nuclear localization of Vpr.

These novel Vpr dominant negative mutants may provide
an effective strategy for the development of HIV-1 targeted
therapeutics.

Vpr as Vector

Besides being a target for antiviral therapy, the Vpr pro-
tein is an attractive molecule for the development of antiviral
agents targeting the events associated with virus maturation
because of its specificity for the HIV virus particle. Based on
this principle, Vpr has been fused to anti-integrase single-
chain variable antibody fragments [134], to sequences corre-
sponding to nine cleavage sites of the Gag and Gag-Pol pre-
cursors of HIV-1 [135], and to enzymatically active or inac-
tive viral proteases [136, 137]. All these approaches proved
to be successful in decreasing the viral replication and infec-
tivity of virions into which the chimeric protein was encapsi-
dated.

Hence Vpr could be effectively exploited not only as an-
tiviral target, but also as antiviral agent delivery vector.

VIF PROTEIN

The Virion Infectivity Factor (Vif) is a 23 KDa, highly
basic phosphoprotein that is present in all lentivirus with the
exception of equine infectious anemia virus (EIAV). It is
produced late in the infection cycle, in a Rev-dependent
manner. Vif was reported to be essential for efficient viral
replication in a cell-dependent manner: deletions in the vif
gene have been associated with a reduction or loss of viral
infectivity in non-premessive cells, while permissive cells do
not require a functional vif gene product.

STRUCTURE

Although the high conservation of the open reading
frame implies an important role of Vif, its amino acid se-
quence is not highly conserved between different viruses
pointing to specialized virus- and species-specific functions
[138]. A detailed structural analysis of Vif has been so far
precluded by non-specific aggregates that form during puri-
fication and enrichment [139]. Hence, all data on functional
domains of Vif are based on mutational analysis. The Vif
sequence has no predicted functional domain structure: resi-
dues shown to be important for activity are distributed
throughout the protein sequence (Fig. (8)).

The N-terminus is necessary for RNA binding [140] and
a stretch of basic amino acids located near the C-terminus of
Vif confers membrane association properties [141]. The C-
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terminal 22 amino acids have been also involved in the inter-
action of Vif with Gag [142]. Other important sequences
include a SLQ well conserved motif in the 114-148 central
region, and a HCCH motif; multiple phosphorylation sites
(Thro6, Serl44, Thrl55, Serl65, and Thr188), two con-
served cysteines at positions 114 and 133 and a PPLP motif
(amino acids 161-164) [143]. All these residues are required
for Vif activity. Finally, a proline-rich domain encompassed
by residues 151-164 was found to be important for Vif mul-
timerization [144].

Fig. (8). Three-dimensional structure of HIV-1 Vif constructed by
comparative molecular modelling [209]. Reproduced by permission
of The Royal Society of Chemistry.

FUNCTIONS

The best well-characterized function of Vif is its ability
to neutralize ABOBEC3G. APOBEC3G, initially designated
as CEM-15 [145], is part of a large family of related en-
zymes with cytidine deaminase activity [146]. The normal
cellular roles for APOBEC3G are unknown, but evidence
suggests that it may be involved in a general host cell anti-
viral protective mechanism, not just restricted to HIV [147].
When APOBEC3G is present in viral producer cells infected
with Vif-deficient HIV, it can introduce G to A mutations
into reverse transcriptase products in newly infected cells
[148, 149]. Even if the exact mechanism of Vif function is
still under investigation, there is evidence that the inhibition
of APOBEC3G antiviral activity is mediated by a physical
interaction with Vif, and results in the exclusion of
APOBEC3G from virions. A single mutation in the N-
terminal part of APOBEC3G (D128K) is sufficient to change
its sensitivity to Vif [150-153]. However, it is likely that
other residues are important for the interaction with Vif,
possibly through an RNA bridge [154]. Vif binding to
APOBEC3G induces APOBEC3G protein degradation and
prevents its incorporation into virions [155, 156]. Vif-
stimulated APOBEC3G ubiquitination and proteasome-
mediated degradation depends on Vif binding to components
of a cullin-ubiquitin ligase complex, including Cullin5,
Elongin B, Elongin C, and the RING protein Rbx [157-159].
The conserved motifs SLQ and HCCH mediate Vif interac-
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tion with the ubiquitin-mediated proteasome complex. How-
ever, there is increasing evidence that Vif prevents packag-
ing of APOBEC3G through multiple mechanisms [154].

