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The HIV-1 virulence factor Nef promotes high-titer viral rep-
lication, immune escape, and pathogenicity. Nef interacts with
interleukin-2–inducible T-cell kinase (Itk) and Bruton’s tyro-
sine kinase (Btk), two Tec-family kinases expressed in HIV-1
target cells (CD4 T cells and macrophages, respectively). Using a
cell-based bimolecular fluorescence complementation assay,
here we demonstrate that Nef recruits both Itk and Btk to
the cell membrane and induces constitutive kinase activation
in transfected 293T cells. Nef homodimerization-defective
mutants retained their interaction with both kinases but failed
to induce activation, supporting a role for Nef homodimer for-
mation in the activation mechanism. HIV-1 infection up-regu-
lates endogenous Itk activity in SupT1 T cells and donor-de-
rived peripheral blood mononuclear cells. However, HIV-1
strains expressing Nef variants with mutations in the dimeriza-
tion interface replicated poorly and were significantly attenu-
ated in Itk activation. We conclude that direct activation of Itk
and Btk by Nef at the membrane in HIV-infected cells may over-
ride normal immune receptor control of Tec-family kinase
activity to enhance the viral life cycle.

Nef, one of four accessory proteins encoded by HIV-1, pro-
motes viral infectivity (1), high-titer replication, and immune
escape (2). Although Nef is not required for HIV-1 replication
in most T-cell lines in vitro, it is essential for viral growth and
pathogenicity in primate hosts. Early work showed that nonhu-
man primates infected with nef-defective SIV3 developed low
viral loads and failed to progress to simian AIDS (3). Similarly,
patients harboring nef-defective HIV-1 have been reported to

remain disease-free for more than 10 years without antiretro-
viral therapy, demonstrating that Nef function is essential for
AIDS progression (4, 5).

Nef is a relatively small, membrane-associated protein
(27–34 kDa, depending on the subtype) and is conserved
among the primate lentiviruses (6). Nef has no known intrin-
sic biochemical or enzymatic activities, functioning instead
through interactions with numerous host proteins involved
in signal transduction, endocytic trafficking, and host cell
survival. For example, Nef down-regulates cell-surface receptors
essential for viral entry (CD4, CXCR4, and CCR5) (7–9) via the
endosome/lysosome pathway to prevent superinfection and
antibody-dependent cell–mediated cytotoxicity (10). Nef also
selectively down-regulates cell surface HLA-A and HLA-B to
evade immune surveillance by cytotoxic CD8� T cells and nat-
ural killer cells (11, 12). Nef enhances viral infectivity by sup-
pressing incorporation of the SERINC5 restriction factor into
progeny virions via AP-2– dependent endocytosis and lyso-
somal degradation (13, 14).

Nef hijacks multiple host-cell kinase signaling pathways to
mimic T-cell and macrophage activation, resulting in enhanced
HIV-1 replication and viral spread. In particular, Nef interacts
with and activates nonreceptor tyrosine kinases of the Src and
Tec families that are normally involved in immune receptor
signaling. Among the Src-family members, Nef selectively
interacts with Hck and Lyn through their SH3 domains, result-
ing in constitutive kinase activation (15, 16). Nef-mediated Src-
family kinase activation is highly conserved across all M-group
HIV-1 subtypes, supporting an important function in HIV-1
replication and pathogenesis (17, 18). Indeed, selective inhibi-
tion of Nef-induced Src-family kinase activity blocks Nef-de-
pendent enhancement of HIV-1 infectivity and replication,
supporting this idea (17, 19).

X-ray crystal structures of HIV-1 Nef in complexes with the
SH3 domain of Fyn, as well as the SH3-SH2 regulatory unit
from Hck, have been reported (20 –22). Each complex crystal-
lizes as a 2:2 dimer, with Nef forming the dimer interface
through conserved residues in its �B helix. Subsequent solution
studies using hydrogen– deuterium exchange MS have con-
firmed that the Nef �B helix is responsible for dimer formation
in both complexes, despite important differences in their over-
all quaternary structures (23). These structural studies suggest
that Nef homodimerization may activate Hck and other host-
cell kinases through a mechanism that involves clustering of
kinase domains for activation via trans-autophosphorylation.
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Previous studies have linked the Tec family of nonreceptor
tyrosine kinases to the HIV-1 life cycle through Nef. Tec-family
kinases have essential roles in immune receptor signaling (24),
and the interleukin-2–inducible T-cell kinase (Itk) and Bru-
ton’s tyrosine kinase (Btk) are both expressed in HIV-1 target
cells (CD4� T cells and macrophages, respectively). Readinger
et al. (25) provided the first evidence that Itk, an essential com-
ponent of the T-cell receptor signaling cascade, is required for
multiple steps in the HIV-1 life cycle including viral entry, tran-
scription, assembly, and egress. Subsequent work demon-
strated that Nef links HIV-1 infection to Itk activation. In this
previous study, it was demonstrated that Nef interacts with
both Itk and Btk at the cell membrane and that a selective inhib-
itor of Itk kinase activity blocked Nef-dependent enhancement
of viral infectivity and replication (26). Like the Src-family
kinases, interaction with Itk was shared by Nef proteins repre-
sentative of all major subtypes of HIV-1, supporting the activa-
tion of this T-cell kinase as a conserved and essential function.
However, the mechanisms regulating Nef-dependent activa-
tion of Tec-family kinases are unknown.

In the present study, we unraveled the molecular mechanism
by which HIV-1 Nef activates Itk and Btk and demonstrate that
this pathway is essential for both kinase activation and HIV-1
replication in T cells. Using a cell-based fluorescence comple-
mentation assay, we show that HIV-1 Nef interacts with Itk and
Btk at the cell membrane, resulting in constitutive kinase activ-
ity. Kinase activation, but not interaction with Nef, depends
upon Nef homodimerization, suggesting that Nef directly acti-
vates Itk through a mechanism that bypasses the T-cell recep-
tor and Lck, a Src-family member essential for Itk activation in
response to antigen stimulation (27). HIV-1 infection also
enhanced endogenous Itk activity in T cells in a manner depen-
dent on Nef homodimer formation. HIV-1 expressing Nef
mutants defective for homodimerization replicated poorly in a
T-cell line and in donor PBMCs, demonstrating that Nef-de-
pendent activation of Itk is essential for efficient viral replica-
tion. Our data support the idea that selective inhibitors of the
Nef–Itk signaling pathway may provide a new approach to anti-
retroviral therapy.

