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Antiretroviral therapy has revolutionized the treatment of
AIDS, turning a deadly disease into a manageable chronic con-
dition. Life-long treatment is required because existing drugs
do not eradicate HIV-infected cells. The emergence of drug-re-
sistant viral strains and uncertain vaccine prospects highlight
the pressing need for new therapeutic approaches with the
potential to clear the virus. The HIV-1 accessory protein Nef is
essential for viral pathogenesis, making it a promising target for
antiretroviral drug discovery. Nef enhances viral replication and
promotes immune escape of HIV-infected cells but lacks intrin-
sic enzymatic activity. Instead, Nef works through diverse
interactions with host cell proteins primarily related to kinase
signaling pathways and endosomal trafficking. This review
emphasizes the structure, function, and biological relevance
of Nef interactions with host cell protein-tyrosine kinases in
the broader context of Nef functions related to enhancement
of the viral life cycle and immune escape. Drug discovery
targeting Nef-mediated kinase activation has allowed identifi-
cation of promising inhibitors of multiple Nef functions.
Pharmacological inhibitors of Nef-induced MHC-I down-reg-
ulation restore the adaptive immune response to HIV-infected
cells in vitro and have the potential to enhance immune recog-
nition of latent viral reservoirs as part of a strategy for HIV
clearance.

The specter of the HIV pandemic first appeared in the
United States Centers for Disease Control Morbidity and
Mortality Weekly Report on June 5, 1981. A brief in that
report recounted the appearance of Pneumocystis carinii
pneumonia cases in the Los Angeles area, a diagnosis typi-
cally associated with severely immunocompromised patient
populations but unexpected in young men (1). This report
unknowingly provided the first description of what would
become HIV/AIDS in the medical literature. Today, the
AIDS pandemic persists as a global public health crisis, with
38 million people currently living with HIV worldwide.
More than 1.7 million new infections and nearly 700,000
HIV-related deaths occurred in 2019, mainly in southern
and eastern Africa. Over 30 million people have died from
AIDS and related illnesses since the start of the pandemic
(UNAIDS 2020 Fact Sheet).

Antiretroviral drug therapy for HIV/AIDS and barriers to
cure

The first antiretroviral drug developed for HIV-1 was the
nucleoside reverse transcriptase inhibitor (NRTI), zidovudine,
which was approved by the United States Food and Drug
Administration in 1987 (2). Subsequent development of addi-
tional NRTIs facilitated combination therapy that markedly
delayed AIDS progression compared with zidovudine alone (3).
However, AIDS-related fatalities continued to climb until non-
nucleoside reverse transcriptase inhibitors and protease inhibi-
tors were approved for clinical use (4, 5). Introduction of these
new classes of inhibitors enabled a triple-drug regimen that
resulted in dramatic suppression of viral loads and restored
CD41 T cell counts with a lower incidence of viral resistance.
Combination antiretroviral therapy (cART) has continued to
improve over the last 25 years, with more than 30 antiretroviral
drugs now available across six classes of inhibitor types, includ-
ing integrase inhibitors, viral fusion inhibitors, and coreceptor
antagonists (6). Whereas cART has been extraordinarily suc-
cessful for long-term management of HIV-1 infection, no
existing drugs clear latent viral reservoirs. Thus, life-long
drug administration is required.
Because HIV-1 is an integrating lentivirus, identification of

curative strategies for HIV-1 infection has proven to be an even
more difficult challenge than developing drugs to control infec-
tion. Clinical trials of HIV-1 vaccine candidates have been
largely unsuccessful, with just one vaccine producing partial ef-
ficacy to date (7). In addition to vaccines, substantial research
effort has addressed therapeutic cures for HIV-1 infection. One
well-known cure strategy is based on the concept of “shock and
kill,” in which latency reversal agents (LRAs) are used to reacti-
vate the integrated provirus in latent reservoirs in the presence
of antiretroviral drugs. Induction of viral protein expression
may then promote immune recognition and clearance of
latently infected cells (8). Recent examples of LRAs that induce
latency reversal in animalmodels in the presence of antiretrovi-
ral drugs include engineered agonists for the interleukin-15 re-
ceptor (9) and a small molecule activator of the noncanonical
NF-kB pathway (10), although neither treatment alone resulted
in clearance of viral reservoirs.
The observations that LRAs can induce viral gene expression

in the presence of antiretroviral drugs, but fail to prevent viral
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additional modalities are required to enhance the host immune
response to the reactivated HIV-1 producer cell population. In-
hibition of the HIV-1 Nef accessory protein, which plays a key
role in immune escape of HIV-infected cells, may provide the
additional immune system boost required for reduction of the
latent reservoir.

HIV-1 Nef and viral pathogenesis

HIV-1 Nef is a relatively small (27–34 kDa, depending on the
lentivirus), nonenzymatic accessory protein expressed early
and throughout the viral life cycle. Nef was initially named on
the basis of early evidence that it was a “negative factor” for
HIV-1 replication (11). On the contrary, Nef plays prominent
roles in HIV-1 pathogenesis by promoting viral replication
and spread in vivo and by enabling immune escape of HIV-
infected cells. Patients infected with HIV-1 harboring mutant
or defective nef genes fail to progress to AIDS (12, 13). Simi-
larly, rhesus macaques infected with SIV that does not express
Nef develop low viral loads and fail to progress to simian AIDS
(14). Nef-defective HIV-1 replicates poorly in humanized mice
and does not induce significant CD4 T cell loss (15, 16). Finally,
and remarkably, CD4 promoter–directed expression of HIV-1
Nef alone induces an AIDS-like syndrome in transgenic mice,
suggesting a direct role for Nef in HIV-1 pathogenesis (17, 18).
Nef is comprised of two main parts: the N-terminal anchor

region and a folded core (Fig. 1). The N-terminal 60 amino
acids that comprise the anchor region are largely unstructured
and bear a signal for myristoylation at the N-terminal glycine.
NMR studies identified an amphipathic helix within the N-ter-
minal anchor region (20), which together with the N-myristoyl
group serves to localize Nef to host cell membranes (21). Fol-
lowing the anchor region is a folded core domain (;105 resi-

dues) with a large flexible internal loop (;25 residues). Because
the anchor region is flexible, the folded core can move off
the membrane (22, 23) to accommodate interactions with
diverse host cell proteins, many of which are also associated
with the membrane (Fig. 1). Nef does not exhibit any known en-
zymatic or biochemical activities, functioning instead through a
diverse array of protein-protein interactions (24). Examples of
the best-characterized Nef functions and attendant binding
partners are summarized below. These include endocytic traf-
fickingmolecules followed by protein kinases, which are the pri-
mary focus of this review.

