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Abstract
Nef is an HIV-1 virulence factor that promotes viral pathogenicity by altering host cell signaling
pathways. Nef binds several members of the Src kinase family, and these interactions have been
implicated in the pathogenesis of HIV/AIDS. However, the direct effect of Nef interaction on Src
family kinase (SFK) regulation and activity has not been systematically addressed. We explored this
issue using Saccharomyces cerevisiae, a well defined model system for the study of SFK regulation.
Previous studies have shown that ectopic expression of c-Src arrests yeast cell growth in a kinase-
dependent manner. We expressed Fgr, Fyn, Hck, Lck, Lyn, and Yes as well as c-Src in yeast and
found that each kinase was active and induced growth suppression. Co-expression of the negative
regulatory kinase Csk suppressed SFK activity and reversed the growth-inhibitory effect. We then
co-expressed each SFK with HIV-1 Nef in the presence of Csk. Nef strongly activated Hck, Lyn,
and c-Src but did not detectably affect Fgr, Fyn, Lck, or Yes. Mutagenesis of the Nef PXXP motif
essential for SH3 domain binding greatly reduced the effect of Nef on Hck, Lyn, and c-Src, suggesting
that Nef activates these Src family members through allosteric displacement of intra-molecular SH3-
linker interactions. These data show that Nef selectively activates Hck, Lyn, and c-Src among SFKs,
identifying these kinases as proximal effectors of Nef signaling and potential targets for anti-HIV
drug discovery.

Nef is an accessory protein encoded by the human (HIV-1 and HIV-2)2 and simian
immunodeficiency viruses and is an essential mediator of viral pathogenicity (1–3).
Experimental deletion within the simian immunodeficiency virus nef gene reduces viral load,
delays the onset of AIDS-like disease, and offers immune protection against challenge with
pathogenic simian immunodeficiency virus in rhesus macaques (4,5). Strong selective pressure
has been demonstrated for a functional nef gene, because some animals infected with non-
pathogenic, nef-mutant simian immunodeficiency virus show in vivo repair of the mutation
and progression to AIDS-like disease (5–7). In addition, some HIV-positive individuals that
fail to develop AIDS exhibit nef mutations or deletions (8–12), supporting the hypothesis that
nef is essential for efficient disease progression.

Nef has no known catalytic function and is believed to promote viral pathogenicity by altering
signaling pathways in infected cells through its interactions with cellular proteins. Nef affects
several distinct classes of host cell proteins, including immune receptors, protein kinases,
trafficking proteins, and guanine nucleotide exchange factors (13–15). Through interactions

*This work was supported by National Institutes of Health Grants AI057083 and CA81398.
1To whom correspondence should be addressed: Dept. of Molecular Genetics and Biochemistry, University of Pittsburgh School of
Medicine, E1240 Biomedical Science Tower, Pittsburgh, PA 15261. Tel.: 412-648-9495; Fax: 412-624-1401; tsmithga@pitt.edu.
2The abbreviations used are: HIV-1, -2, human immunodeficiency virus types 1 and 2; SFK, Src family kinase; FRET, fluorescence
resonance energy transfer.

NIH Public Access
Author Manuscript
J Biol Chem. Author manuscript; available in PMC 2010 June 25.

Published in final edited form as:
J Biol Chem. 2006 September 15; 281(37): 27029–27038. doi:10.1074/jbc.M601128200.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with these and other signaling proteins, Nef can affect multiple cellular processes leading to
enhancement of viral replication, immune evasion, and enhanced survival in T-cells and
macrophages (1,16–18).

