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Summary
Although antiretroviral therapy has revolutionized the clinical management of AIDS, life-long
treatment is required because these drugs do not eradicate HIV-infected cells. Chronic
antiretroviral therapy may not protect AIDS patients from cognitive impairment, raising important
quality of life issues. Because of the rise of HIV strains resistant to current drugs and uncertain
vaccine prospects, an urgent need exists for the discovery and development of new therapeutic
approaches. This review is focused on one such approach, which involves targeting HIV-1 Nef, a
viral accessory protein essential for AIDS pathogenesis.

Introduction
Current AIDS drugs block the activity of HIV-1 enzymes critical to the viral life cycle,
including reverse transcriptase and protease, as well as fusion of the virus to host cell
receptors [1]. The HIV genome also encodes four accessory factors (Vpr, Vpu, Vif, and Nef)
essential for viral pathogenicity that represent alternative targets for drug discovery [2–4].
HIV-1 Nef is particularly attractive in this regard, because it is critical to the HIV life cycle
in vivo and also promotes immune escape of HIV-infected cells. As summarized in the next
section, a large body of evidence points to HIV-1 Nef as a rational drug target in AIDS.

Discussion
A case for Nef as a drug target for AIDS

A large body of research strongly supports an essential role Nef in HIV-1 pathogenesis and
AIDS progression, and many excellent reviews are available that explore this topic [5–9].
Below is a brief summary of some of the major themes that help to make the case for a drug
discovery campaign targeting Nef.

HIV Nef is relatively small, polymorphic protein (27–30 kDa) that is packaged in the virion
and is also expressed at high levels early in the viral life cycle. Nef is myristoylated on its N-
terminus, which helps to attach it to cellular membranes essential for function [10]. Nef
lacks any known biochemical activities, functioning instead through protein-protein
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interactions with a diverse range of host cell proteins. These interactions provide the
mechanistic basis for many Nef activities, including downregulation of cell-surface immune
(MHC-I) and viral receptors (CD4/CXCR4/CCR5), remodeling of the actin cytoskeleton,
and stimulation of host cell signaling pathways [9]. These functions of Nef allow HIV-
infected cells to avoid immune surveillance by the host, prevent viral superinfection, and
enhance virion release.

Other work supports a critical role for Nef in HIV pathogenesis at the whole animal level.
Early studies in non-human primates provide some of the strongest evidence that Nef is
required for the development of AIDS [11]. Infection of rhesus macaques with Nef-defective
SIV resulted in low viral loads and caused a substantial delay in the onset of disease. These
findings are consistent with reports of rare individuals infected with Nef-defective HIV [12–
14]. In these patients, viral loads remain low or undetectable and in some cases CD4+ T-cell
counts remain stable for many years, even in the absence of antiretroviral therapy.

Other evidence supporting a direct role for Nef in HIV disease comes from mouse models.
Because mice cannot be infected with the virus, Jolicoeur et al. developed transgenic mice in
which a CD4-derived promoter was used to express Nef in HIV target cells [15].
Remarkably, expression of Nef alone in the CD4+ cell population was sufficient to cause
AIDS-like disease. This Nef-dependent phenotype mimics many aspects of human AIDS,
including CD4+ T-cell loss, thymic involution, splenic atrophy and subsequent kidney and
lung pathology.

A more recent study has demonstrated an essential role for Nef in HIV infection using
humanized ‘BLT’ (bone marrow, liver, thymus) mice [14], in which immunodeficient
animals are reconstituted with the human immune system through transplantation of CD34+

stem cells from human fetal livers. BLT humanized mice display a full range of human
immune cells, including B and T cells, myelomonocytic cells, and dendritic cells. Infection
of these animals with wild-type HIV-1 results in rapid depletion of CD4+ T-cells from both
the blood and tissue compartments. In striking contrast, infection with Nef-defective virus
does not result in CD4+ T-cell loss, supporting a direct role for Nef in thymocyte killing that
complements the results with Nef- transgenic mice.