Nef alters membrane protein trafficking to facilitate
HIV-1 infectivity and immune escape

Nef is remarkably well-adapted to hijack the intracellular
trafficking machinery to modulate cell-surface protein expres-
sion. Two well-characterized Nef functions in this regard are
down-regulation of CD4 andmajor histocompatibility complex
I (MHC-I) proteins, which are orchestrated by Nef via the
endocytic adaptor protein complexes, AP-1 and AP-2. Nef
also drives down-regulation of the SERINC family of host cell
restriction factors via AP-2 to enhance viral infectivity. Struc-
tural features and other aspects of these interactions are cov-
ered in several recent reviews (25, 26) and are not discussed in
detail here.

CD4 down-regulation

Down-regulation of CD4 by Nef is conserved across virtually
all HIV-1 subtypes (27).Whereas this functionmay seem coun-
terintuitive at first, given the essential role of CD4 in viral entry,
it is in full alignment with the role of Nef in cell survival and
immune escape. Persistence of CD4 on the surface of infected
cells may lead to cytotoxic superinfection, whereas interaction
between CD4 and Env has been shown to trigger antibody-de-
pendent cell-mediated cytotoxicity (28, 29). CD4 down-regula-
tion is normally regulated through phosphorylation-dependent
engagement of the cytosolic tail of CD4 by AP-2, which initiates
clathrin-mediated endocytosis of CD4 into the endolysosomal
pathway (30). Nef accelerates this endocytic process by engag-
ing both the cytosolic tail of CD4 and the a and s2 subunits
of AP-2 (31–33). Notably, CD4 down-regulation is also trig-
gered by the HIV-1 accessory protein Vpu. However, Vpu is
expressed later in the viral life cycle and targets CD4 through a
distinct ubiquitination-dependent process (34).

HIV-1 infectivity

Early work demonstrated that disruption of Nef expression
impairs HIV-1 infectivity (35), implying a positive contribution
of Nef to the infectivity of viral particles. Subsequent work
established that infectivity enhancement requires Nef myris-
toylation, AP-2 association, and clathrin-mediated endocytosis
(36, 37). Despite these advances, one key mechanism behind
Nef infectivity enhancement remained elusive until 2015, when
a novel host cell restriction factor known as SERINC5 was
identified (38, 39). SERINC5 is a multipass transmembrane
protein present on the surface of HIV-1 producer cells that is

Figure 1. Structural model of HIV-1 Nef and major classes of mem-
brane-associated host cell partners. The overall structure of Nef ismodeled
in the centerwith major structural features indicated. Themyristoylated (Myr)
N-terminal anchor domain, together with a patch of basic amino acids from
the amphipathic helix, tether Nef to the plasma membrane. The membrane
anchor connects to the folded core, which encompasses multiple motifs
essential for host cell protein recruitment. Highlighted is the conserved
PxxPxRmotif, which is essential for both SH3 domain interaction and binding
to the AP-1 endocytic adaptor. Also shown is the flexible internal loop, which
engages AP-2. Major classes of membrane-associated partner proteins
include nonreceptor tyrosine kinases of the Src and Tec families (left), which
Nef activates to enhance the viral life cycle. Nef also interacts with the endo-
cytic adaptor proteins AP-1 and AP-2 to prevent cell-surface expression of
multiple proteins, includingMHC-I, CD4, and SERINC5, to promote viral infec-
tivity and immune escape. This model of full-length Nef at the membrane is
adapted from Geyer and Peterlin (19).
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incorporated into the membrane of newly synthesized virions
(38–40). SERINC5 disrupts viral fusion with host cells and
delivery of the viral core through an Env-dependent mecha-
nism (40). Nef counters the SERINC5 host defense mechanism
by down-regulating it from the cell membrane through an AP-
2–dependent pathway, thereby preventing incorporation into
budding virions (39). Following down-regulation by Nef, inter-
nalized SERINC5 is targeted for degradation via the endolyso-
somal pathway (41).

MHC-I down-regulation

Antigen presentation by MHC-I is another critical target
for Nef-mediated down-regulation. Antigenic peptides derived
from proteolytically digested viral proteins are loaded onto
MHC-I molecules within the endoplasmic reticulum and pre-
sented on the surface of infected cells, triggering recognition
and killing of the infected cell by CD8 cytotoxic T cells. In con-
trast to CD4 down-regulation, Nef-mediated MHC-I down-
regulation occurs via AP-1.
Two temporally distinct models of Nef-mediated antago-

nism of MHC-I have been reported. In the first model, also
known as the “signaling mode,” Nef is recruited by the phos-
phofurin acidic cluster 2 (PACS-2) adaptor protein to the
trans-Golgi network (TGN), where it drives the activation of
Src-family kinases specific to the host cell lineage (Hck in mac-
rophages; Lyn in T cells). Src-family kinase activity initiates a
signaling cascade that ultimately increases levels of membrane
phosphatidylinositol (3,4,5)-trisphosphate via phosphoinosi-
tide 3-kinase, causing activation of the small GTPases Arf1 and
Arf6 and endocytosis of cell-surface MHC-I (42, 43). Internal-
ized MHC-I is trapped in vesicles in complex with Nef and AP-
1 and prevented from recycling back to the plasma membrane.
In the second model, known as the “stoichiometric mode,” Nef
associates with AP-1 and Arf1 to trap newly synthesizedMHC-
I molecules within the TGN, thereby preventing anterograde
trafficking toward the plasma membrane (44). A temporal
sequence for these two mechanisms has been proposed (42),
with the signaling mode occurring earlier in the infection cycle.
Both models require the association of Nef with AP-1 and the
cytoplasmic tail of MHC-I, for which a crystal structure has
been reported (45). Additional details of the endosomal traf-
ficking pathways controlling MHC-I down-regulation by Nef
are described in several other reviews (26, 46).