Results

Nef induces constitutive activation of Itk and Btk at the cell
membrane

Previous work has shown that Nef interacts with both Itk
and Btk at the plasma membrane of transfected cells and that an
Itk kinase inhibitor blocks Nef-dependent viral replication
(26). However, whether Nef induces activation of Itk or other
Tec-family kinases in the membrane compartment was not
reported. To address this question directly, we combined bimo-
lecular fluorescence complementation (BiFC) with antiphos-
photyrosine immunofluorescence (IF) microscopy to visualize
Nef�kinase complex formation and activation simultaneously.
Itk or Btk and Nef were fused to complementary, nonfluores-
cent fragments of the Venus variant of YFP. The kinases were
then expressed either alone or together with Nef in 293T cells,
followed by immunostaining for Nef and kinase protein expres-
sion as well as protein-tyrosine phosphorylation with anti-pTyr

antibodies. When expressed alone, both Itk (Fig. 1) and Btk (Fig.
2) showed a diffuse subcellular staining pattern with both the
kinase and anti-pTyr antibodies. Co-expression with Nef
resulted in a strong, membrane-localized BiFC signal with both
kinases, indicative of interaction, as well as a strong anti-pTyr
immunoreactivity that also localized to the membrane. Treat-
ment of the cells with the Itk inhibitor BMS-509744 (28) or the
Itk/Btk inhibitor ibrutinib (29) suppressed the anti-pTyr signal
but did not affect interaction (BiFC), supporting the conclusion
that interaction with Nef at the cell membrane is sufficient to
stimulate kinase activity.

Figure 1. Nef induces constitutive activation of Itk at the cell membrane.
A, Itk was expressed either alone or together with WT or myristoylation-de-
fective Nef (G2A) as BiFC pairs in the absence or presence of the Itk inhibitor
BMS-509744 (1 �M) in 293T cells. The cells were fixed and stained for confocal
microscopy with anti-pTyr antibodies as a measure of kinase activity (red) and
anti-V5 antibodies to verify Itk protein expression (blue). Nef interaction with
Itk is observed as fluorescence complementation of the YFP variant, Venus
(BiFC; green). B, single-cell image analysis. Mean fluorescence intensities for
the pTyr and Itk signals were determined for �100 cells from each condition
using ImageJ. The fluorescence intensity ratio (pTyr:Itk expression) for each
cell is shown as a horizontal bar, with the median value indicated by the red
bar. Student’s t tests were performed on the groups indicated by horizontal
lines above the plot; p � 0.0001 in each case (***).
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To quantify the results, the anti-pTyr and kinase expression
IF signal intensities were measured for a minimum of 100 cells
from each condition, and the results are shown as pTyr/
kinase–IF signal ratios (Figs. 1B and 2B). This analysis clearly
shows that cell populations co-expressing Itk or Btk with Nef
had significantly higher ratios compared with those expressing
the kinase alone or the inhibitor-treated cells expressing the
Nef�kinase complex.

We next investigated whether Nef stimulated Itk and Btk
autophosphorylation on their respective activation loop
tyrosines (pTyr511 and pTyr551, respectively), an essential step
in Tec-family kinase activation. For this experiment, 293T cells
were transfected as before and stained with phosphospecific
antibodies for the activation loop tyrosines of Itk and Btk in

place of the anti-pTyr antibody (Figs. S1 and S2). For both Itk
and Btk, co-expression with Nef led to significant increases in
activation loop phosphorylation at the cell membrane that was
suppressed by the addition of ibrutinib. In addition to HIV-1
Nef, we also included SIV Nef (mac239 isolate) in this experi-
ment. As with HIV-1 Nef, SIV Nef also induced strong mem-
brane-associated autophosphorylation of both Itk and Btk
(Figs. S1 and S2). These observations suggest that Tec-family
kinase activation is a broadly conserved property of primate
lentiviruses.

Active complexes of Itk and Btk with Nef were observed pre-
dominantly at the cell membrane, suggesting that membrane
association of Nef may be required for kinase activation. Unlike
Tec-family kinases, Nef is constitutively associated with the
membrane because of myristoylation of a conserved glycine
residue at position 2 near the N terminus. To test the role of Nef
membrane association in Tec-family kinase activation, we co-
expressed a myristoylation-defective Nef mutant (Gly2 to Ala;
G2A) with Itk or Btk and monitored interaction as well as
kinase expression and activation as before. The Nef-G2A
mutant induced significantly lower Itk and Btk activation com-
pared with WT Nef (Figs. 1A and 2A), suggesting that mem-
brane localization is required for kinase activation. The BiFC
signal also revealed that Nef-G2A�kinase complexes were pres-
ent in the cytoplasm in addition to partial localization at the
membrane. Although myristoylation is essential for Nef mem-
brane localization and function, a basic patch in the N-terminal
region of Nef also contributes to membrane targeting and may
be partially responsible for retention at the membrane.

The results presented above show that active complexes of
Itk and Btk localize almost exclusively to the cell membrane and
that membrane localization may contribute to kinase activa-
tion. These findings imply that Nef actively recruits Tec-family
kinases to the membrane, potentially short-circuiting the
mechanisms normally responsible for regulated kinase activa-
tion. Both Itk and Btk have N-terminal pleckstrin homology
(PH) domains that bind phosphorylated inositol lipids (30).
Under physiological conditions, antigen receptor stimulation
leads to phosphatidylinositol 3-kinase (PI3K) activation, trig-
gering phosphatidylinositol 3-phosphate formation in the
membrane and subsequent recruitment of Itk and Btk via their
PH domains. To assess the impact of Nef on Itk and Btk local-
ization more directly, we used the plot profile tool of the ImageJ
image-analysis software package. This tool allowed us to gen-
erate a two-dimensional graph of the fluorescence intensities of
pixels along a line drawn across the cytoplasm of cells express-
ing each kinase alone or in the presence of WT Nef or the
myristoylation-defective mutant (Nef-G2A). As shown in Fig.
3, cells expressing Itk alone showed localization to both the
cytoplasm and the membrane. In the presence of Nef, however,
the localization shifted almost exclusively to the membrane;
this effect was not observed with the Nef-G2A mutant. Unlike
Itk, Btk showed very little membrane localization on its own,
whereas co-expression with Nef led to a dramatic shift to the
membrane compartment that was also dependent on Nef myr-
istoylation. The ability of Nef to induce translocation of Itk and
Btk to the membrane, along with kinase activation, strongly