Vif incorporation into virions is non-selective and Vif
packaged amounts are low and vary depending on the intra-
cellular expression levels of Vif [160, 161]. It was found the
packaged Vif stably associates with the viral genomic RNA
[140]: consistently, Vif copurifies with viral reverse tran-
scriptase, integrase and unprocessed Gag [154]. It is thus
likely that, despite its low abundance, Vif exerts other criti-
cal functions during the early phase of viral infection as part
of the HIV nucleoprotein complex.

In addition, Vif has been reported to interact with the cel-
lular kinase Hck [162], with the zinc finger protein inhibiting
NF-kB (ZIN) [163, 164], which inhibits TNF-o and IL-1
induced NF-kB mediated signaling [165], the sper-
midine/spermine N-actyl transferase (SSAT) [163], which is
a key regulatory enzyme of cellular metabolism and cata-
lyzes a rate limiting step in polyamine catabolism [166, 167],
and SP140, a component of a subset of promyelocytic leu-
kemia (PML) bodies or nuclear bodies/domains (ND) [168]
that are associated with regulation of gene transcription,
DNA replication and repair and the cell cycle [169].

These newly identified interactions of Vif with cellular
partners might be important for the search and development
of antiviral factors.

For recent complete reviews on Vif see [154 and 173].

VIF INHIBITORS

Many recent reviews indicated Vif as a new potential im-
portant target for anti-HIV therapy [170-172].

Possible ways to prevent Vif activity have been described
by Carr et al. [173]). Most of them include disruption of Vif-
mediated inhibition of the natural antiviral factor
APOBEC3G. This would be achieved by acting on
APOBEC3G by increasing its synthesis or its Gag/RNA
binding or by decreasing its degradation; by acting on Vif by
decreasing its synthesis, increasing its proteolysis or altering
its cellular localization. In addition, inhibition of Vif func-
tions maybe envisaged by interfering with interaction of Vif
and other identified or yet to be identified cellular partners.

Here we describe the strategies applied and results so far
achieved in experimental settings to reduce Vif-associated
HIV infectivity.

Peptides and Proteins

Randomly Selected Peptides

Most of the experiments performed to find Vif inhibitors
involved proteins and peptides more or less related to the Vif
sequence.

A phage display assay was employed to identify a set of
12-mer peptides, all containing a PXP motif [174]. Among
these proline-enriched peptides, the peptides containing the
PXPXP motif had the higher binding affinity to Vif protein.
Since it had previously been demonstrated that the
BIAALIKPKQIKPPLP** domain of HIV-1 Vif is critical for
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Vif multimerization, which is required for Vif function, it
was proposed that all the identified peptides could inhibit Vif
multimerization. Indeed, it was demonstrated that the
161pp p% domain plays a key role in Vif-Vif interaction and
that either random peptides containing the PXP motif, or
Vif-derived peptides presenting the PPLP sequence, could
effectively inhibit Vif-Vif interaction. In addition, the se-
lected peptides were able to inhibit Vif-Hck binding and they
could effectively enter HIV-1 infected cells as antennapedia
homeodomain fusion peptides. They were also reported to
inhibit HIV-1 replication in cell culture, although no ECs,
value was reported. These data indicated that Vif multimeri-
zation is important for the function of Vif and presented a
chemical structure which could be exploited for the design of
more effective synthetic Vif inhibitors. Based on the results
collected on their work, Zhang et al. issued two patents [175,
176] where the amino acid sequence from amino acid residue
144-177, 151-164, 161-164 were patented with many modi-
fications, including peptidomimetics, non-classic amino
acids, or chemical amino acid analogs and enzymatic or
chemical modifications.

A precedent phage-biopanning method against Pr55Gag
and Vif interacting domains had identified both Gag and Vif
competitor peptides. The Gag competitors spanned a con-
tinuous region of Gag between His421 and Thr470. In the
Vif competition experiments, fifty individual clones were
isolated and sequenced, and most of the phagotopes thus
yielded could be aligned with the Vif sequence. They dis-
tributed into four discrete regions in Vif, two of them situ-
ated in the central portion of the molecule, between residues
T68-L81 and W89-P100, two others at its C-terminus, be-
tween residues P162-R167 and P177-M189. They all coin-
cided with regions of the Vif sequence which have a high
probability of hydrophilicity and accessibility [177, 178].
One-third of all the Vif-phagotopes isolated were character-
ized by a high frequency in proline, serine, threonine and
basic residues, all features shared by the Vif C-terminus.