Protein kinases are a major class of Nef effector proteins, and members of the Src family of
non-receptor protein-tyrosine kinases have been strongly linked to Nef function. Numerous
reports have demonstrated that Nef interacts with the isolated Src homology 3 (SH3) domains
from Src family members expressed in HIV target cells, including Fyn, Hck, Lck, Lyn, and c-
Src itself (19–25). Among these, the interaction of Nef with Hck has been studied in great detail
at the cellular and molecular levels. Hck is strongly expressed in cells of the monocyte/
macrophage lineage (26,27), which are essential HIV-1 target cells and viral reservoirs (28–
30). X-ray crystallography demonstrates that Nef interacts with the Hck SH3 domain via a
bipartite mechanism dependent upon the three-dimensional fold of Nef (31). These contacts
include a highly conserved Nef PXXPXR motif, which forms the polyproline type II helix
typical of SH3 ligands. In addition, Ile-96 within the RT-loop of the Hck SH3 domain fits into
a pocket within the Nef core that is lined with several highly conserved hydrophobic residues.
Both of these interactions are necessary, but not independently sufficient, for high affinity
binding of Nef to the Hck SH3 domain (22,32).

Nef-SH3 domain interaction leads to constitutive Hck activation in vitro (33) and in cell-based
systems, including fibro-blasts (32), myeloid cell lines (16,34), and HIV-infected primary
macrophages (35). Nef binding is believed to disrupt the normal role of the Hck SH3 domain
in suppression of kinase activity (32). When Hck is down-regulated, its SH3 domain associates
with the polyproline type II helix formed by the linker connecting the SH2 and kinase domains
(36,37). This interaction is stabilized by the interaction of the SH2 domain with the C-terminal
tail, which is phosphorylated on a conserved tyrosine residue by the negative regulatory kinases
Csk and Chk (38–40). Binding of Nef to the SH3 domain causes linker displacement (33),
resulting in a conformational shift in the kinase domain permissive for ATP binding, target
protein access, and phosphotransfer (41). Nef-induced Hck activation does not require tail
dephosphorylation or displacement from the SH2 domain, suggesting that Nef may induce a
novel signaling conformation of Hck (42).

Although the functional consequences of the Nef-Hck pathway are still under investigation,
mounting evidence suggests a key role for this interaction in AIDS progression. In monocyte-
derived macrophages, Komuro et al. (35) established a strong positive correlation of high titer
replication of macrophage-tropic HIV-1 with Hck expression. In addition, they showed that
HIV replication is blocked following suppression of Hck with antisense oligonucleotides. At
the whole animal level, targeted expression of Nef to the T-cell and macrophage compartments
in transgenic mice induces an AIDS-like phenotype, characterized by CD4+ T-cell depletion,
diarrhea, wasting, and uniform mortality (43). In contrast, mice expressing a mutant form of
Nef lacking the PXXPXR motif essential for SH3 binding show no evidence of the AIDS-like
phenotype (44). Interestingly, when transgenic mice expressing wild-type Nef were crossed
into a hck-null background, appearance of the AIDS-like phenotype was delayed with a
significant proportion of the mice living normal lifespans (44). The observation that the Nef-
induced AIDS-like syndrome is reduced but not eliminated in the absence of Hck suggests that
other SFKs may contribute to Nef signaling in this system.

Less is known about the functional interaction of Nef with other Src family members. Lyn is
the only Src family member other than Hck with an Ile residue in the SH3 domain RT-loop.
Although the Lyn SH3 domain appears to bind as tightly to Nef as the Hck SH3 domain in
vitro (19,22), the effect of Nef on Lyn kinase activity has not been reported. Several reports
suggest that HIV-1 Nef binds to Lck and down-regulates its kinase activity (21,45,46).
However, other work failed to detect a direct interaction of Nef with Lck or provide evidence
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for an effect on kinase activity in vivo (47,48). Conflicting reports exist regarding the interaction
of Nef with Fyn and its SH3 domain (19,22,48–51), whereas the direct effect of Nef on Fyn
kinase activity is unknown. Nef also interacts with both full-length c-Src and its SH3 domain
(22), although the direct effect of Nef on c-Src activity is not clear (48,52). Finally, while Fgr
and Yes are present in HIV target cells, neither has been tested for interactions with Nef.