Figure 2. Nef induces constitutive activation of Btk at the cell membrane.
A, Btk was expressed either alone or together with WT or myristoylation-
defective Nef (G2A) as BiFC pairs in the absence or presence of the Btk inhib-
itor, ibrutinib (1 �M) in 293T cells. The cells were fixed and stained for confocal
microscopy with anti-pTyr antibodies as a measure of kinase activity (red) and
anti-V5 antibodies to verify Btk protein expression (blue). Nef interaction with
Btk is observed as fluorescence complementation of the YFP variant, Venus
(BiFC; green). B, single-cell image analysis was performed as per the legend to
Fig. 1. The fluorescence intensity ratio (pTyr:Btk expression) for each cell is
presented as a horizontal bar, with each median value indicated by the red
bar. Student’s t tests were performed on the groups indicated by horizontal
lines above the plot; p � 0.0001 in each case (***).
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suggests that Nef can short-circuit antigen receptor signaling in
HIV-infected cells for the benefit of the virus (see “Discussion”).

Nef homodimerization is required for Itk and Btk activation
but not membrane recruitment

Previous structural studies have demonstrated that Nef
forms homodimers when crystallized in the presence of the
regulatory SH3 and SH2 domains of Src-family kinases (20, 21).
In these structures, the Nef homodimer interface is formed by
the �B helices present in each Nef monomer and involves the

side chains of residues Leu112, Tyr115, and Phe121, which come
together to form a hydrophobic core (modeled in Fig. 4A).
These hydrophobic residues are highly conserved among
HIV-1 Nef subtypes, indicating that homodimerization may be
an essential feature of HIV-1 Nef that is critical to its functions
including activation of Itk and Btk. To test this hypothesis, we
generated a panel of mutants in which these conserved hydro-
phobic residues were replaced with either aspartate (L112D,
Y115D, and the corresponding double mutant, LY/DD) or
alanine (F121A). WT and mutant Nef proteins were then
expressed in recombinant form in Escherichia coli followed by
analytical size-exclusion chromatography (Fig. 4B). WT Nef
eluted from the size-exclusion column primarily as a dimer,
whereas the mutants exist primarily (Y115D) or exclusively
(L112D, F121A, and LY/DD) in the monomeric form. We then
assessed the impact of the mutations on Nef homodimer for-
mation in cells using the BiFC assay. All four Nef mutants
showed a significant reduction in the BiFC signal arising from
homodimer formation without affecting Nef protein expres-
sion (Fig. 4, C and D). Together with the analytical gel filtration
data, these results confirm the importance of these three amino
acids in Nef homodimer formation, consistent with the crystal
structures.

Using these dimerization-defective mutants, we investigated
whether Nef dimer formation is required for constitutive acti-
vation of Tec-family kinases at the cell membrane. Each of the
mutants was co-expressed with Itk or Btk as BiFC pairs in 293T
cells as before, and kinase activity was assessed by immunoflu-
orescence imaging with anti-pTyr and anti-kinase antibodies
followed by single-cell image analysis. All four dimerization-
defective Nef mutants failed to activate Itk (Fig. 5) and Btk (Fig.
6), with pTyr:kinase expression ratios equivalent to those observed
with the kinases alone. Based on the BiFC signal, all four Nef
mutants remained associated with each kinase protein at the cell
membrane. These observations suggest that the Nef mutants most
likely form nonproductive 1:1 heterodimers with the kinases,
whereas the WT Nef protein induces a 2:2 dimer complex with the
kinase and promotes autophosphorylation in trans.

Very similar results were obtained when cells were stained
with phosphospecific antibodies against the Itk and Btk activa-
tion loop phosphotyrosines in place of the general anti-pTyr
antibody (Figs. S3 and S4). Not only did the Nef mutants fail to
activate the kinases, the Nef-LY/DD and F121A mutants sup-
pressed the autophosphorylation of both Itk and Btk well below
the levels observed when the kinases were expressed in the
absence of Nef. This observation, coupled with the sustained
interaction of the Nef mutants with each kinase at the mem-
brane by BiFC, suggests that dimerization-defective Nef pro-
teins may suppress spontaneous autophosphorylation of Itk
and Btk via a dominant-negative mechanism.

Small molecule Nef inhibitors block Nef-dependent Itk and Btk
activation

Our group previously reported the discovery of small mole-
cule Nef inhibitors using a high-throughput screening assay
based on Nef-dependent activation of the Src-family kinase,
Hck (17). The original hit compound from this study, known as
B9, and a non-azo B9 analog (compound 2 from Emert-Sedlak

Figure 3. Membrane recruitment of Btk and Itk requires myristoylation
of HIV-1 Nef. A, Itk or Btk were expressed either alone or in combination with
WT or myristoylation-defective Nef (G2A) in 293T cells. The cells were stained
with antibodies to the V5 tag present in each kinase protein, and imaged via
confocal microscopy. Representative images are shown. B, using the Plot Pro-
file tool from ImageJ, a line was drawn across the cytoplasm of representative
cells from each condition, excluding the nucleus. The change in fluorescence
intensity along this line was then plotted as relative pixel density as a function
of distance. Very similar results were observed with at least 10 cells from each
condition, and a representative example is shown. Strong membrane local-
ization of both Itk and Btk was observed in the presence of WT Nef and is
reflected by the prominent peaks indicated by the red arrows.
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et al. (31); see Fig. 7A for structures) bind directly to recombi-
nant HIV-1 Nef in vitro with KD values in the high nanomolar
range and inhibit Nef-mediated enhancement of viral infectiv-
ity and replication. Both compounds have been shown to
restore cell-surface MHC-I to HIV-1–infected CD4 T cells in a
Nef-dependent manner, triggering an autologous CTL re-
sponse in vitro (32). Docking models of both inhibitors with
X-ray crystal structures of Nef have suggested that these com-
pounds may recognize a pocket formed by the helical Nef dimer
interface (17, 31) (Fig. 7A). To test whether these inhibitors
affect Nef-mediated Tec-family kinase activation, we trans-
fected 293T cells with BiFC pairs of Nef and Itk or Btk as before
and then treated the cells with each compound at a final con-
centration of 1 �M or with the DMSO carrier solvent as a neg-
ative control. The cells were then imaged for kinase activity as
antiphosphotyrosine immunofluorescence, interaction of Nef
with each kinase (BiFC signal), and kinase expression by immu-
nofluourescence. Representative confocal micrographs (Fig.
7B) and single-cell image analysis (Fig. 7C) show that both
inhibitors significantly inhibited Nef-dependent activation of
Itk and Btk without influencing Nef interaction with each
kinase. Control experiments showed that the compounds did
not affect 293T cell viability at this concentration, did not
quench the immunofluorescent signals, and had no effect on
basal kinase activity when added to cultures expressing the
kinases in the absence of Nef (data not shown). These results
suggest that Nef inhibitors in this class interfere with Tec-fam-
ily kinase activation by affecting Nef homodimer formation in a
manner similar to the dimerization-defective mutants. Inhibi-
tion of Nef-dependent activation of Itk may explain, in part, the