Taken together, the animal and patient data described above support a dominant role for Nef
in HIV pathogenesis. These studies provide a strong rationale for the discovery and
development of small molecule antagonists of Nef function as a new approach to
antiretroviral therapy. Furthermore, recent studies show that engineered Nef-binding
proteins block its functions in cell-based studies, including CD4 and MHC-I
downregulation, viral infectivity, and kinase activation [16]. These experiments provide an
important proof-of-concept that Nef antagonists may be valuable weapons in the fight
against AIDS. In the sections that follow, we review three examples of small molecule
antagonists of HIV-1 Nef function. Each of these compounds was discovered by unique
approaches, and targets a different region of the Nef structure. As a consequence, these
compounds display overlapping but non-identical activity profiles against Nef functions.

Combined computational and in vitro screening yields antagonists for Nef:SH3 interaction
Nef elicits a wide range of host cell responses through a complex web of protein-protein
interactions involving several conserved motifs on the protein’s surface [6,9]. One of the
best studied is the Nef PxxPxR motif, which involves N-terminal proline residues 72 and 75
[17]. This motif forms a polyproline type II helix for interaction with SH3 domains in some
partner proteins. Mutagenesis studies have shown that this motif is required for many Nef
functions [6] including the development of AIDS-like disease in transgenic mice [18]. In
addition to the PxxPxR motif, high-affinity SH3 binding by Nef also requires a unique
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hydrophobic pocket that engages the RT-loop of the SH3 domain (Figure 1). This
hydrophobic pocket is formed in part by three highly conserved residues, and represents an
attractive protein-protein interface for small molecule inhibitor binding [17].

Betzi et al. [19] targeted the Nef:SH3 interface using a combination of virtual screening and
a mammalian cell-based protein-protein interaction assay. Combining these approaches to
screen a subset of the NCI diversity library yielded one compound that interfered with
Nef:SH3 interaction in the cell based assay, albeit with low affinity. This initial hit
compound, a phenoxyacetamido benzoic acid derivative termed D1, also partially inhibited
Nef-dependent downregulation MHC-I without affecting cell-surface CD4. This result is
consistent with previous genetic studies implicating the Nef SH3-binding function in MHC-I
but not CD4 downregulation. The partial effects of D1 on MHC-I downregulation may
reflect the involvement of other Nef structural motifs in this process that are not targeted by
this compound (more below).

Seventy compounds based on the D1 substructure were then screened for inhibition of
Nef:SH3 interaction. This study identified an analog (DLC27) which was subsequently
shown to interact directly with Nef by multidimensional NMR with an apparent KD value of
about 1.0 μM. Chemical shift perturbations induced by DLC27 are consistent with binding
to the Nef hydrophobic pocket, and involves conserved residues Trp113 and Phe90 in this
region (Figure 1). DLC27 consists of a carboxylic acid joined to a hydrophobic t-butyl-
phenyl group through a modified carbamate linker. The authors suggest a mechanism of
action for this compound in which the apolar moiety inserts into the Nef hydrophobic pocket
and competes for binding of the SH3 domain RT loop [19]. Subsequent docking studies of
DLC27 led to the development of second-generation analogs with extended linkers that
interact with a groove on the Nef surface [20]. Interestingly, interaction with one of these
analogs enhanced the sensitivity of Nef to proteolysis by HIV-1 protease, suggesting that
compound binding to the hydrophobic pocket may destabilize the structure of the Nef core.
Despite these attractive properties, solubility and toxicity issues have limited further
development of this series of compounds. As a consequence, their activity against Nef in the
context of viral replication and infectivity is unknown.

A chemical probe for Nef function in MHC-I downregulation
HIV-1 Nef uses a temporally regulated program to downregulate cell-surface MHC-I,
allowing HIV-infected cells to escape immune surveillance. During the first two days
following infection, Nef triggers MHC-I downregulation by an endocytic program called the
signaling mode. By three days post-infection, Nef switches to a stoichiometric mode of
downregulation that prevents delivery of newly synthesized MHC-I molecules to the cell
surface [21]. Inhibition of the signaling mode blocks onset of the stoichiometric mode,
demonstrating that the two modes of MHC-I downregulation are intimately linked. Nef
anatgonists that block the signaling mode are therefore anticipated to prevent MHC-I
downregulation by Nef, and have the potential to re-enabling immune detection and
clearance of HIV-positive cells.