One explanation for the conflicting literature regarding the impact of Nef on SFK activity
relates to the use of diverse systems for analysis. In addition, Nef is likely to activate multiple
kinases in HIV target cells, obscuring its direct effects on individual Src family members.
Identification of those SFKs that are directly activated by Nef is the first step toward validation
of these kinases as drug discovery targets. Here we address this important issue using a yeast-
based expression system, originally developed for the study of c-Src regulation (53–55). Yeast
cells represent a useful model for the study of SFK regulation, because they do not express
orthologs of c-Src or other mammalian protein-tyrosine kinases. In addition, ectopic expression
of c-Src and other mammalian protein-tyrosine kinases has been shown to induce kinase-
dependent growth arrest in yeast, providing a convenient end-point for structure-function
analysis (56–60). In the case of c-Src, co-expression of the regulatory kinase Csk reverses the
growth-inhibitory effect through phosphorylation of the negative regulatory tail, modeling the
natural mechanism of down-regulation in mammalian cells (56,60,61).

In this report, we first show that regulation of Hck kinase activity by Nef can be faithfully
reconstituted in yeast. When expressed alone, Hck was highly active and produced a strong
growth-suppressive phenotype. Hck activity and growth suppression were reversed upon co-
expression of the negative regulatory kinase, Csk. Introduction of Nef led to re-activation of
Hck despite the presence of Csk, closely modeling previous reports in mammalian cells types
(16,32). We then extended the study to include all other SFKs expressed in HIV target cells:
Fgr, Fyn, Lck, Lyn, c-Src, and Yes. Like Hck, all of these kinases suppressed yeast cell growth
when active, and this phenotype was reversed upon co-expression with Csk. Introduction of
Nef led to clear activation of Lyn and c-Src in addition to Hck. In all three cases, activation
involved the PXXPXR motif of Nef, suggesting a common SH3-linker displacement
mechanism previously described for Hck. In contrast, Nef did not affect Lck or Fyn activity,
despite previous reports of Nef binding to these kinases (20,24,46,47,50,51). Nef also failed
to affect Yes or Fgr activity. These data provide the first complete analysis of direct HIV-1
Nef-SFK interaction in living cells and identify the complexes of Nef with Hck, Lyn, and c-
Src as unique targets for anti-HIV drug discovery.

MATERIALS AND METHODS
Yeast Expression Vectors

Coding sequences for human Csk, c-Src, Fyn, Hck, Lck, and Lyn as well as murine Fgr and
Yes were amplified by PCR from existing templates to introduce a yeast translation initiation
sequence (AATA) immediately 5′ to the ATG start codon. The cDNA clones for HIV-1 Nef
(SF2 strain) and the herpesvirus saimiri Tip protein (amino acids 1–187) were similarly
amplified and modified. A FLAG epitope tag was added to the N terminus of the Tip coding
sequence. All SFK cDNA clones were subcloned downstream of either the Gal1 or Gal10
promoter in the yeast expression vector pESC-Ura (Stratagene). Hck was also subcloned
downstream of the Gal10 promoter in the pYC2/CT vector (Invitrogen), which carries the
CEN6/ARSH4 sequence for low copy replication. The Csk, Nef, and Tip cDNAs were
subcloned downstream of either the Gal 1 or Gal10 promoter in pESC-Trp (Stratagene). cDNA
clones for kinase-defective Hck (Hck-K269D), tail-activated Hck (Hck-Y501F), and kinase-
defective Csk (Csk-K222D) were created via site-directed mutagenesis (QuikChange XL site-
directed mutagenesis kit, Stratagene). The Nef-2PA mutant, in which prolines 72 and 75 are
replaced with alanines, has been described elsewhere (32).
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Yeast Growth Suppression Assay
Saccharomyces cerevisiae strain YPH 499 (Stratagene) was co-transformed with pESC-Ura
(or pYC2/CT) and pESC-Trp plasmids containing the genes of interest via electroporation
(Bio-Rad GenePulser II). Yeast cells were selected for 3 days at 30 °C on standard synthetic
drop-out plates lacking uracil and tryptophan (SD/-U-T) with glucose as the sole carbon source
to repress protein expression. Positive transformants were grown in liquid SD/-U-T medium
plus glucose, normalized to A600 = 0.2 in water, and then spotted in 4-fold dilutions onto SD/-
U-T agar plates containing galactose as the sole carbon source to induce protein expression.
Plates were incubated for 3 days at 30 °C and imaged on a flatbed scanner. Yeast patches appear
as dark spots against the translucent agar background. All growth suppression assays were
repeated at least three times starting with randomly selected independent transformed clones
and produced comparable results; representative examples are shown.