Vif Mutants

A natural mutant of Vif, F12-Vif was isolated, where a
45 amino acid region carried six unique amino acids substi-
tutions at positions 127, 128, 130, 131, 132 and 142. This
mutant was found to prevent replication and spreading of
both CXCR4 and CCRS5 strains of HIV-1 in human primary
T lymphocyte and T cell lines [179, 180]. T cells transduced
with F12-Vif release few HIV-1 virions and with reduced
infectivity. Several lines of evidence indicated that HIV-1
interference required the presence of both wild-type and
F12-Vif proteins, suggesting a dominant-negative feature of
the F12-Vif mutant. The mechanism of F12-Vif mutants has
not been reported, however it was found not to depend on the
reestablishment of the APOBEC3G function.

Other positions along the Vif sequence (22, 29, 41, 48,
66, 80, 109, 185 and 186) were also found to be important in
Vif activity and corresponding Vif mutated sequences were
anticipated as possible Vif inhibitors [180].

APOBEC3G Derived Mutants

A gene therapy approach has been proposed based on the
finding that a human APOBEC3G containing a single muta-
tion (D128K) could still interact with Vif, but it was not
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depleted from cells, hence was resistant to Vif activity and
inhibited HIV-1 replication in a Vif-resistant manner [152,
181, 182].

Antibody

Engineered Vif-specific single chain intrabodies for gene
therapy were also assayed. One of these intrabodies was
found to efficiently bind the Vif protein and neutralize its
infectivity-enhancing function [183]. Subsequently, this
antibody was engineered to mimic camelid antibody domains
to improve protein solubility [184]. Indeed, an excellent
correlation between improvements in protein solubility with
gradually increasing camelization was reported. Camelized
single-domains efficiently bound Vif protein and neutralized
its infectivity enhancing function, by reducing late reverse
transcripts and proviral integration. The activity of the anti-
Vif single-domains was shown to be cell-specific, with in-
hibitory effects only in cells non-permissive that require Vif
for HIV-1 replication. Moreover, cell specificity of anti-Vif
intrabodies was correlated with an increase of APOBEC3G,
which potentiates viral inhibition.

Ribonucleotides (RNAS)

RNA has been successfully used to accomplish Vif inhi-
bition through different strategies.

Initially, a ribozyme specifically targeted against Vif
showed efficient cleavage of vif RNA; the ribozyme de-
creased its activity if the hybridization region was either in
part deleted or mutated. In the same study, no comparable
activity was obtained with a Vif antisense RNA [185].

However, more recently, it was reported that a HIV-1 Vif
antisense RNA fragments constructed within the region
spanning nucleic acid positions 5561-5705, corresponding to
amino acid residues 96-144, significantly inhibited HIV-1
replication in infected cells and reduced the HIV-1 Vif
mRNA transcripts [186]. The study demonstrated that viri-
ons generated in transfected Hela-CD4+ cells, especially
from HIV-1 Vif frame-shift mutant (3’ delta vif; 5561-5849),
were affected in splicing and had low infectivity in MT-4
cells [187]. In addition, HIV-1 vif antisense RNA fragments
significantly inhibited HIV-1 replication in MT-4 and re-
duced the HIV-1 vif mRNA transcripts and reporter gene
(EGFP) expression. The generated virions showed low sec-
ondary infection in H9 cells. These data indicate that the
middle to the 3’ end of Vif is important for its biological
activity in the target cells.

Another antisense strategy has been recently applied to
inhibit HIV-1 viral replication through vif targeting [188].
The antiviral compounds, called peptide-conjugated poly-
morpholino oligomers (PMO), were composed of the an-
tisense moiety and an arginine rich peptide that increased
host cell uptake. The antisense function consisted in a an
oligomer or oligonucleotide having a sequence of 12 to 40
morpholino subunits with a vif targeting base sequence,
linked by partially charged phosphorodiamidate linkages to
the peptide fraction.

The preferred target sequence was the region adjacent or
including the AUG start site of the Vif gene. The antisense
PMO were shown to reduce Vif protein levels and allow
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incorporation of APOBEC3G into nascent virions. This
substantially reduced the replicative potential of these virions
and cause infected cells to produce a virus population with
an increased defective to non-defective virion ratio. The
overall effect on an in vivo infection should be to block the
productive infection of lymphoid and myeloid cells and
reduce the viral load in the individual.

siRNAs have also been tried against HIV infection. The
idea at the base of this strategy is that sSiRNA, 21-23 mer
double-stranded RNAs complementary to a selected RNA
sequence, would induce the cleavage of the target mRNA,
with consequent protein synthesis inhibition.