An early and essential step in the signaling mode is Src-family kinase (SFK) activation by
Nef, which depends on the PxxPxR motif described above. In a manner analogous to T-cell
receptor activation, SFK activation leads to ZAP-70 (T-cells) or Syk (monocytes) activation,
followed by recruitment of a class I phosphatidylinositide 3-kinase (PI3K) [22,23]. Nef
recruits different PI3K isoforms containing specific p110 catalytic subunits depending upon
the cell type. In T-cells, Nef recruits p110 δ whereas in monocytes and other cell types, Nef
recruits p110α or p110β. By combining with cell-type specific Src-family members, PI3Ks
and ZAP-70 or Syk, Nef can assemble the multi-kinase complex required for MHC-I
downregulation in a broad set of HIV-1 permissive cells.
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The identification of the Nef-assembled multi-kinase complex provided an opportunity to
target the signaling mode of MHC-I downregulation with kinase inhibitors. For example,
Nef-dependent MHC-I downregulation in virus-infected primary CD4+ T-cells was inhibited
with the class I PI3K inhibitor PI-103 and with the p110 δ-specific inhibitor PIK-23 [22,24].
By contrast, Nef-induced downregulation of CD4, which does not require the multi-kinase
complex, was unaffected.

In addition to inhibiting downstream kinases, an alternative approach involves blocking
association of Nef with the kinases that that form the multi-kinase complex. One compound
that works via this mechanism is termed ‘2c’, which is a derivative of the Streptomyces
metabolite UCS15A. This natural product was originally found to disrupt the binding of the
cell-cycle regulator Sam68 to c-Src, an interaction that also involves a PxxP motif and the
Src SH3 domain [25]. The 2c derivative of UCS15A blocked the ability of Nef to bind and
activate Hck in vitro in a concentration-dependent manner and also inhibited the binding of
Nef to Lyn and c-Src, the other two SFKs directly linked to activation by Nef [26].
Multidimensional NMR analysis indicated that 2c interacts with the Nef SH3 domain-
binding site and also with the cleft formed by the central β-sheet and the C-terminal α-
helices of Nef (Figure 1). These findings suggest that 2c interferes with Nef-induced SFK
activation by both allosteric inhibition of SFK recruitment as well as a direct effect on SH3
domain binding.

Cellular studies showed that 2c blocked the interaction of Nef with SFKs and, in turn,
prevented assembly of the SFK/ZAP-70/PI3K multi-kinase complex. Control experiments
showed that 2c had no effect on Nef trafficking steps required for interaction with SFKs nor
did 2c block PI3K activity directly. Consistent with an essential role for the Nef-assembled
multi-kinase complex in MHC-I downregulation, treatment of primary CD4+ T-cells with 2c
repressed the ability of HIV-1 to downregulate MHC-I. As expected, HIV-1-induced CD4
downregulation was unaffected [21]. In addition to its effects on MHC-I downregulation, 2c
was also observed to interfere with HIV infectivity in a Nef-dependent manner [27]. This
observation supports a role for the Nef-assembled multi-kinase complex in both immune
evasion and viral infectivity. However, both of these effects required 2c concentrations in
the double-digit μM range, raising the possibility of off-target effects. Nevertheless, these
studies provide an important proof-of-concept that inhibition of Nef-dependent kinase
signaling is a viable approach to the development of Nef antagonists.

Identification of Nef antagonists by effector kinase coupling
The Nef protein lacks intrinsic biochemical activity, making development of high-
throughput screening assays for Nef function challenging. One approach to this problem
involves coupling of Nef to activation of the SFK Hck, one of the best-characterized Nef
binding partners [6]. Hck is strongly expressed in macrophages and other HIV target cells
[28], and Nef-induced activation of Hck has been implicated in several Nef functions
including enhancement of viral replication as well as downregulation of MHC-I
[21,22,24,29] as described above.