Immunoblotting
Aliquots of the yeast cultures used for the spot assay were grown in SD/-U-T medium plus
galactose for 18 h. Cells were pelleted, treated with 0.1 N NaOH for 5 min at room temperature
(62), and normalized with SDS-PAGE sample buffer to 0.02 A600 units per microliter. Aliquots
of each lysate (0.2 A600 unit) were separated via SDS-PAGE, transferred to polyvinylidene
difluoride membranes, and probed for protein phosphotyrosine content with a combination of
the anti-phosphotyrosine antibodies PY99 (Santa Cruz Biotechnology, Santa Cruz, CA) and
PY20 (BD Transduction Laboratories). Protein expression was verified by immunoblotting
with antibodies to Csk (C-20, Santa Cruz Biotechnology), Fgr (C1, Santa Cruz Biotechnology),
FLAG (M2, Sigma), Fyn (FYN3, Santa Cruz Biotechnology), Hck (N-30, Santa Cruz
Biotechnology), Lck (2102, Santa Cruz Biotechnology), Lyn (44, Santa Cruz Bio-technology),
Src (N-16, Santa Cruz Biotechnology), and Yes (3, Santa Cruz Biotechnology). Nef antibodies
(monoclonal EH1 and Hyb 6.2) were obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program.

Expression and Purification of Recombinant SFKs and Nef
Human Hck, Lyn, and c-Src clones were modified on their C-terminal tails to encode the
sequence Tyr-Glu-Glu-Ile-Pro. This modification promotes autophosphorylation of the tail and
permits high yield purification of the down-regulated form of each kinase without the need for
co-expression of Csk (37). The N-terminal unique domain of each kinase was replaced with a
hexahistidine tag, and each construct was used to produce a recombinant baculovirus in Sf9
insect cells using BaculoGold DNA and the manufacturer’s protocol (BD Pharmingen).
Recombinant SFKs were purified from 1 liter of infected Sf9 cell culture using a combination
of ion-exchange and affinity chromatography as originally described by Schindler et al. for
Hck (37). The purity and concentration of each kinase preparation were confirmed by SDS-
PAGE and densitometry. The SF2 allele of HIV-1 Nef was similarly expressed and purified
with an N-terminal hexahistidine tag.

In Vitro Kinase Assays
Tyrosine kinase assays were performed in 384-well plates using the FRET-based Z′-lyte kinase
assay system and the Tyr2 peptide substrate (Invitrogen). Reactions (10 μl) were conducted in
kinase buffer (50 mM Hepes, pH 7.5, 10 mM MgCl2, 1 mM EGTA, 0.01% Brij-35). Assay
conditions were first optimized to determine the amount of each kinase and the incubation time
necessary to phosphorylate 20–30% of the Tyr2 peptide in the absence of Nef. To assess the
effect of Nef on SFK activity, Hck (20 ng), Lyn (50 ng), and Src (50 ng) were incubated at
room temperature for 5 min with a 5-or 10-fold molar excess of Nef. ATP (50 μM final) and
Tyr2 substrate (2 μM final) were then added to the reaction followed by a 1-h incubation (45
min for Hck). Development reagent, containing a protease that digests non-phosphorylated
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peptide, was then added to the reaction for an additional 60 min at room temperature, at which
time the reaction was terminated with the proprietary stop reagent. Fluorescence was assessed
at an excitation wavelength of 400 nm; coumarin fluorescence and the fluorescein FRET signal
were monitored at 445 and 520 nm, respectively. The coumarin emission excites fluorescein
by FRET in the phosphorylated (uncleaved) substrate peptide only. Reactions containing
unphosphorylated peptide and kinase in the absence of ATP served as 0% phosphorylation
control, whereas a stoichiometrically phosphorylated peptide was used as a 100%
phosphorylation control. Raw fluorescence values were corrected for background, and reaction
endpoints were calculated as emission ratios of coumarin fluorescence divided by the
fluorescein FRET signal. These ratios were then normalized to the ratio obtained with the 100%
phosphorylation control. Each condition was assayed in quadruplicate, and results are
presented as the mean ± S.D. The entire experiment was repeated twice with comparable
results.