A Vif directed siRNA coupled with a HIV-1 decoy TAR
RNA [189] was reported. TAR RNA competitively interacts
with the HIV-1 Tat protein, to downregulate the enhanced
gene expression from the LTR promoter. HIV-1 decoy TAR
and Vif siRNA were encoded and expressed in the same
construct, and later the TAR and siRNA were cleaved into
their respective separate RNA by the endogenous Rnase I11-
like enzyme. Each of the cleaved HIV-1 anti-genes then
synergistically contributed toward enhancing the inhibition
efficacy (>80%) of HIV-1 replication in transduced Jurkat
cells. These results suggest that targeting HIVV-1 mRNA with
simultaneously expressed intracellular decoy TAR and Vif-
siRNA could lead to an effective gene therapy strategy for
the control and management of HIV-AIDS.

However, so far no anti-HIV-1 siRNA-based therapy has
reached the clinical trial stage, probably because exact com-
plementarity is a necessity for sSiRNA activity. Infact, HIV is
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observed to constantly mutate its genome and this would
result in rendering the siRNA-mediated inhibition a failure.
An effective alternative strategy maybe the use of miRNAs,
which require incomplete complementarity.

In reference [82], human miRNAs targeting HIV-1 genes
are presented. In particular, the invention provides targets of
six human miRNAs in HIV-1 genome comprising the nef,
vpr, vif and env genes. Even though the best results were
achieved with miRNAs against nef, the inventors demon-
strated that miRNAs have highly conserved targets in HIV-1
and related late sequences. They are expressed in T-cells, the
natural site of infection by HIV-1 infection and their expres-
sion level may vary between individuals. Hence, it was
shown that human miRNAs have the potential to affect ex-
pression of HIV-1 genes and may in future be used to de-
velop therapeutic approaches to inhibit HIV-1.

All these data clearly suggest that Vif could be an effec-
tive novel therapeutic target site for gene therapy applica-
tions, for the control and management of HIV-1 infection,
due to its strong inhibition of HIV-1 replication in cells.

Small Molecules

As seen in the introduction, Vif targets APOBEC3 pro-
teins, cellular antiviral proteins, for proteasomal degradation,
in a ubiquitin-dependent process. The Cullin E3 ubiquitin
ligases consist of three main components: a Cullin
(Cul1,2,3,4a,4b,5, or 7), an adaptor protein, and a substrate
receptor [190]. The E3 ligase is the third enzyme in the
ubiquitination sequence and is responsible for substrate
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Fig. (9). Chemical structures of small molecules inhibitor of HIV-1 Vif function.
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specificity. It has been shown that Vif co-opts the Cullin5 E3
ubiquitin ligase, acting as a substrate receptor, targeting
APOBEC3G for proteasomal degradation, and that a highly
conserved HCCH zinc binding motif is required for Cul5
selection [191, 192]. Vif specifically interacts with Cul5
through this novel zinc binding motif. It is hence rational to
test zinc chelators as inhibitors of HIV-1 Vif-mediated
APOBEC3G degradation. Indeed, the membrane-permeable
zinc chelator N,N,N’,N’-tetrakis-(2-pyridylmethyl) ethyle-
nediamine (TPEN) (compound (15), Fig. (9)) was reported to
increase APOBEC3G stability, allowing it to be packaged
within the virion, where it drastically inhibited virus infectiv-
ity [193]. Importantly, the TPEN concentrations used (ICsq
of 1.79 uM) did not affect the function of a number of cellu-
lar zinc binding proteins.

A variety of Vif-directed small molecules inhibitors have
been recently patented by Rana [194]. These compounds
were selected from a small molecule library using a fluores-
cence based screening method. This method permitted to
detect the inhibition of Vif and APOBEC3G and/or
APOBEC3F which were covalently linked to fluorescent
proteins (i.e. YFP or CFP). The compounds that exhibited
the highest inhibitory properties are depicted in Fig. (9),
compounds (16), (17), (18), (19), (20). The most promising
compounds were also tested for HIV-1 infectivity inhibition
and some of them showed encouraging reduction of virus
replication.

Among the many tested compounds, some shared a 3-(4-
nitrophenylthio)-N-phenylbenzamide template. Of these,
compound RN-18 (21) (Fig. (9)) was shown to antagonize
Vif function and inhibit HIV-1 replication only in the
presence of APOBEC3G [195]. RN-18 increased cellular
APOBECS3G levels in a Vif-dependent manner and increases
APOBEC3G incorporation into virions without inhibiting
general proteasome-mediated protein degradation. RN-18
enhanced Vif degradation only in the presence of
APOBEC3G, reduced viral infectivity by increasing
APOBEC3G incorporation into virions and enhances
cytidine deamination of the viral genome.

Altogether, these studies provide biochemical evidence
for a role of Vif in the HIV-1 lifecycle and validate Vif as an
important promising target for the control of HIV-1 infec-
tion.