Like other members of the Src kinase family, Hck activity is downregulated in part by
intramolecular docking of its SH3 domain onto the back of the kinase domain, which helps
to stabilize the inactive conformation of the active site [30]. Nef binds to the Hck SH3
domain and displaces it from the back of the kinase domain, leading to constitutive kinase
activation [31,32]. Using purified downregulated Hck and HIV-1 Nef, Emert-Sedlak et al.
identified in vitro kinase assay conditions where Hck activation is completely dependent
upon its interaction with Nef [33]. Screening a relatively small kinase-biased library with
this assay, they identified a series of kinase inhibitors based on a 4-amino-
diphenylfuranopyrimidine (DFP) scaffold. These compounds were shown to preferentially
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inhibit Hck in the presence of Nef, suggesting that binding of Nef to the Hck SH3 domain
allosterically influences the active site to favor compound binding. This concept has been
confirmed more recently in independent studies [34]. The DFP-based compounds blocked
Nef-dependent enhancement of HIV-1 replication in the low micromolar range. Subsequent
work showed that the DFP compounds inhibit HIV-1 replication supported by a wide range
of Nef subtypes, and that the block to viral replication correlated with inhibition of
endogenous SFK activity in the HIV-infected cells [35]. The mechanism by which inhibition
of Nef-mediated SFK activation compromises viral replication is not clear. However, Nef-
induced activation of tyrosine kinase signaling pathways mimics cytokine or antigen-
mediated host cell activation [6], which favors HIV replication. Blocking this effect of Nef
may explain, at least in part, the inhibitory activity of these kinase inhibitors. Nevertheless,
these studies provide important evidence that Nef-dependent activation of SFKs is important
for efficient HIV-1 replication. These studies, together with those using the compound 2C,
support the idea that inhibition of host cell kinase pathways linked to HIV infection may
represent a new therapeutic strategy for HIV disease.

In a subsequent study, the Nef/Hck assay was used in a fully automated format to screen a
much larger, chemically diverse library of more than 220,000 compounds [36]. Following
secondary assays to evaluate Nef dependence, about 60 compounds were identified with at
least a three-fold inhibitory preference for Hck in the presence of Nef vs. Hck alone. Each of
these compounds was then screened for inhibition of Nef-dependent HIV replication and
infectivity in several different cell lines, yielding six compounds with antiretroviral activity.

The most active compound to emerge from the large-scale Nef/Hck screen was a
diphenylpyrazolo compound, termed ‘B9’ (Figure 2). This compound is a remarkably
selective inhibitor of Nef-dependent Hck activity, displaying more than a 10-fold preference
for the Nef/Hck complex vs. Hck alone. B9 potently inhibits wild-type HIV-1 replication,
with an IC50 value in the triple-digit nanomolar range in two different cell lines. In contrast,
B9 did not affect the replication of Nef-defective HIV even at concentrations as high as 3.0
μM, supporting a Nef-dependent mechanism of action. Like the DFP compounds described
above, B9 was broadly active against HIV replication supported by a wide range of HIV-1
Nef subtypes and inhibited endogenous SFK activation. In addition, B9 blocked HIV-1
infectivity in the TZM-bl cell model in a Nef-dependent manner [36].

Unlike the DFP compounds, however, B9 most likely works through direct interaction with
HIV-1 Nef rather than as a kinase inhibitor. Docking studies predicted two energetically
favorable binding sites for B9 on the surface of Nef. The most intriguing of these putative
binding sites maps to the dimer interface formed between two Nef molecules in the X-ray
crystal structure of Nef in complex with a SFK SH3 domain. In this site, B9 is predicted to
form multiple polar contacts with three conserved Nef residues, Gln104, Gln107, and
Asn126, which extend from the αB helices of each Nef subunit in the dimer (Figure 2).
Direct interaction of Nef with B9 was demonstrated by surface plasmon resonance, and the
predicted binding site was validated in part through mutagenesis of Asn126, one of the key
residues anticipated to contact B9. Substitution of this Nef position with Leu, Gln or Ala
completely inhibited binding to the compound. Complete elucidation of the binding site will
require X-ray crystallography or NMR spectroscopy of Nef dimers with B9 bound.