RESULTS
Active Hck Suppresses Yeast Growth in a Kinase-dependent Manner

Before reconstituting the interaction of Hck with HIV-1 Nef in yeast, we first determined
whether Hck produced a similar growth-suppressive phenotype as described previously for c-
Src (56,58,60). To accomplish this, we used a plate-based assay to visualize the effects of Hck
expression on yeast cell growth. Yeast cultures transformed with galactose-inducible Hck and
Csk expression vectors were spotted as a dilution series on galactose-agar plates. As shown in
Fig. 1, expression of wild-type Hck induced growth suppression relative to control cultures
transformed with empty expression plasmids. Growth suppression was reversed when Hck was
co-expressed with wild-type Csk, the kinase responsible for down-regulation of SFKs in
mammalian cells (63). Kinase-dead Csk (Csk-K222D) was unable to reverse Hck-induced
growth suppression, consistent with negative regulation of Hck by Csk-mediated tail tyrosine
phosphorylation as observed previously in fibroblasts (42).

To determine whether growth suppression induced by Hck correlated with Hck kinase activity,
yeast cell lysates were probed with anti-phosphotyrosine antibodies. Expression of Hck alone
correlated with strong phosphorylation of many yeast proteins (Fig. 1). Co-expression with
Csk led to a marked decrease in protein phosphotyrosine content, consistent with down-
regulation of Hck kinase activity. Kinase-dead Csk was unable to inhibit Hck activity,
establishing the role of Csk kinase activity in the control of Hck. Expression of Csk alone
produced no growth suppressive effect or yeast protein-tyrosine phosphorylation,
demonstrating the exquisite specificity of Csk activity for the tail region of Hck. These findings
show that co-expression with Csk is sufficient to down-regulate Hck in yeast, consistent with
previous observations for c-Src (56,60,61).

Immunoblots of yeast lysates with Hck antibodies revealed that Hck consistently migrated as
three distinct bands (Fig. 1). Interestingly, this banding pattern changed when Hck was co-
expressed with wild-type but not kinase-dead Csk, with three bands shifting to a single high
mobility band. This effect of Csk suggests that the variation in Hck mobility reflects different
activation states, with the highest mobility form representing the down-regulated
conformation.

To demonstrate that growth suppression is dependent upon Hck kinase activity, we transformed
yeast with a kinase-dead form of Hck, Hck-K269D. Hck-K269D failed to induce either growth
suppression or tyrosine phosphorylation of yeast proteins (Fig. 1). Co-expression with Csk led
to tyrosine phosphorylation of Hck-K269D, presumably on the tail tyrosine residue. In
addition, Hck-K269D runs as a single high mobility band on the anti-Hck immunoblot,
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providing further evidence that the high mobility form of Hck corresponds to the inactive
conformation.

Csk down-regulates Hck activity in mammalian cells by phosphorylating Tyr-501 on the C-
terminal tail (42). To confirm this mechanism of Csk-induced down-regulation of Hck in yeast,
we co-expressed a Hck mutant lacking the regulatory tail tyrosine (Hck-Y501F) in the presence
or absence of Csk. As shown in Fig. 1, Hck-Y501F markedly suppressed yeast growth and
heavily phosphorylated yeast proteins. Csk was unable to alleviate the growth suppression or
the protein-tyrosine phosphorylation induced by Hck-Y501F. Interestingly, Hck-Y501F
migrated as the two lower mobility bands on anti-Hck immunoblots, and co-expression with
Csk had no effect on this pattern. These results show that inhibition of Hck by Csk in yeast
requires both Csk kinase activity and the Hck tail tyrosine residue (Tyr-501), thus faithfully
modeling the mechanism in mammalian cells.