Nef and Src-family kinases

Recruitment and activation of Src-family kinases by Nef has
been the focus of many structural, cellular, and in vitro studies.
Early work demonstrated that of the eight mammalian Src-
family members, Nef preferentially binds to Hck and Lyn via
their SH3 domains (47, 48). Nef binding displaces the SH3 do-
main from its regulatory position on the back of the Hck kinase
domain, resulting in constitutive kinase activation both in vitro
and in cell-based systems (49–51). Nef-dependent Hck activa-
tion is a conserved function of all HIV-1 NefM-group subtypes
(52). Expression of a dominant-negative Hck mutant as well as
knockdown of Hck expression both compromise HIV-1 tran-
scription and viral replication in macrophages, a dominant site

of Hck expression (53, 54). Compared with Hck, Lyn, and to
some extent Src, interaction of other Src-family members with
Nef is less definitive. One example is Lck, a critical component
of the T cell receptor activation pathway (55). Whereas expres-
sion of Nef in T cell lines results in intracellular relocalization
of Lck, it is less clear whether Nef binds directly to Lck within
cells (56). When Nef and Lck are ectopically expressed in
defined cellular systems, no change in Lck activity is observed,
suggesting that interaction in T cell systems may be indirect
(57–59).

A conserved PxxPxR motif is essential for SH3 domain binding
and Src-family kinase activation by Nef

HIV-1 Nef contains a highly conserved PxxPxR motif, which
forms a polyproline type II (PPII) helix that serves as the dock-
ing site for recruitment of Src-family kinases and other proteins
with SH3 domains (60). This motif is required for activation of
Hck and other Src-family members, as mutation of the core
prolines in the PPII helix prevents Nef interaction and kinase
activation (49, 50). Disruption of the PxxPxRmotif also impacts
Nef down-regulation of MHC-I (61) as well as enhancement of
viral replication and pathogenicity inmurine and primate mod-
els of AIDS (62, 63). However, down-regulation of CD4 by Nef
is not affected by mutation of the PxxPxR motif (61), arguing
against a role for Src-family kinase signaling or other SH3-bind-
ing proteins in this Nef function.

Structural basis of Src-family kinase activation by Nef

The first X-ray crystal structure of Nef (all structures
described in this review are listed in Table 1) was reported in
complex with the SH3 domain from the Src-family kinase, Fyn
(64). The overall structure forms a 2:2 dimer of Nef·SH3 com-
plexes, with Nef forming the dimer interface (Fig. 2A). This
structure revealed that the PPII helix formed by the Nef
PxxPxR motif engages hydrophobic grooves on the SH3 do-
main surface, with the arginine of the motif making an electro-
static contact with an aspartate residue in the SH3 domain RT
loop (Fig. 2B).
Nef displays at least 10-fold higher affinity for the Hck SH3

domain relative to the Fyn SH3, a difference attributable to a
single residue within the RT loop of the SH3 domain (48). The
Hck SH3 domain has an isoleucine residue at position 963

within the RT loop, which engages a hydrophobic pocket in the
folded core of Nef (70). The Fyn SH3 domain has an arginine at
position 96, which is suboptimal for interaction with this Nef
pocket, as revealed in a subsequent crystal structure (65) (PDB
code 1AVZ). Replacement of Arg-96 in the Fyn SH3 domain
with isoleucine restores higher affinity Nef binding, illustrating
the importance of this residue (48). In fact, this modified Fyn
SH3 domain (R96I) was used for the original crystal structure
with Nef (PDB code 1EFN) to promote interaction with the
hydrophobic pocket (Fig. 2C). Among the eight Src-family
members, only Hck and Lyn have isoleucine at this SH3

3HIV-1 Nef amino acid numbering is based on the crystal structure of the
Nef core in complex with the R96I mutant of the Fyn SH3 domain (PDB
code 1EFN). Amino acid numbering for Hck and other Src-family kinases
is based on the crystal structure of Src (PDB code 2SRC).
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position, thus explaining their unique sensitivity to activation
following Nef engagement (59).
Other structures of SH3-bound HIV-1 Nef have used an arti-

ficially engineered SH3 domain in which the RT loop sequence
was altered to enhance Nef binding. Replacement with five al-
ternative RT loop residues increased Hck SH3 affinity for Nef
by nearly 40-fold (71, 72). This optimized SH3 domain was sub-
sequently combined with a single-chain anti-Nef antibody to
create protein-based inhibitors of multiple Nef functions (73,
74). Introduction of the optimized RT loop sequence into full-
length Hck enhanced interaction with Nef in vitro and induced
allosteric changes in the Hck active site following Nef binding
(75).
Amore recent structure of the HIV-1 Nef core with the SH3-

SH2 regulatory region of Hck (PDB code 4U5W) revealed addi-
tional contacts that may contribute to kinase activation (67).
This newer structure also reveals a 2:2 dimer of Nef·SH3-SH2
complexes (Fig. 3). The Nef PxxPxR motif binds the SH3 sur-
face in a manner identical to earlier structures, including inter-
action of the SH3 domain RT loop isoleucine residue with the
Nef hydrophobic pocket. Unique to the Nef·SH3-SH2 struc-
ture, however, are reciprocal contacts between Glu-94 from
each SH3 RT loop and Nef Arg-105 from the opposite complex,
reorienting Nef Asp-123 to the surface. Overall, interaction of
Nef with SH3-SH2 results in a much more compact structure
compared with earlier Nef·SH3 complexes. Substitution of SH3
Glu-94 in the context of full-length Hck interferes with Nef
interaction and kinase activation in cell-based assays, support-
ing a functional role for this intercomplex contact in kinase
activation by Nef (67).
Whereas the structural basis of Nef interaction with the Src-

family kinase regulatory domains is well-known, no structures
of Nef bound to full-length Hck or other Src-family members
have been reported. However, the use of hydrogen-deuterium
exchange MS (HX MS) has provided important clues to the
overall structure of the active Nef·Hck complex. HX MS is
based on the principle that exposure of a folded protein to
D2O-based solvent results in exchange of labile hydrogen
atoms for deuterium (76). Because deuteration causes the pro-
tein to gain mass (11 Da per exchange event), the rate of hydro-
gen exchange can be monitored by MS (77). In folded proteins,
hydrogens in unstructured or dynamic regions exposed to sol-
vent undergo rapid deuteration, whereas buried hydrophobic
regions or secondary structural elements stabilized by hydrogen
bonding display slower exchange kinetics. Spatial resolution of
deuterium incorporation at the peptide level is achieved by pep-