effect of these compounds on HIV-1 replication in T-cell lines
as reported previously (17).

Endogenous Itk activation requires Nef homodimers in
HIV-infected T-cell lines and PBMCs

Using transfected 293T cells as a model system, we estab-
lished that HIV-1 Nef recruits both Itk and Btk to the cell mem-
brane and induces constitutive kinase activity through a
dimerization-dependent mechanism. To validate this mecha-
nism in the context of HIV-1 infection, we introduced the same
panel of dimerization-defective Nef mutations into an HIV-1
NL4-3 proviral backbone, which carries the closely related SF2
Nef sequence. Our previous work has shown that HIV-1 pro-
duced from this provirus is as equally infectious as WT NL4-3,
thereby allowing a direct comparison to the NefSF2 isolate used
in the 293T cell experiments (33).

The human T-cell line SupT1 was infected with WT HIV-1,
the Nef dimerization-defective mutants, as well as a virus that
fails to express Nef (�Nef). Four days later, the cells were
primed with T-cell co-receptor antibodies (anti-CD3/CD28),
fixed, and immunostained for HIV-1 p24 Gag as well as a phos-
phospecific antibody for the Itk activation loop phosphoty-
rosine (pTyr511). Flow cytometry showed that close to 40% of
the SupT1 cells infected with WT HIV-1 stained positive for
HIV-1 p24, whereas only 25% of cells infected with the �Nef
virus were positive for p24 (Fig. 8A). This difference is likely to
reflect the reduced infectivity of the Nef-defective virions,
which may result from enhanced incorporation of SERINC pro-
teins from the producer cells (13, 14). All four SupT1 cell pop-
ulations infected with the Nef dimerization-defective viruses

Figure 4. Conserved hydrophobic residues in the folded Nef core are required for homodimer formation. A, Nef homodimers present in the X-ray crystal
structure of the HIV-1 Nef core in complex with a Src-family kinase SH3 domain (PDB code 1EFN). An overview of the Nef dimer structure is shown on the left,
with the �B helices that form the dimer interface highlighted; SH3 domains are not shown for clarity. The �B helices are enlarged on the right. Side chains of
Leu112, Tyr115, and Phe121 from each Nef monomer form the hydrophobic core of the interface. B, analytical size-exclusion chromatography of WT Nef and
dimerization interface mutants. WT Nef and the L112D, Y115D, F121A, and L112D/Y115D (LY/DD) mutants were expressed in E. coli and purified (see “Exper-
imental procedures”). Each Nef protein was then characterized by analytical size-exclusion chromatography. Elution peaks of standard proteins are indicated
by the vertical dotted lines and molecular weight. m, monomer; d, dimer. C, hydrophobic residues in the Nef core are required for homodimer formation in cells.
WT Nef and the dimer interface mutants were expressed as BiFC pairs in 293T cells. The cells were stained for Nef expression with an anti-Nef antibody and
imaged by confocal microscopy to detect Nef homodimer formation (BiFC, green) and Nef expression as immunofluorescence (Nef-IF, red). D, single-cell image
analysis. Mean fluorescence intensities for the BiFC (interaction) and Nef-IF signals were determined with ImageJ for �100 cells. The Nef-BiFC:Nef-IF fluores-
cence intensity ratio for each cell is presented as a horizontal bar, with the median value indicated by the red bar. Student’s t tests were performed on the groups
indicated by horizontal lines above the plot; p � 0.0001 in each case.
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showed even lower proportions of HIV-1 p24� cells compared
with the �Nef virus, with less than 10% of the cells positive in
each case. Similar results were observed following analysis of
HIV-1 release into the culture supernatant by p24 Gag Alph-
aLISA assay (Fig. 8B). In this case, WT HIV-1 showed 4-fold
higher replication compared with the �Nef virus and a 20-fold
to nearly 40-fold enhancement compared with the Nef
dimerization-defective mutants. We then looked for Nef-de-
pendent differences in endogenous Itk activity across the HIV-
infected SupT1 cell populations. Cultures infected with WT
HIV-1 showed significantly more cells positive for Itk activa-
tion loop phosphorylation (pTyr511) compared with those
infected with the �Nef virus or each of the dimerization-defec-
tive mutants (Fig. 8C).

In a final series of experiments, we extended these observa-
tions using donor PBMCs as host cells. PBMCs were first acti-
vated with PHA and IL-2 and then infected with WT, �Nef, or
Nef dimerization-defective viruses for 4 days. Two days prior to
harvesting, PBMCs were primed with anti-CD3 and anti-CD28
antibodies as before and then stained for p24 Gag and autophos-
phorylated Itk (anti-pTyr511) and analyzed by flow cytometry
(Fig. 9A). The PBMC population infected with WT HIV-1 was
�7% positive for p24, and this proportion was reduced by more
than half in cells infected with the �Nef virus. The proportion

of p24� cells was diminished even further in PBMCs infected
with the dimerization-defective mutants, with the exception of
the Y115D virus. Viral replication in the PBMC culture,
assessed as p24 Gag release into the supernatant, was dimin-
ished nearly 8-fold in cells infected with the �Nef virus. Repli-
cation was reduced even further in cells infected with the Nef
dimerization-defective viruses, with the greatest reduction
observed with the double mutant, LY/DD (26-fold lower; Fig.
9B). Cultures infected with WT HIV-1 showed significantly
more Itk pTyr511� cells compared with those infected with the
�Nef or Nef dimerization-defective viruses (Fig. 9C). Taken
together, these data support a role for Nef homodimer forma-
tion in Itk activation to facilitate viral replication. Although
these experiments do not identify the specific point in the viral
life cycle affected by the Nef dimerization mutants, prior work
with Itk inhibitors demonstrates that Itk kinase activity
enhances viral entry, transcription, and egress of newly synthe-
sized virions (25, 26). Nevertheless, dimerization-defective Nef
mutants are likely to interfere with other signaling pathways
dependent on Nef homodimer formation, including activation
of Hck and other protein kinases.