Nef activates Hck in a PXXP-dependent Manner
Previous studies have established that HIV-1 Nef binds tightly to the SH3 domain of Hck,
leading to constitutive kinase activation both in vitro and in mammalian cells (32,33,42). To
determine if Nef activates Hck in yeast through a similar mechanism, we first co-expressed
Nef with Hck in the absence of Csk (Fig. 2). Interestingly, Hck-induced growth arrest and
protein-tyrosine phosphorylation were both markedly increased in the presence of Nef. We
then repeated the experiment in the presence of Csk and found that Nef completely reversed
the inhibitory effect of Csk, leading to growth suppression and protein-tyrosine
phosphorylation very similar to that observed when Hck is co-expressed with Nef in the
absence of Csk. These observations suggest that Nef may generate a unique highly active
conformation of the kinase (see “Discussion”). Control cultures show that Nef, either alone or
when co-expressed with Csk, has no effect on cell growth or protein-phosphotyrosine content.

To determine if Nef-induced Hck activation is dependent upon the Nef SH3-binding function,
we mutated the PXXP motif of Nef to AXXA (Nef-2PA). As shown in Fig. 2, Nef-2PA failed
to enhance growth suppression by Hck or increase protein-tyrosine phosphorylation in the
presence or absence of Csk. These results support an allosteric mechanism in which Nef-
induced activation of Hck requires SH3 binding and displacement of the SH2-kinase linker.

Suppression of Yeast Cell Growth Is a Shared Property of SFK
Before evaluating the effect of Nef expression on other members of the Src kinase family, we
first determined whether other SFKs produced the same growth suppressive effect as c-Src and
Hck. Fgr, Fyn, Lck, Lyn, and Yes were each expressed in yeast with or without Csk and spot
assays performed to measure growth suppression. Hck and c-Src were also included for
comparison. As shown in Fig. 3, all seven SFKs suppressed yeast growth and co-expression
of Csk reversed the growth-inhibitory phenotype.

Cell lysates from each of the cultures in Fig. 3 were then immunoblotted for tyrosine-
phosphorylated proteins, as well as for expression of each SFK and Csk (Fig. 4). In each case,
co-expression with Csk resulted in a decrease in the intensity of the anti-phosphotyrosine
signal. These results show that all SFKs are constitutively active following ectopic expression
in yeast, and provide direct evidence that Csk alone is sufficient to down-regulate the activity
of each member of the Src kinase family.

Nef Selectively Activates a Subset of Src Family Kinases
We next investigated whether co-expression of HIV-1 Nef was sufficient to activate SFKs
other than Hck in the yeast model system. The SFKs were also co-expressed with Csk to
determine whether interaction with Nef is sufficient to activate the down-regulated form of
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each kinase. Growth suppression data for each SFK in the presence or absence of Csk and Nef
are shown in Fig. 5. In the absence of Csk, Nef enhanced the growth suppression observed
with Hck but did not affect growth suppression by the other SFKs. However, Nef readily
restored growth suppression by Csk-down-regulated c-Src and Lyn in addition to Hck. Csk-
down-regulated Fyn, Fgr, Lck, and Yes were not affected by Nef.

To evaluate the effects of Nef on SFK activity, lysates were prepared from each of the
transformed cultures shown in Fig. 5 and immunoblotted with anti-phosphotyrosine antibodies.
As shown in Fig. 6, expression of each SFK alone induced strong tyrosine phosphorylation of
multiple yeast cell proteins, and this effect was markedly dampened upon co-expression with
Csk. Co-expression of Nef with Hck in the absence of Csk led to an even greater degree of
protein-tyrosine phosphorylation, consistent with the effect of Nef on Hck-induced growth
suppression (Fig. 5). Nef reversed down-regulation of Hck, Lyn, and c-Src kinase activity by
Csk, consistent with the growth suppression obtained with Nef and these three Csk-down-
regulated SFKs (Fig. 5). In contrast, no detectable changes in the protein-tyrosine
phosphorylation patterns or signal intensity were observed upon co-expression of Nef with
Fgr, Fyn, Lck, or Yes in the presence or absence of Csk, providing strong evidence that these
Src family members are not direct targets for HIV-1 Nef in vivo.