sin digestion after quenching the exchange reaction prior to
chromatography andMS.
HX MS is particularly powerful when used to compare two

states of a given protein (e.g. Hck in the presence and absence
of Nef). Wales et al. (78) performed this comparison using
recombinant near-full-length Hck (SH3-SH2-kinase-tail) and
full-length Nef. The crystal structure of the identical near-full-
length Hck protein has been reported (79) and shows that it
adopts an assembled, inactive conformation driven by two pri-
mary intramolecular interactions: the SH3 domain binds to the
SH2-kinase linker (which adopts a PPII helical conformation),
whereas the SH2 domain engages the tyrosine-phosphorylated
tail. Disruption of either interaction by mutagenesis leads to
activation of Hck in cells (80), raising the question of whether
Nef selectively disrupts SH3-mediated regulation of Hck or
causes a more global disruption of the down-regulated state.
Comparison HXMS experiments (78) of Hck alone (where the
SH2-kinase linker is bound to the SH3 domain as in down-
regulated Hck) versus Hck in complex with Nef (where the Nef
PxxPxR motif is bound to the SH3 domain as required for Hck
activation) demonstrated remarkably few changes to the rest of
Hck upon Nef interaction. Very subtle changes in deuterium
uptake by Hck were found in only a single peptic peptide that
encompasses theC-terminal end of the SH2-kinase linker where
it joins the N-lobe of the kinase domain. No changes in hydro-
gen exchange occurred in the SH2 domain or C-terminal tail,
indicating that this regulatory interaction remains intact in the
active Hck·Nef complex. This result indicates that Nef binding
induces subtle perturbations in the conformation of Hck to
induce its activation and is consistent with other work showing
that short peptides or small molecules that disrupt the SH3-
linker interface also stimulate Hck activity in vitro (81, 82).
In addition to Src-family kinase activation, the Nef PxxPxR

motif also makes a structural contribution to MHC-I down-
regulation. Selective activation of Hck in macrophages or Lyn
in T cells is an essential step for the signaling mode of MHC-I
down-regulation by Nef described above. In addition, an X-ray
crystal structure of Nef in complex with the cytoplasmic tail of
MHC-I and the m1 subunit of AP-1 illuminates an SH3-inde-
pendent role for the Nef PxxP motif (PDB code 4EN2) (45). In
this complex, the Nef PxxPxR motif interacts directly with AP-
1 m1, helping to clamp the MHC-I tail into a binding groove
within the heterocomplex. Thus, the Nef PxxPxR motif may
provide a mechanism not only for Src-family kinase engage-
ment and activation necessary for MHC-I down-regulation,
but also for direct interaction with AP-1.

Nef and Tec-family kinases

A growing body of evidence has linked HIV-1 infection and
Nef to activation of select members of the Tec kinase family
that are expressed in HIV host cells. Tec-family kinases play
essential roles in antigen receptor signaling in both T and B
cells, as well as in lymphocyte development (83, 84). Readinger
et al. (85) first reported a connection between the HIV-1 life
cycle and Itk, a Tec-family member expressed in CD4 T cells
that is essential for T cell receptor signaling. Using Itk-directed
siRNA knockdown, a dominant-negative Itk mutant, and

Table 1
X-ray crystal structures and NMR studies referenced in this review

Protein or complex PDB code Method Reference

Nef anchor region 1QA4, 1QA5 NMR 20
Nef·Fyn SH3 (R96I) 1EFN X-ray 64
Nef·Fyn SH3 1AVZ X-ray 65
Nef 2NEF NMR 66
Nef·Hck SH3-SH2 4U5W X-ray 67
Hck, near-full-length 1QCF X-ray 68
Nef·MHC-I·AP-1 m1 4EN2 X-ray 45
Nef·AP-2 a/s2 4NEE X-ray 69
Nef·CD4·AP-2 6URI X-ray 33
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pharmacological Itk inhibitors, they demonstrated that loss of
Itk activity reduced p24 capsid levels and virus spread in cell
culture. Itk activity was also required for efficient transcription
from the integrated provirus, an effect that was enhanced by
overexpression of Itk. Whereas this study clearly demonstrated
a role for Itk activity in the viral life cycle, it did not address
howHIV-1 infection influenced Itk activity.
Subsequent work established that HIV-1 Nef selectively

interacts with Tec-family kinases and that Nef-mediated kinase
activation is essential for viral replication (86). Nef interaction

with Tec-familymembers was explored using a cell-based bimo-
lecular fluorescence complementation assay (BiFC), a technique
widely used to assess protein-protein interactions in cells (87).
In this approach, Nef and the presumptive partner kinase are
fused to nonfluorescent N- and C-terminal fragments of Venus,
a bright variant of YFP (88, 89). When co-expressed in cells,
Nef-partner protein interaction juxtaposes the YFP frag-
ments, resulting in complementation of the YFP fluoro-
phore and a bright fluorescent signal that also reports sub-
cellular localization.

Figure 3. X-ray crystal structure of the HIV-1 Nef core in complex with the Hck SH3-SH2 regulatory region. The overall structure is shown on the left,
which crystallized as a dimer of Nef·SH3-SH2 complexes. The surfaces of the Nef coremonomers are rendered in blue (NefA) and green (NefB), respectively. The
SH3-SH2 subunits associated with each Nefmonomer are shown as ribbons, with SH3-SH2B in the foreground (SH2 in blue, SH3 in red). The SH3-SH2A subunit is
in the background (SH2 in light blue, SH3 in pink) with the second SH3 domain partially hidden. A close-up view of one Nef interface is shown on the right, with
the Nef PxxPxRmotif (orange) contacting the SH3 surface via Pro-72 and Pro-75, with Arg-77making an ionic contact with SH3 RT loop Asp-100. Unique to this
complex is a second polar contact between SH3 RT loop Glu-94 and Arg-105 from the opposing Nef monomer. Details of the unique Nef homodimer interface
found in this structure are highlighted in Fig. 6. Modeling was performed with PyMOL using the crystal coordinates of the HIV-1 Nef core in complex with the
Hck SH3-SH2 domain (PDB code 4U5W).