DISCUSSION

Accessory HIV-1 proteins were initially reported to be
unnecessary for viral growth in most tissue culture systems;
as so they were termed non-essentials and ignored until their
importance as virulence factors, governing many interactions
between the virus and its host, was understood [196]. As a
matter of fact, mutations in all four known HIV-1 accessory
proteins, Nef, Vpu, Vpr and Vif, have now been associated
with long-term non-progression [87, 106, 197-200].

Three out of four accessory proteins have been involved
in CD4 degradation: Nef and Vpr down-regulate CD4 on the
cell surface, thereby permitting efficient virus release from
the cell membrane; Vpu principal function is the degradation
of the CD4/gp160 complex in the ER, thus allowing gp160
recycling and transport to the cell surface for assembly into
viral particles. In addition Nef has been implicated in MHC-I

Richter et al.

down-regulation, and down-modulation of viral infectivity
[201, 202]; Vpr is involved in the nuclear transport of the
pre-initiation complex (PIC) at the very early steps of viral
infection [203, 204], in the induction of G2 cell-cycle arrest
in proliferating T limphocytes [205], in the modulation of
HIV-1 induced apoptosis [206] and in the expression of Nef
[119]. Vif acts during viral assembly in producer cells to
ensure infectivity by blocking the potent antiviral function of
APOBEC3G [207]. Obviously all these functions play an
important role in promoting the virus life cycle, hence the
AIDS disease progression. Therefore, being able to suppress
accessory protein functions may prove a new potent strategy
to contrast HIV-derived disease. However, research against
accessory proteins has been so far rather limited. Most im-
portantly, none of the compounds tested in vitro, even those
that displayed very promising properties, has reached the
clinical trials stage.

One main problem encountered in the design of effective
drugs against HIV accessory proteins, is the lack of target
comprehensive information. In particular, new functions or
new interactions are constantly reported, therefore it may be
difficult to recognize, and hence target, the primary key
functions of the studied accessory protein, against a number
of secondary and dispensable effects. Further, structural data
have not yet been fully acquired at the NMR level for all
accessory proteins, one problem being the extreme flexibility
of part of these proteins, which can vary conformation upon
interaction with cellular/viral partners. In the case of Vif,
structural information is still mostly speculative. The lack of
detailed structural data precludes the development of compu-
tationally designed ligands. In silico design may be particu-
larly valuable in the development of small molecules, which
may be the most effective tools in the search of new antiviral
compounds. In fact, small molecule ligands do not need to be
structurally related to substrates, hence they could lead to
safer and more efficacious drugs by overcoming selectivity
and substrate competition issues.

Other approaches, such as those based on pep-
tides/proteins usually present delivery problems, and those
based on gene-therapy have not yet been approved due to the
potential of severe and irreversible side effects. Si/miRNA
strategies could be more realistically applied, even if so far
anticancer siRNA have reached the stage of clinical trials,
but no siRNA-based drug is yet used in the clinic.

In conclusion, some efficient inhibitors against HIV-1
accessory proteins, especially Nef and Vif, have been de-
scribed; however, gaining deeper information on the molecu-
lar details of HIV-1 accessory protein key functions would
trigger the rational development of more effective inhibitors.

In addition, no information is now available on the effi-
cacy of anti-accessory protein compounds in the treatment of
AIDS. Hence, verification of the usefulness of these inhibi-
tors used alone or, more likely, in association with other
classic antiretroviral drugs is next challenge.
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ABBREVIATIONS

AIDS = acquired immunodeficiency syndrome
AP = adaptor protein

CFP = cyan fluorescent protein

CoP = coat protein

CTL = cytotoxic T lymphocytes

EC = effective concentration

EGFP = enhanced green fluorescent protein
ER = endoplasmic reticulum

GPI = glycosylphosphatidylinositol
HAART = highly active antiretroviral therapy
HIV = human immunodeficiency virus
IFN = interferon

IL = interleukin

IN = integrase

LTR = long terminal repeats

MHC = major histocompatibility complex
miRNA = microRNA

NF-kB = nuclear factor kB

NK = natural killer

NLS = nuclear localisation signal

NMR = nuclear magnetic resonance
PACS = phosphofurin acidic cluster sorting protein
PIC = pre-initiation complex

PMO = polymorpholino oligomers

PO-ODNs = phosphodiesters oligonucleotides)

RNAI = RNA interference

RT = reverse transcriptase

SiRNA = short interfering RNA

SIV = simian immunodeficiency virus

TCR = T-cell receptor

™ = trans membrane

TNF = tumor necrosis factor

UDG = uracil-DNA glycosylase

YFP = yellow fluorescent protein
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