Lck Is Activated by Herpesvirus saimiri Tip but Not HIV-1 Nef in Yeast
Data presented above show that Lck exhibited relatively low basal kinase activity in yeast and
induced weak growth suppression as a consequence. Neither parameter was influenced by Nef,
suggesting that these proteins fail to interact in vivo. As an additional control to support this
conclusion, we performed an experiment with Tip, a herpesvirus saimiri protein shown
previously to bind and activate Lck (64–68). As shown in Fig. 7, co-expression with Tip led
to very strong activation of Lck, inducing marked growth suppression that correlated with
enhanced protein-tyrosine phosphorylation. In contrast, co-expression of Lck with Nef did not
affect yeast growth or enhance basal kinase activity, consistent with the results presented in
Figs. 5 and 6. These data show that co-expression with a known activator enhances Lck kinase
activity and induces growth suppression in yeast, thus validating the negative result with Nef.

Nef-mediated Activation of Lyn and c-Src Is PXXP-dependent
We next investigated whether Nef-mediated activation of Lyn and c-Src employs the SH3-
binding function of Nef, as is the case with Hck (Fig. 2). For these experiments, we again
employed the Nef-2PA mutant, in which proline residues in the conserved PXXPXR motif
critical for SH3 engagement are replaced with alanines. Lyn and c-Src were co-expressed with
Csk and either wild-type Nef or the Nef-2PA mutant. While wild-type Nef induced strong
activation of Lyn and c-Src in terms of growth suppression and protein-tyrosine
phosphorylation, both effects were nearly reversed with Nef-2PA (Fig. 8). These results
indicate that activation of Lyn and c-Src by HIV-1 Nef requires interaction with the SH3
domains of these kinases, identifying SH3-linker displacement as a common mechanism of
SFK activation by Nef.

Nef Activates Hck and Lyn but Not c-Src in Vitro
In a final series of studies, we investigated whether the presence of Nef was sufficient for SFK
activation, or whether co-expression in a cell-based system is essential. To accomplish this,
Hck, Lyn, and c-Src, the three SFKs activated by Nef in yeast, were purified to homogeneity
in their inactive forms (see “Materials and Methods”). Each of the kinases was then assayed
in vitro with a peptide substrate either alone or in the presence of a 5- or 10-fold molar excess
of purified recombinant Nef. As shown in Fig. 9, Hck was strongly activated by Nef under
these conditions, supporting the idea that SH3-linker displacement is sufficient for Hck
activation as described in previous studies both in vitro and in vivo (33,42). Similar to Hck,
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Lyn was also strongly stimulated by Nef in this system, suggesting that SH3-linker
displacement is also sufficient for Lyn activation. In contrast to Hck and Lyn, Nef failed to
activate c-Src under these conditions. This observation suggests that binding of Nef to the Src
SH3 domain is not sufficient for kinase activation in vitro, and that myristoylation and
localization to the plasma membrane may also have a role in the activation mechanism observed
in vivo (see “Discussion”).

DISCUSSION
A growing body of evidence identifies SFKs as important targets for HIV-1 Nef in vivo. Some
of the strongest evidence exists for the macrophage Src family member Hck, which is
constitutively activated by Nef (32,33) and has been implicated in disease progression in a
mouse model of AIDS (43,44). At the molecular level, Nef has been shown to bind to isolated
SFK SH3 domains and the corresponding full-length kinase proteins in some cases (see the
introduction). However, no comparative study of the impact of Nef on full-length SFK activity
has been conducted. Here we provide the first complete analysis of the direct effects of Nef on
the activities of all SFKs expressed in HIV target cells (T cells and macrophages). Using a
yeast-based expression system, we show for the first time that c-Src and Lyn, in addition to
Hck, are directly activated by HIV-1 Nef in vivo. Activation occurs in the presence of the
physiological SFK regulator, Csk. In contrast, Fgr, Fyn, Lck, and Yes are not activated by Nef,
despite previous reports describing the interaction of Nef with several of these kinases or their
SH3 domains in vitro (see below). Our observation that Nef selectively activates Hck, Lyn,
and c-Src among SFKs may explain why wild-type Nef induces a partial AIDS-like phenotype
in Hck-null mice, whereas Nef lacking the PXXPXR motif essential for SFK binding fail to
develop AIDS-like disease (44). In the former case, activation of c-Src and Lyn by Nef may
functionally compensate for the lack of Hck. Indeed, up-regulation of Lyn kinase activity has
been reported in Hck-null macrophages, consistent with a possible compensatory mechanism
(69). In contrast, Nef-induced activation of Hck, Lyn, and c-Src requires the PXXPXR motif,
supporting the idea that Nef signaling through all three of these Src family members may be
essential for development of AIDS-like disease in this model.