Figure 2. X-ray crystal structures of HIV-1 Nef in complex with the SH3 domain of the Src-family kinase, Fyn. A, overall structure of the Nef core in com-
plex with the Fyn SH3 R96I mutant. Nef·SH3 complexes form a 2:2 dimer, with Nef forming the dimer interface. The Nef monomers are modeled in blue (NefA)
and green (NefB), respectively, with the SH3 domains in red (SH3A) and pink (SH3B). B, SH3 domain surface residues Tyr-91, Trp-119, and Tyr-137 form hydropho-
bic grooves that contact the Nef PxxPxR motif (orange). This interaction is oriented and stabilized by a polar contact between SH3 Asp-100 and Arg-77 from
the Nef PxxPxR motif. C, high-affinity Nef·SH3 interaction requires Ile-96 from the SH3 RT loop (red), which accesses a hydrophobic pocket created by Nef resi-
dues Phe-90, Trp-113, and Tyr-120 (cyan). Structural details of the Nef homodimer interface from this complex are shown in Fig. 5. Models were produced with
PyMOL using the crystal coordinates of the HIV-1 Nef core in complex with the Fyn R96I mutant SH3 domain (PDB code 1EFN).
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Using BiFC, Tarafdar et al. (86) showed that Nef interacts
with the Tec-family members Itk, Btk, and Bmx, but not Tec or
Txk, with interaction localized almost exclusively to the plasma
membrane. Variants of Nef representative of all major HIV-1
subtypes interacted strongly with Itk, supporting the conserved
nature of this interaction. BiFC experiments with truncated
forms of Itk and Btk, consisting only of the N-terminal PH do-
main and adjacent SH3 domain, retained interaction with
Nef as well, suggestive of an SH3 domain–dependent inter-
action like Hck. However, unlike Hck, recombinant SH3
domains of Btk and Itk failed to interact with Nef by surface
plasmon resonance in vitro,4 suggesting a more complex
mechanism of interaction. A potent Itk inhibitor blocked
WT but not Nef-defective HIV-1 infectivity and replication,
supporting a role for Nef-dependent Itk activation in the vi-
ral life cycle (86).
More recent studies combined BiFC with anti-phosphotyro-

sine immunofluorescence microscopy to demonstrate that Nef
recruits both Itk and Btk to the cell membrane, resulting in
sustained kinase autophosphorylation (90). A myristoylation-
defective Nef mutant failed to recruit the kinases to the mem-
brane, providing evidence that Nef also induces kinase relocali-
zation. Mutants of Nef defective for homodimer formation
failed to induce Itk and Btk activation while retaining kinase
interaction by BiFC, suggesting that Nef homodimers may
recruit two kinase molecules to promote kinase activation via
trans autophosphorylation (Fig. 4A). Importantly, HIV-1 infec-
tion increased endogenous Itk activity in T cell lines and do-
nor-derived peripheral blood mononuclear cells (PBMCs),
whereas HIV-1 expressing Nef dimerization-defective mutants
was significantly attenuated for both Itk activation and viral
replication.
Using the same approach, Li et al. (90) also established that

SIV Nef (mac239 allele) interacted strongly with Itk and Btk at
the plasma membrane and induced constitutive kinase auto-
phosphorylation. This observation is significant because SIV
Nef does not bind to the SH3 domain of Hck (92), providing
further evidence that the mechanism of Tec-family kinase
interaction with Nef may involve contacts in addition to the
SH3 domain (86). Clarification of the mechanism awaits
determination of a high-resolution crystal structure of Nef
in complex with a Tec-family member or its regulatory
region. Activation of Itk and Btk by Nef at the membrane in
HIV-infected cells may circumvent immune receptor con-
trol of Tec-family kinase activity to enhance HIV-1 replica-
tion. For example, T cell receptor activation normally trig-
gers activation of multiple nonreceptor tyrosine kinases,
including Lck and ZAP-70 in addition to Itk (55). The pres-
ence of Nef in HIV-infected cells directly activates Itk,
short-circuiting this normal control mechanism to promote
viral transcription downstream. A model illustrating the
possible relationship of Nef-mediated Itk activation to tran-
scriptional activation of the integrated HIV-1 LTR is shown
in Fig. 4B.

Structural basis and functional relevance of Nef
homodimers

Early characterization of recombinant, purified Nef proteins
revealed the presence of homodimers and higher-order oligom-
ers in solution (93, 94). NMR spectroscopy demonstrated that
Nef dimerization occurred between well-folded monomers,
arguing against artifactual interaction of denatured protein

Figure 4. Nef-mediated activation of Itk requires Nef homodimers. A,
Nef recruits Itk to the cytoplasmic face of the plasma membrane and induces
2:2 Nef·Itk complex formation. Regulatory domain displacement and kinase
domain juxtaposition induces constitutive kinase activation through trans-
autophosphorylation. Dimerization-defective Nef mutants still interact with
Itk at the membrane but form inactive 1:1 complexes. 3, Src homology 3 do-
main; 2, Src homology 2 domain; K, kinase domain; P, activation loop phos-
phorylation. B, activation of the T-cell receptor complex normally requires
antigen-loaded MHC molecules from an antigen-presenting cell. The MHC-
bound receptor then activates the Src-family kinase Lck, which is associated
with the cytosolic tail of CD4. Lck phosphorylates and activates Itk, which in
turn activates phospholipase Cg (PLCg) by direct phosphorylation. Phospholi-
pase Cg generates diacylglycerol (DAG) and inositol triphosphate (IP3) via hy-
drolysis of membrane phosphatidylinositol 4,5-bisphosphate (PIP2), leading to
activation of protein kinase Cu (PKCu) and the calcium-dependent protein-ser-
ine/threonine phosphatase, calcineurin (Cal). Protein kinase Cu promotes acti-
vation of NF-kB via the CARMA1/BCL10/MALT1 complex (not shown), whereas
calcineurin dephosphorylates NFAT to drive nuclear localization. The NF-kB
and NFAT transcription factors both enhance transcription of the integrated
HIV-1 provirus early in the viral life cycle (91). Direct activation of Itk by Nef at
the membrane downstream of the TCR may promote viral transcription
through this pathway (see “Nef and Tec-family kinases”). LTR, long terminal
repeat.