Discussion

In this study, we demonstrate that HIV-1 Nef interacts with
the Tec-family kinases Itk and Btk at the cell membrane, result-

Figure 5. Dimerization-defective Nef mutants interact with Itk but fail
to induce kinase activation. A, Itk was expressed either alone or together
with WT Nef or dimerization-defective mutants as BiFC pairs in 293T cells.
The cells were fixed and stained for confocal microscopy with anti-pTyr
antibodies as a measure of kinase activity (red) and anti-V5 antibodies to
verify Itk protein expression (blue). Nef interaction with Itk is observed as
Venus fluorescence (BiFC; green). B, single-cell image analysis was per-
formed as per the legend to Fig. 1. The fluorescence intensity ratio (pTyr:
Itk expression) for each cell is shown as a horizontal bar, with the median
value indicated by the red bar. Student’s t tests were performed on the
groups indicated by horizontal lines above the plot; p � 0.0001 in each
case.

Figure 6. Dimerization-defective Nef mutants interact with Btk but fail to
induce kinase activation. A, Btk was expressed either alone or together with
WT Nef or Nef dimerization-defective mutants as BiFC pairs in 293T cells. The
cells were fixed and stained for confocal microscopy with anti-pTyr antibod-
ies as a measure of kinase activity (red) and anti-V5 antibodies to verify Btk
protein expression (blue). Nef interaction with Btk is observed as Venus fluo-
rescence (BiFC; green). B, single-cell image analysis was performed as per the
legend to Fig. 2. The fluorescence intensity ratio (pTyr:Btk expression) for
each cell is shown as a horizontal bar, with the median value indicated by the
red bar. Student’s t tests were performed on the groups indicated by horizon-
tal lines above the plot; p � 0.0001 in each case.
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ing in autophosphorylation and constitutive kinase activity.
Mutants of Nef that are defective for homodimer formation fail
to induce kinase activation, supporting a mechanism in which
the Nef homodimer engages two kinase molecules, thereby jux-
taposing their kinase domains for autophosphorylation via a
trans mechanism. These Nef mutants retain the ability to inter-
act with Itk and Btk at the membrane, demonstrating that
membrane localization and Nef interaction alone are not suffi-
cient to induce kinase activation. Dimerization-defective Nef
mutants reduced HIV-1 replication below the level observed in
the absence of Nef expression in a T-cell line. This observation
is consistent with a dominant-negative suppressor effect, in
which dimerization-defective Nef mutants bind to Itk (and pos-
sibly other kinases) and trap it in a nonfunctional, monomeric
complex. Although our BiFC results support a mechanism in
which Nef recruits Itk and Btk to the membrane for sustained

activation, the possibility also exists that they may interact ini-
tially in the cytoplasm and traffic to the membrane as a com-
plex. Future studies employing live-cell imaging will be
required to test this possibility. A model of the Nef-induced
mechanism of Itk activation is shown in Fig. 10A.

Direct and sustained activation of Itk signaling by HIV-1 Nef
may short-circuit normal T-cell receptor signaling for the benefit
of the virus. TCR signaling is physiologically activated upon inter-
action of the TCR � and � subunits with cognate peptide-bound
major histocompatibility complexes on antigen-presenting cells
(27). This interaction exposes immunoreceptor tyrosine-based
activation motifs in the TCR �-chain, which is phosphorylated by
the T cell Src-family kinase, Lck. Immunoreceptor tyrosine-based
activation motif tyrosine phosphorylation induces recruitment of
the ZAP-70 tyrosine kinase through its SH2 domains, which
become fully active upon Lck-mediated phosphorylation. ZAP-70
then phosphorylates the linker for activation of T cells, which
recruits additional effector proteins related to Erk and calcium

Figure 7. Small molecule Nef inhibitors block Nef-mediated Itk and Btk
activation. A, structures of small molecule Nef inhibitors, B9 and compound
2, are shown on the left. Computational docking predicts interaction of both
inhibitors with the Nef dimerization interface (model at right; Nef �B helices
that form this interface are also shown). B and C, Itk and Btk were expressed in
293T cells either alone or together with WT Nef as BiFC pairs in the absence
(Control) or presence of B9 or compound 2 (final concentration of 1.0 �M).
Following inhibitor treatment, the cells were fixed and stained for confocal
microscopy with anti-pTyr antibodies as a measure of kinase activity (red) and
anti-V5 antibodies to verify kinase protein expression (blue). Nef interaction
with each kinase was visualized as fluorescence complementation of the YFP
variant, Venus (BiFC; green). B, representative images from each experiment.
C, single-cell image analysis. Mean fluorescence intensities for the pTyr and
Itk or Btk signals were determined for �100 cells from each condition using
ImageJ. The fluorescence intensity ratio (pTyr:Itk expression) for each cell is
shown as a horizontal bar, with the median value indicated by the red bar.
Student’s t tests were performed on the groups indicated by horizontal lines
above the plot; p � 0.0001 in each case (***).