Evidence to date supports direct interaction of B9 with Nef through a pocket in the dimer
interface. How could this binding event explain the antiretroviral actions of this compound
as well as its ability to inhibit Nef-dependent SFK activation? One possibility is that B9
binding may affect Nef dimerization, which has been independently linked to HIV-1
function [37–40]. Using a cell-based bimolecular fluorescence complementation assay, Poe
and Smithgall demonstrated that HIV Nef forms dimers both at the plasma membrane and
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the trans-Golgi network [40]. Mutagenesis studies showed that perturbations to the dimer
interface that reduced Nef dimerization also interfered with Nef functions in terms of CD4
downregulation and HIV replication. Using the BiFC assay, B9 was found to block Nef
dimerization in cells as a potential mechanism of action [36]. If the Nef dimer interface is
indeed the critical binding site for B9, then inhibition of Nef-dependent Hck activation by
this compound must involve an allosteric mechanism of action. One possibility is that Nef
dimers recruit two Hck proteins, resulting in juxtaposition of their kinase domains and
subsequent activation via trans-phosphorylation. Disruption of Nef dimer formation by B9
would therefore block this critical first step in the kinase activation mechanism. Support for
this idea comes from kinase assays with a dimerization-defective mutant of Nef, which fails
to activate Hck in the kinase assay [36]. Conversely, chemically enforced dimerization of
Nef enhances Hck activation in cells [38]. On the other hand, X-ray crystallographic studies
of Nef in complex with an MHC-I peptide fused to the μ1 subunit of the AP-1 adaptor
involved in a late step in MHC-I downregulation, revealed Nef as a monomer [41]. While
this structure may represent one active conformation required for this critical step in Nef
action, understanding how Nef transits between its monomeric and dimeric forms and
whether one or both forms interact with other cellular proteins essential for Nef function
requires further investigation [6,21,42]. Small molecules, such as those described here,
represent valuable tools to probe the dynamic structural transitions associated with MHC-I
downregulation and other critical Nef functions.

Conclusion
A large body of research on the HIV-1 Nef protein strongly supports the discovery and
development of pharmacological antagonists of this virulence factor as a new approach to
HIV/AIDS therapy. Work described in the preceding sections shows that small molecules
binding different regions of the HIV-1 Nef protein compromise many of its functions. These
proof-of-concept studies justify a larger effort to develop early-stage lead compounds into
analogs that can be tested in animal models of AIDS and ultimately move towards clinical
trials. Nef inhibitors may work synergistically with existing antiretroviral drugs by
suppressing Nef-mediated enhancement of viral infectivity and replication in vivo. In
addition, rescue of MHC-I downregulation may help in the clearance of HIV-infected cells
by cytotoxic T cells.
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Figure 1. The Nef antagonists DLC27 and 2C bind opposite faces of the Nef protein
Left: The X-ray crystal structure of HIV-1 Nef (blue) in complex with a Src-family kinase
SH3 domain (red) is shown on the left. Key structural elements of this interaction surface
include the Nef PPII helix which involves conserved residues P72 and P75, an ionic
interaction between Nef R77 and SH3 D100, and a hydrophobic pocket formed in part by
Nef residues F90, W113, and Y120. This pocket interacts with I96 from the RT-loop of the
SH3 domain. Nef residues undergoing major NMR chemical shift changes following
binding of the Nef antagonists DLC27 (center) and 2C (right) are highlighted on the
structure of the Nef:SH3 complex as spheres (cyan). Note that the DLC27 binding site
involves residues that interact directly with the SH3 domain RT-loop, including W113 and
F90. In contrast, the 2C compound binds at a distance from the SH3 docking site, and is
believed to inhibit SH3 binding and Src-family kinase activation through an allosteric
mechanism. Models were rendered using the Nef:SH3 X-ray crystal structure of Lee et al.
[17]. The NMR chemical shift data used to create the figure are from Betzi et al. for DLC27
[19] and Dikeakos et al. for 2C [21].
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Figure 2. The diphenylpyrazolo Nef antagonist B9 is predicted to bind to the Nef dimerization
interface
Possible binding sites for B9 were explored using AutoDock Vina [43] and the X-ray crystal
structure of the HIV-1 Nef dimer (PDB: 1EFN) [17]. Two energetically favorable binding
sites were predicted, with the most favorable site located at the Nef-dimerization interface
(Site 1) and a less favorable site on the surface of each monomer (Site 2; only a single B9
molecule is shown in this site for clarity). Two views of the overall structure of the Nef
dimer are shown on the left, with the individual Nef subunits colored blue and green. A
close-up view of Site 1 is shown on the lower right, where B9 is predicted to make polar
contacts with conserved Nef residues Q104, Q107, and N126. A role for N126 in B9 binding
to Nef has been demonstrated experimentally, and B9 has been shown to disrupt Nef dimers
in a cell-based assay [36]. The structure of B9 is shown at the top right.
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