4K. Whitlatch and T. E. Smithgall, unpublished data.
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subunits (93). Additional biophysical and biochemical analyses
of recombinant Nef confirmed a reversible and concentration-
dependent equilibrium between monomeric and dimeric forms
of Nef in solution (66, 95), providing the first evidence that Nef
has a natural tendency to oligomerize.
Crystal structures of HIV-1 Nef in complexes with Src-family

kinase SH3 domains were the first to capture Nef in a dimeric
state (64, 65).Within these structures, dimerization is mediated
primarily by the aB helix of each Nef monomer with the dimer
interface formed by a cluster of hydrophobic residues including
Leu-112, Tyr-115, and Phe-121 (Fig. 5). The hydrophobic inter-
face is flanked by reciprocal electrostatic interactions between
Arg-105 and Asp-123, which appear to stabilize the dimer
interface in this complex. Thus, the resulting structure is a
dimer of Nef·SH3 complexes in which Nef is solely responsi-
ble for the intercomplex contacts. Nef residues that contrib-
ute to homodimer formation are highly conserved across
HIV-1 M-group subtypes (52), with many conserved or ho-
mologous amino acids in the corresponding positions of Nef
from HIV-2 and SIV Nef (95).
Subsequent studies validated the dimer seen in the Nef·SH3

crystal structures in terms of residues involved in Nef homo-
dimer formation. Using the BiFC approach described above,
Poe et al. (96) demonstrated that Nef forms homodimers in
cells that localize to the plasma membrane and the TGN, two
subcellular compartments essential for function. Mutagenesis
of the hydrophobic core of the Nef dimer interface as well as
Asp-123 and Arg-105 all reduced the BiFC signal for interac-
tion, supporting a role for these residues in Nef homodimeriza-

tion. Eachmutation substantially attenuated Nef-dependent re-
ceptor down-regulation and viral replication, implying an
important functional role for Nef dimers (96). In contrast, mu-
tagenesis of the Nef myristoylation signal or the PxxPxR motif
did not affect fluorescence complementation, indicating that
membrane localization or SH3 domain engagement are not
directly required for Nef dimerization in cells.
A more recent X-ray crystal structure (PDB code 4U5W) of

HIV-1 Nef in complex with the complete regulatory region of
Hck (tandem SH3-SH2 domains) demonstrates the plasticity
of the Nef dimerization interface (67). Whereas the Nef aB hel-
ices still contribute to the dimer interface in the 4U5W struc-
ture, the orientation of the two Nef monomers is substantially
altered relative to the Nef·SH3 complexes seen in 1EFN, and
the orientation is stabilized by a much more extensive network
of Nef·Nef contacts. Three interfaces stabilize the Nef homo-
dimer observed in the crystal complex with the tandem Hck
SH3-SH2 domains, which are modeled in Fig. 6. These remark-
able changes in the overall homodimer orientation relative
to the Nef·SH3 complex occur without changes to the overall
structure of the Nef core.
Reorientation of the Nef homodimer in the Hck SH3-SH2

complex results in movement of Nef Asp-123, which is buried
in the Nef·SH3 structures, to a solvent-exposed position. The
structure and position of the Nef loop displaying Asp-123
in the Nef·SH3-SH2 complex is nearly identical to the one
observed in the crystal structure of the Nef·MHC-I·AP-1 com-
plex (PDB code 4EN2), where it coordinates the association of
Nef, the cytoplasmic tail of MHC-I, and the m1 subunit of AP-1
(45, 67, 97). Mutagenesis of Asp-123 prevents Nef-mediated
down-regulation of MHC-I, illustrating the functional impor-
tance of this residue to immune escape (45, 98). Whereas Nef
crystallized as a monomer in the complex withMHC-I and AP-
1 m1, the possibility exists that interaction with Hck may pro-
mote the Nef structure required for MHC-I·AP-1 complex as-
sembly as illustrated in Fig. 7. This possibility is consistent with
the requirement for Src-family kinases in the early steps of
MHC-I down-regulation as described above (42, 43).
Multiple lines of evidence support an essential role for Nef

homodimer formation in nonreceptor tyrosine kinase activa-
tion. In an early study, Nef was fused to the estrogen receptor
hormone-binding domain (Nef-ER fusion protein) to enable
chemical control of Nef dimerization with 4-hydroxytamoxifen
(4-HT) in cells (99). When Nef-ER and Hck were expressed to-
gether in rodent fibroblasts as a model system, 4-HT treatment
induced Nef-ER dimer formation, Hck activation, and onco-
genic transformation. Fibroblasts expressing Nef-ER and Hck
in the presence of 4-HT produced a markedly enhanced trans-
forming response relative to cells co-expressing WT Nef and
Hck, indicating that enforced oligomerization may augment
Hck activation by Nef. In complementary experiments, a Nef
mutant defective for Hck SH3 domain binding (PxxPxR to
AxxAxR mutant) suppressed signaling from the WT Nef·Hck
complex, suggestive of a dominant-negative effect. Considering
the Nef·SH3-SH2 complex structures discussed above, the
NefAxxAxR mutant may form a mixed homodimer in cells (i.e.
NefPxxPxR·NefAxxAxR) to which only one Hck molecule can
bind, producing an inactive, dead-end complex. These studies

Figure 5. Nef homodimer interface from the X-ray crystal structure in
complex with a Src-family kinase SH3 domain. Overview of the Nef dimer
structure is shown in the top left, with the Nef monomers rendered in blue
and green, respectively. TheaB helices that form the dimer interface are high-
lighted (SH3 domains not shown for clarity). The aB helices are enlarged in
the bottom left, illustrating the side chains of Leu-112, Tyr-115, and Phe-121
from each monomer, which form the hydrophobic core of the interface. Also
shown are the reciprocal ionic contacts between Arg-105 and Asp-123. Both
models are rotated 90° on the right. These models were produced with
PyMOL using the crystal coordinates of the HIV-1 Nef core in complex with
the Fyn SH3 domain R96I mutant (PDB code 1EFN). A model of the overall
Nef·SH3 crystal structure is shown in Fig. 2A.
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provided the first clue that Hck SH3 domain displacement
from the SH2-kinase linker may not be sufficient to fully acti-
vate the kinase. Rather, juxtaposition of two Hck molecules
may be required, such that autophosphorylation can proceed
via a transmechanism.
Mutants of HIV-1 Nef that are defective for homodimer for-