Figure 8. HIV-1 expressing dimerization-defective Nef mutants show
attenuated replication and reduced endogenous Itk activation in SupT1
cells. SupT1 cells were infected with HIV-1 expressing WT Nef, dimerization-
defective mutants of Nef or virus that does not express Nef (�Nef; viral input
in each case 5000 pg/ml p24). Four days later, infected cells were primed with
anti-CD3/anti-CD28 antibodies, fixed, and stained with antibodies to HIV-1
p24 Gag and active Itk (anti-pTyr511 antibody). A, representative flow cytom-
etry plots for unstained, uninfected cells (Control), uninfected stained cells
(Uninfected), and cells infected with WT, �Nef, and dimerization-defective Nef
mutant viruses. The number in the gating box indicates the percentage of
p24� infected cells present in each culture. B, viral replication was quantified
as p24 Gag release into the culture supernatant. The results from three inde-
pendent determinations are shown with the horizontal bar representing the
mean values � S.E. Student’s t tests show that p24 values for �Nef and each
Nef mutant virus are significantly different from WT (p � 0.05 in each case). In
addition, comparison of the p24 values for �Nef with each of the Nef mutants
is also significant (p � 0.0005 in each case). C, percentage of Itk pTyr511� cells
present in each infected (p24�) cell population. The results of three indepen-
dent experiments are plotted as percentages of pTyr511� cells relative to con-
trol cells infected with WT HIV-1. Mean values are shown as the horizontal
bar � S.E. The values for �Nef and each Nef mutant virus are significantly
different from WT (p � 0.0005 in each case).
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signaling. Together with the CD28 co-receptor, the TCR also
recruits and activates PI3K, resulting in PIP3 production in the
membrane and subsequent recruitment of Itk through its PH
domain.Proximitytothemembraneresults inLck-mediatedphos-
phorylation of the Itk activation loop as required for kinase activa-
tion. Our data show that HIV-1 Nef bypasses this complex
sequence of events, driving direct Itk recruitment to the cell mem-
brane and kinase activation. Itk and Btk signaling are linked to
activation of NF-�B, NFAT, and other transcription factors down-
stream (30, 34). The NF-�B transcription factor is essential for
transcription of integrated primate lentiviruses, and Nef contrib-
utes to the early stages of HIV-1 transcription through the NF-�B
pathway (35). Constitutive activation of Itk and Btk by Nef may
therefore trigger NF-�B, as well as other transcription factors
linked to viral gene expression in both CD4� T cells and macro-
phages, respectively. Indeed, older work has linked Nef to NFAT
activation through a calcium-dependent mechanism (36). The
proximal substrate for Itk at the plasma membrane is phospho-

lipase-C�, which induces intracellular calcium mobilization via
IP3. Nef-mediated Itk activation may therefore represent the initial
event that triggers this signaling pathway. The point at which Nef
may short-circuit the TCR signaling cascade to enhance T cell
activation and viral transcription is illustrated in Fig. 10B.

Our results support a mechanism in which Nef recruits Itk
and Btk to the cell membrane through direct protein–protein
interaction. Although previous work has implicated Tec-family
kinase SH3 domains in the interaction mechanism, mutation of
the Nef PXXPXR motif essential for Src-family kinase recruit-
ment only partially reduced interaction with Itk and Btk (26). In
the present study, we observed that in addition to HIV-1 Nef,
SIV Nef also strongly interacts with Itk and Btk at the mem-
brane and induces robust kinase activation. Notably, SIV Nef
does not bind to the SH3 domain or affect the activity of Hck

Figure 9. HIV-1– expressing dimerization-defective Nef mutants show
attenuated replication and endogenous Itk activation in donor PBMCs.
PBMCs were isolated from normal donors and stimulated with PHA and IL-2 for 3
days. The cells were then infected with HIV-1–expressing WT Nef, dimerization-
defective mutants of Nef or virus that does not express Nef (�Nef; viral input in
each case 40 pg/ml p24). Infected PBMCs were primed with anti-CD3/anti-CD28
antibodies on day 5, and on day 7 they were fixed and stained for HIV-1 p24 Gag
and active Itk (anti-pTyr511 antibody) followed by flow cytometry. A, representa-
tive flow cytometry plots for unstained, uninfected cells (Control), uninfected
stained cells (Uninfected), and cells infected with WT, �Nef, and dimerization-
defective Nef mutant viruses. The number in the gating box indicates the percent-
age of p24� infected cells present in each culture. B, viral replication was quanti-
fied as p24 Gag release into the culture supernatant. The results from three
independent determinations are shown with the horizontal bar representing the
mean value � S.E. Student’s t tests show that p24 values for �Nef and each Nef
mutant virus are significantly different from WT (p � 0.05 in each case). This
experiment was repeated three times with comparable results; a representative
example is shown. C, percentage of Itk pTyr511� cells present in each infected
(p24�) cell population. This experiment was performed three times, and the
results are plotted as percentages of pTyr511� cells relative to control cells
infected with WT HIV-1 � S.E. The values for �Nef and each Nef mutant virus are
significantly different from WT (p � 0.01 in each case).

Figure 10. Models of Nef-mediated Itk activation and consequences for
HIV-1 transcription. A, Nef forms homodimers at the cytoplasmic face of the
plasma membrane, which stabilize Itk homodimers as a 2:2 complex. Regula-
tory domain displacement and kinase domain juxtaposition contribute to
sustained kinase activation via autophosphorylation in trans. Dimerization-
defective Nef mutants retain interaction with Itk at the membrane but form
inactive 1:1 complexes. N, Nef; 3, Src homology 3 domain; 2, Src homology 2
domain; K, kinase domain; P, activation loop phosphorylation. B, proposed
consequences of constitutive Itk activation by Nef for HIV-1 transcription in
CD4 T cells. The T-cell receptor (TCR) complex is normally activated by anti-
gen-loaded MHC molecules. The TCR activates the T cell–specific Src-family
kinase Lck, which is associated with the cytosolic tail of the co-receptor, CD4.
Active Lck directly phosphorylates Itk on its activation loop, which in turn
phosphorylates and activates phospholipase C� (PLC�). Active PLC� gener-
ates the second messenger diacylglycerol (DAG) and inositol triphosphate
(IP3) via hydrolysis of membrane phosphatidylinositol 4,5-bisphosphate
(PIP2), ultimately leading to activation of protein kinase C	 (PKC	) and the
calcium-dependent protein serine/threonine phosphatase, calcineurin (Cal),
respectively. Protein kinase C	 promotes activation of NF-�B via the CARMA1/
BCL10/MALT1 complex (not shown), whereas calcineurin dephosphorylates
NFAT to drive nuclear localization. Both NF-�B and NFAT participate in tran-
scription of the integrated HIV-1 provirus. The data presented here support
direct activation of Itk by Nef at the membrane downstream of the TCR. Addi-
tional details of TCR signaling are omitted for clarity. The cartoon was adapted
from Gaud et al. (46). LTR, long terminal repeat.
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(37), suggesting that the molecular mechanisms of Nef interac-
tion with Tec versus Src family members may be distinct.

Nef is constitutively associated with the cell membrane by
virtue of N-terminal myristoylation, and mutants lacking this
post-translational modification are defective for Itk and Btk
membrane recruitment as well as activation. However, previous
studies have demonstrated that Nef also interacts with the reg-
ulatory 85-kDa subunit of PI3K (p85), resulting in enhanced
PI3K activity and PIP3 formation in the membrane (38). In this
way, Nef-mediated PI3K activation may also contribute to the
relocalization of Tec-family kinases from the cytoplasm to the
membrane through their PH domains. Structural work has
established that the PH domain of Btk interacts with the kinase
domain in an autoinhibitory fashion that is relieved by phos-
phoinositide binding (39). Interaction with Nef may relieve this
negative regulatory influence by displacing the PH domain, in a
manner analogous to regulatory SH3 domain displacement
associated with Nef-dependent activation of the Src-family
kinase, Hck (16, 40). Furthermore, membrane PIP3 may also
drive Btk dimer formation as part of a unique activation mech-
anism not shared by Itk (41). In this case, Nef may exploit and
enhance this natural mechanism of Btk activation by stabilizing
preformed dimers at the membrane.

Part of the evidence supporting a role for Nef homodimer
formation in the Tec-family kinase activation mechanism
involves Nef mutants that are attenuated for homodimer for-
mation in the BiFC assay. The three amino acids that were
mutated, Leu112, Phe121, and Tyr115, all contribute to the helical
dimerization interface present in two distinct X-ray crystal
structures of Nef in complex with an SH3 domain or the dual
SH3-SH2 domain from Hck (PDB files 1EFN and 4U5W,
respectively). Note that these Nef residues do not make direct
contact with the kinases, and BiFC data show that Nef�kinase
complex formation is maintained with these mutants, despite
their inability activate the kinase. Prior use of these same
mutants in other experimental systems may suggest a previ-
ously unrecognized role for Nef homodimerization and Tec-
family kinase activation. For example, the Nef L112A and
F121A mutations also impair interaction with the endocytic
regulatory protein Dynamin-2 (42), as well as down-regulation
of CD4 (33). Wu et al. (43) reported SERINC protein-indepen-
dent restriction of HIV-1 replication in the T-lymphoblast cell
line MOLT-3 that is counteracted by Nef, supporting the exist-
ence of a novel restriction factor in these cells. This study also
showed that HIV-1 expressing Nef mutants L112A and F121A
replicated very poorly in MOLT-3 cells, raising the possibility
that part of the replication defect may be due to failure to acti-
vate the Itk pathway as shown here.

In summary, our results show that Nef recruits Itk and Btk to
the cell membrane, resulting in their constitutive activation
through a unique mechanism that requires the Nef homodimer.
In CD4� T cells, the major host-cell type for HIV-1 replication,
this effect of Nef may enhance normal mechanisms of Itk acti-
vation through the TCR, bypassing the requirements for Lck,
ZAP-70, and PI3K for membrane recruitment, leading to
enhanced viral transcription from the HIV-1 LTR. Small mol-
ecules that bind directly to Nef also suppress Nef-mediated Itk
activation, providing a plausible explanation for the potent

inhibition of HIV-1 replication by these compounds in T-cell
lines (17, 31) and donor PBMCs (44). Future work will address
the structure of the Nef�Itk complex to provide additional
insight regarding the unique mechanism by which Nef hijacks
this kinase pathway for the benefit of HIV-1.

Experimental procedures

Expression vectors

Full-length, sequence-verified human Tec-family kinase
cDNA clones were obtained from the Dana-Farber/Har-
vard Cancer Center PlasmID DNA Resource Core (Btk,
HsCD00346954; Itk, HsCD00021352). The coding regions
for full-length Itk and Btk were amplified by PCR and fused
in-frame with a V5 epitope tag followed by the C-terminal
coding fragment of the Venus protein (Venus residues Ala154

to Lys238) at their C termini as described (26). Complemen-
tary HIV-1 Nef (SF2) and SIV Nef (mac239) expression con-
structs fused the N-terminal coding fragment of the Venus
protein (residues Val2 to Asp173) to the Nef C termini as
described (26). Nef dimerization interface mutants (L112D,
Y115D, F121A, and LY/DD), and the myristoylation-defec-
tive mutant (G2A) were created using the QuikChange II XL
site-directed mutagenesis kit (Agilent). All PCR products
were subcloned into the mammalian expression vector,
pCDNA3.1(�) (Thermo Fisher/Invitrogen).

Cell culture, reagents, and antibodies

Human embryonic kidney 293T cells and the SupT1 T cells
were obtained from the American Type Culture Collection.
293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS;
Gemini Bio-Products). SupT1 cells were cultured in RPMI 1640
medium supplemented with 10% FBS and L-glutamine. Cell
culture media and supplements were purchased from Thermo
Fisher/Invitrogen. The Itk inhibitor BMS-509744 was pur-
chased from Calbiochem (catalog no. 41-982-05MG), and the
Btk inhibitor ibrutinib was purchased from Selleckchem (cata-
log no. S2680). Discovery, synthesis, and characterization of the
hydroxypyrazole Nef inhibitor B9 (17) and a non-azo B9 analog
(compound 2 from Emert-Sedlak et al. (31)) are described in
detail elsewhere.

Primary antibodies were obtained from Thermo Fisher (V5
tag mouse monoclonal, catalog no. R960-25), Sigma (V5 tag
rabbit polyclonal, catalog no. AB3792), Abcam (BTK pY551
Rabbit monoclonal, catalog no. ab40770), Santa Cruz (pTyr
antibody pY99, catalog no. sc-7020), and the National Institutes
of Health AIDS Reagent Program (HIV-1 Nef monoclonal anti-
body 6.2, catalog no. 1539). Phosphoflow antibodies were
purchased from BD Pharmingen (phycoerythrin-conjugated
mouse anti-BTK pTyr551/interleukin-2–inducible T-cell kinase
pTyr511, catalog no. 558219) and Beckman Coulter (HIV Gag flow
antibody Kc57-FITC, catalog no. 6604665). Secondary antibodies
were obtained from Southern Biotech (goat anti-rabbit IgG
mouse, catalog no. 4050-07; goat anti-mouse IgG, catalog no.
1031-07; and goat anti-mouse IgG, catalog no. 1031-04), and
Thermo Fisher/Molecular Probes (Pacific Blue goat anti-mouse
IgG, catalog no. P31582; and Pacific Blue goat anti-rabbit IgG, cat-
alog no. P10994).
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BiFC assay and immunofluorescence