mation have been reanalyzed in recent work (90). These
mutants involve three hydrophobic residues that contribute to
the Nef dimer interface in the crystal complexes with both the
SH3 domain alone and with the dual SH3-SH2 domain of Hck
(Nef Leu-112, Tyr-115, and Phe-121; Figs. 5 and 6). Recombi-
nant full-length Nef proteins with these mutations are predom-
inantly (Y115D) or exclusively (L112D and F121A) monomers
by analytical size exclusion chromatography and show reduced
propensity to form homodimers in the cell-based BiFC assay
(90). The observation that these mutations do not completely
abolish Nef homodimer formation in the BiFC assay likely
relates to enhanced local concentrations of Nef at the cell mem-
brane plus the fact that the YFP fluorophore is irreversibly
reconstituted once formed (87). Nevertheless, each of these
mutants showed greatly diminished capacity to activate the
Tec-family kinases Itk and Btk at the cell membrane (90). Simi-
lar results were shownwith Hck using the same cell-based assay
(100), suggesting that activation of both kinase families requires

a Nef dimer. Remarkably, one of these mutants, Nef-F121A,
suppressed both Itk and Btk autophosphorylation below back-
ground levels observed in the absence of Nef while retaining
interaction with each kinase (90), suggesting the formation of
nonproductive Nef-kinase complexes. This observation pro-
vides further support for the trans-autophosphorylation mech-
anism of kinase activationmodeled for Itk in Fig. 4A.
Crystal structures of Nef in complexes with isolated SH3

domains versus the Hck SH3-SH2 domain provide snapshots of
very different homodimerization interfaces. This raises the im-
portant question of whether distinct dimer conformations are
possible in solution and ultimately in cells. Moroco et al. (97)
explored this issue using HX MS to compare the solution con-
formation of Nef alone and in complexes with the Hck SH3 and
dual SH3-SH2 domain proteins previously used for crystallog-
raphy. HX MS showed that the Nef aB-helix is protected from
deuterium uptake in Nef complexes with both SH3 and SH3-
SH2 compared with Nef alone, consistent with a role for the
Nef aB helix in dimer formation. This result also shows that
complex formation with Hck or other Src-family kinases stabil-
izes the Nef homodimer in solution. Subsequent comparative
HX MS analysis of a Nef-D123N mutant showed protection of
the aB helix when bound to SH3-SH2 but not when bound to
SH3 alone. This result is consistent with the crystal structures,

Figure 6. Homodimer interface from the X-ray crystal structure of Nef in complex with the Hck SH3-SH2 regulatory region. Three views of this Nef
homodimer are shown on the left with the Nef monomers rendered in blue and green, respectively (SH3-SH2 proteins not shown for clarity). Three interfaces
stabilize this homodimer, which are enlarged on the right. In the top view, the side chains of Leu-112, Tyr-115, Phe-121, and Pro-122 form a hydrophobic cup
that interacts with Val-70 from the opposingmonomer in reciprocal fashion. The side view shows the contributions of Ile-109, Leu-112, Trp-113, and His-116 to
a hydrophobic interface between the aB helices. The bottom view shows reciprocal polar contacts formed by Ser-103 andArg-106with themain-chain carbon-
yls of Gly-95 and Gly-96; Leu-100 also makes a nonpolar contact in this interface. These models were produced with PyMOL using the crystal coordinates of
the HIV-1 Nef core in complex with the Hck SH3-SH2 region (PDB code 4U5W). Amodel of the overall Nef·SH3-SH2 crystal structure is shown in Fig. 3A.
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where Asp-123 contributes to Nef dimer formation when
bound to SH3 alone but is surface-exposed when bound to
SH3-SH2 (Fig. 7). These results support the idea that alterna-
tive dimeric states of Nef exist in solution and by extension in
cells, despite a common fold of the structured core. Further-
more, Src-family kinase binding to Nef not only induces kinase
activation but also triggers dynamic changes in Nef essential for
recruitment of other host cell effectors.

Harnessing kinase activation by Nef for anti-retroviral
drug discovery

Nef is a challenging target for traditional drug discovery cam-
paigns based on high-throughput chemical library screening
because it lacks intrinsic enzymatic or biochemical activity
(101). Instead, Nef functions via interactions with diverse host
cell proteins to enhance HIV-1 infectivity, replication, and
immune escape as described above. Structural studies have
established that host effector protein binding involves distinct
Nef surfaces, complicating rational design of a universal Nef in-
hibitor capable of blocking its pleiotropic actions (33, 45, 67,
69). These issues have been circumvented in part through the
development of a high-throughput screening assay for inhibi-
tors of Nef-dependent activation of Hck (102, 103). In this
approach, the recombinant Nef·Hck complex was used for the
primary chemical library screen with Hck serving as a “re-

porter” for Nef using a kinase assay designed for high-through-
put screening. Subsequent counterscreens of the hit com-
pounds against Hck alone allowed for identification of Nef-
dependent inhibitors, which were subsequently shown to
exhibit antiretroviral activity.
Two classes of small molecule inhibitors were identified

through this screening strategy. The first class, characterized
by a 4-amino-diphenylfurano-pyrimidine (DFP) scaffold, was
discovered in a small library of kinase inhibitor–biased com-
pounds (Fig. 8) (103). Whereas these compounds work directly
via the Hck active site, they showed enhanced potency for Hck
inhibition in the presence of Nef, suggesting that Nef binding
may allosterically impact the Hck active site to enhance inhibi-
tor binding. This conclusion is supported by subsequent HX
MS studies of the Nef·Hck complex in the presence of a DFP-
based compound with antiretroviral activity (78). DFP-based
Hck inhibitors also blockedNef-mediated enhancement of viral
replication across a wide range of Nef subtypes, providing addi-
tional evidence that Src-family kinase signaling is important to
viral replication (52).
A subsequent screen of a large, diverse chemical library using

this kinase-coupled approach identified a unique Nef inhibitor
based on a hydroxypyrazole scaffold (102). This compound, a
diphenyl hydroxypyrazolodiazene known as B9, bound directly
to recombinant Nef by surface plasmon resonance (Fig. 8). B9
demonstrated inhibitory activity against multiple Nef functions,