Human 293T cells were plated in 35-mm microwell dishes
(MatTek, catalog no. P35G-1.5-14-C) and cultured overnight.
The cells were then transfected with expression vectors for
individual BiFC fusion proteins or as BiFC pairs using X-
tremeGENE 9 DNA transfection reagent (Sigma–Aldrich). For
inhibitor studies, the cells were treated with Nef inhibitors or
the DMSO carrier solvent (0.1% final concentration) 4 h post-
transfection. 40 h post-transfection, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and
blocked with 2% BSA in PBS overnight. The cells were immu-
nostained with anti-V5, anti-pTyr, or anti-pY551 (all antibodies
diluted 1:1000 in PBS with 2% BSA) for 1 h at room tempera-
ture. The cells were washed and stained with secondary anti-
bodies conjugated to Texas Red or Pacific Blue at dilutions of
1:500 and 1:1000, respectively. Immunostained images were
acquired using confocal microscopy (Fluoview FV1000, Olym-
pus) with a 60� objective using x-y scan mode. Single-cell
image analysis was performed with the Java-based image pro-
cessing program, ImageJ. Immunofluorescence intensities with
each antibody were measured for at least 100 cells, and single-
cell data were calculated as the fluorescence ratio of either
kinase activity (pTyr or pTyr551/511) to kinase protein (Btk or
Itk) or BiFC (interaction) to protein signals.

HIV-1 replication assays

The HIV-1 proviral constructs used in this study are based on
a NL4-3 backbone in which the NL4-3 Nef ORF is replaced with
that of Nef from the closely related HIV-1 B-clade isolate, SF2.
This was done to match the Nef allele used in experiments with
transfected 293T cells with those using HIV-1. HIV-1 stocks
were produced in 293T cells transfected with a pUC18-based
proviral clone and the XtremeGENE 9 transfection reagent.
Viral supernatants were harvested 72 h post-transfection and
amplified in the T-cell line MT2 as described elsewhere (18).
Viral titers were quantified by HIV-1 p24 AlphaLISA assay
(PerkinElmer, catalog no. AL291F) according to the manufa-
cturer’s protocol. For HIV-1 replication assays, SupT1 cells
were infected with WT or mutant viruses (5000 pg p24/ml) and
incubated for 4 days. Normal donor PBMCs were isolated
from whole blood using Ficoll-Paque PLUS (GE Healthcare)
and activated with 5 �g/ml PHA (Sigma, catalog no. L1668)
and 200 U/ml IL-2 (Thermo Fisher, catalog no. CB-40043B)
for 3 days. PBMCs were infected with WT or mutant viruses
(40 pg/ml p24) for 4 days. Viral supernatants were collected,
and viral replication was measured by AlphaLISA assay for
HIV-1 p24.

T-cell stimulation and flow cytometry

SupT1 cells and donor PBMCs were prepared and infected
with WT and mutant forms of HIV-1 as described above.
SupT1 cells were harvested on day 4 and stimulated with 1
�g/ml anti-CD3 (clone OKT3, Thermo Fisher, catalog no.
16-0037-81) and 1 �g/ml anti-CD28 (Clone CD28.2, BD
Pharmingen, catalog no. 556620) at 37 °C for 5 min followed by
cross-linking with 1 �g/ml goat anti-mouse Fc IgG (Thermo
Fisher, catalog no. Pl31168) at 37 °C for 5 min. Donor PBMCs
were stimulated with 1 �g/ml anti-CD3 and 1 �g/ml anti-CD28

for 48 h 2 days after viral infection. The cells were harvested and
cross-linked with 1 �g/ml goat anti-mouse Fc IgG at 37 °C for 5
min. After stimulation, both SupT1 cells and donor PBMCs
were fixed and permeabilized for 20 min (BD Cytofix/Cy-
toperm, catalog no. 554714), followed by staining with p24 Gag
and Itk pTyr511 antibodies diluted in PBS containing 2% FBS on
ice for 1 h. Flow cytometry analysis was performed using a BD
AccuriC6 Flow cytometer, and the data were processed using
the FlowJo software package.

Expression and purification of recombinant Nef proteins and
size-exclusion chromatography

Recombinant pET-21b(�) expression vectors containing the
coding regions of HIV-1 Nef (SF2 allele) WT plus the L112D,
Y115D, LY/DD, and F121A mutant forms were used to trans-
form the E. coli strain Rosetta2(DE3)pLysS (EMD Millipore).
Single colonies were used to inoculate starter cultures of LB
medium (5.0 ml) and grown overnight at 37 °C. Starter cultures
were then used to inoculate 2 liters of LB medium and grown to
an A600 of 0.6. The cultures were cooled at room temperature
for 1 h followed by addition of isopropyl �-D-thiogalactopyra-
noside to a final concentration of 1 mM. Nef protein expression
was then induced at 17 °C for 16 h. Recombinant Nef protein
was purified by ion exchange and gel filtration as described
elsewhere (20) with gel filtration conducted at pH 7.4 instead of
pH 8.3. The WT Nef protein eluted as two peaks from the pre-
parative gel filtration column, corresponding to a mixture of
dimeric and monomeric states that were isolated separately.
The mutant Nef proteins were isolated as single monomeric
peaks. Purified Nef proteins were concentrated and stored at
�80 °C. Analytical size-exclusion chromatography of each
purified Nef protein was performed as described elsewhere (45)
in 10 mM Hepes, pH 7.4, containing 150 mM NaCl with Nef
proteins at a final concentration of 12.5 �M.

Statistical analysis

Single cell analysis was performed on at least 100 cells/con-
dition using ImageJ and used to calculate ratios of anti-pTyr or
anti-pTyr511/551 to kinase protein fluorescence intensity. Ratios
for individual cells are presented in all figures as horizontal bars
with the horizontal red lines representing the median values.
For each experiment, a representative result is shown from at
least three independent biological replicates (n 	 3). HIV-1
replication data and flow cytometry results are presented as
mean values � S.E. from three biological replicates (n 	 3), each
measured in triplicate. Where applicable, significant differ-
ences between groups were evaluated using unpaired Student’s
t test (GraphPad Prism v. 7.04).
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