Figure 7. Interaction of HIV-1 Nef with the Src-family kinase Hck may induce conformational changes consistent with MHC-I/AP-1 recruitment. Left,
crystal structure of the HIV-1 Nef core in complex with the SH3 domain of Fyn (high-affinity R96I mutant; PDB code 1EFN). Nef forms a dimer of Nef·SH3 com-
plexes in this structure (NefA (blue) and NefB (green)). The dimer interface is formed by the Nef aB helices (highlighted helices). The SH3 domains are shown at
the top in pink. The helical dimer interface is enlarged in the bottom panel and highlights the reciprocal polar contacts between Nef Asp-123 and Arg-105,
which are buried in the core of this structure. The center, top panel shows the crystal structure of the Nef core in complex with the Hck SH3-SH2 region (PDB
code 4U5W). The color scheme is as per the left panelwith a single SH3-SH2 unit shown for clarity. Nef also crystallizes as a 2:2 complex of Nef·SH3-SH2 dimers
in this structure, but the helical interface is completely reoriented relative to the Nef·SH3 complex such that the Nef Asp-123 side chain (orange) is now
pointed toward the solvent. One of the Asp-123 residues is enlarged in the bottom panel. Right, structural alignment of one of the Nef core proteins (green rib-
bon) in the Nef·SH3-SH2 complex (PDB code 4U5W) with the Nef core (cyan ribbon) in complex with the AP-1/m1 subunit (pink) and MHC-I tail peptide (purple)
from PDB code 4EN2. The Nef core proteins from each complex adopt very similar conformations, with nearly identical positioning of Nef Asp-123 (enlarged in
the bottom panel). Nef Asp-123 forms part of an ionic bond network, with Arg-393 from AP-1 and Asp-327 from MHC-I, that is required for Nef-mediated
down-regulation of MHC-I and immune escape.
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including enhancement of viral infectivity, replication, and
MHC-I down-regulation (102, 104). Synthesis and characteriza-
tion of more than 200 analogs of B9 have been reported without
the potentially carcinogenic diazene functionality (100, 105).
Several of these analogs bound to recombinant Nef with KD val-
ues in the nanomolar to picomolar range and inhibited Nef-
mediated enhancement of HIV-1 replication in donor PBMCs
with low nanomolar potency. Inhibitors in this class also
blocked Nef-dependent activation of Itk and Hck, raising the
possibility that they may influence Nef dimerization as a poten-
tial mechanism of action. Importantly, inhibitor treatment of
cells expressing the kinases alone did not affect basal kinase
activity, supporting a Nef-dependent mechanism of action.
Ongoing challenges for Nef inhibitor development include
structural analysis of their binding mode within Nef, which will
clarify theirmechanism of action and guidemedicinal chemistry
optimization for in vivo testing.
As described above, Nef prevents cell-surface display of

MHC-I complexes with HIV-1 antigenic peptides on infected
cells, allowing escape from cytotoxic T lymphocytes. In this
way, Nef inhibits clearance of the virus and may contribute to
establishment and maintenance of the persistent viral reservoir
(106). Mujib et al. (104) showed that the direct acting Nef in-
hibitor B9, as well as several first-generation B9 analogs (105),
restored MHC-I to the surface of HIV-infected CD4 T cells.
Moreover, when Nef inhibitor–treated cells were co-cultured
with autologous CD8 T cells expanded in the presence of HIV-
1 antigenic peptides, the CD8 T cells became activated and

killed the infected CD4 target cells. These findings raise the
exciting possibility that Nef inhibitors may enhance CTL-
mediated responses to help clear latent viral reservoirs.
Newer analogs of B9 with enhanced affinity for Nef also
retain the ability to reverse Nef-dependent down-regulation
of MHC-I (100).

Summary and prospects

The Nef proteins of HIV-1 and other primate lentiviruses
have been the subject of intense research for more than 30
years. Nef interacts with a diverse array of host cell proteins to
benefit the virus, only a small subset of which are discussed
here. This review focused primarily on structural aspects of
Nef-dependent protein-tyrosine kinase activation and the rela-
tionship of these interactions to the viral life cycle, intracellular
trafficking pathways, and immune escape.
Recurrent themes in the biology of Nef relate to its dynamic

nature, diverse signaling partners, and ability to form alterna-
tive homodimer conformations and possibly larger oligomeric
complexes. These versatile properties allow Nef to assemble
signaling complexes that bypass normal cellular control mecha-
nisms. This concept is particularly clear for Nef-mediated acti-
vation of nonreceptor tyrosine kinases, which overrides normal
kinase control mechanisms through recruitment and juxtaposi-
tion of kinase molecules in the membrane. In this way, Nef
mimics well-known mechanisms of cytoplasmic kinase activa-
tion by receptor tyrosine kinases as well as antigen and cytokine
receptors. Interestingly, mutants of Nef attenuated for homo-
dimer formation not only fail to activate Src- and Tec-family ki-
nases, but are also unable to down-regulate CD4 and MHC-I.
Yet in crystal structures of Nef in complex with AP-1/MHC-I
(PDB code 4EN2) as well as AP-2/CD4 (PDB code 6URI), Nef is
present as a monomer. This observation suggests that dynamic
monomer-dimer transitions may be important for some but
not all Nef functions. In the case of MHC-I down-regulation,
Nef-dependent Src-family kinase activation has been linked to
this event. In addition, interaction with the Hck regulatory
region induces a Nef conformation compatible with AP-1/
MHC-I recruitment (Fig. 7), suggesting that Src-family kinase
engagement may induce a dimer-monomer transition in the
MHC-I down-regulation pathway. On the other hand, a recent
structure of Nef in complex with AP-2 and the cytoplasmic tail
of CD4 shows that residues involved in homodimer formation
in complexes with Src kinases interact either directly with CD4
or internally with Nef (33). In the case of CD4, therefore, muta-
tions that render Nef defective for homodimer formation may
also prevent interaction with AP-2 and CD4 directly. Regard-
less of the mechanism, mutagenesis studies show that homodi-
merization is linked to most Nef functions, and pharmacologi-
cal perturbation of Nef dimer formation may provide a new
approach to antiretroviral therapy with the potential for viral
clearance.
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