We validated our yeast system by demonstrating appropriate regulation of Hck kinase activity
by Csk and Nef as reported previously in mammalian cells (16,32,42). Yeast cells provide a
very useful tool for the study of protein-protein interactions in SFK regulation in vivo, because
they lack orthologs of mammalian protein-tyrosine kinases. Here we show that wild-type Hck,
when expressed alone, exerts a growth-suppressive effect in yeast consistent with previous
reports for c-Src (53,55,56). Co-expression with Csk markedly suppressed Hck kinase activity
and reversed the growth-inhibitory effect. Suppression of Hck activity required catalytically
active Csk as well as an intact Hck tail tyrosine residue, previously established as an essential
site for down-regulation of Hck in mammalian cells (42). HIV-1 Nef strongly activated down-
regulated Hck, and this effect required the Nef PXXPXR motif responsible for Hck SH3 binding
(31,32). These data support a model in which Nef engages Hck through its SH3 domain and
displaces its negative regulatory interaction with the SH2-kinase linker. Demonstration that
Nef can overcome Csk-induced down-regulation of Hck in yeast strongly supports a direct
activating effect of Nef on Hck in vivo and supports the use of yeast to faithfully model this
interaction.

We next extended our study to other members of the Src kinase family expressed in HIV target
cells. Fgr, Fyn, Lck, Lyn, and Yes were all active in yeast and induced growth suppression in
a manner analogous to c-Src and Hck. Co-expression with Csk reversed growth suppression
and reduced endogenous protein-tyrosine phosphorylation, providing direct evidence that Csk
alone is sufficient to induce down-regulation of each SFK tested. Introduction of Nef into this
system revealed for the first time that Lyn and c-Src are direct targets for Nef-induced activation
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in vivo. In contrast, Nef had no apparent effect on the activity of Fgr, Fyn, Lck, or Yes. These
results are surprising in light of previous reports of Nef interaction with Lck and Fyn, which
are discussed in more detail below.

Lck is selectively expressed in T-lymphocytes and plays an essential role in T-cell receptor
signal transduction and in thymocyte development (70). Numerous studies have reported that
Nef can interact with Lck through its SH2 and SH3 domains (19,21,24,46,51,71), and may
repress Lck kinase activity and signaling (24,45,72). In contrast, our work suggests that,
although Nef-Lck interactions can be demonstrated in vitro, these proteins might not interact
directly in cells. Unlike Hck, co-expression with Nef had no impact on Lck kinase activity in
yeast, in terms of either activation or inhibition. Interestingly, Lck did not suppress yeast growth
as strongly as the other SFKs tested, which is most likely a reflection of its relatively low basal
kinase activity. To provide a positive control for Lck activation, we co-expressed Lck with the
herpesvirus saimiri Tip protein, which has been previously established as an Lck-specific
binding protein and activator (64–68). In contrast to Nef, Tip readily activated Lck and induced
strong growth arrest and tyrosine phosphorylation of yeast cell proteins.

Like Lck, Fyn is also important in T-lymphocyte antigen responsiveness and development,
although its expression pattern is more broad than that of Lck (70). Because of its functional
role in T-cells, Fyn has attracted attention as an HIV-1 Nef target protein. The Fyn SH3 domain
has been shown to interact with Nef in vitro, although with lower affinity than the Hck and
Lyn SH3 domains (23). The structural basis for this difference has been attributed to the lack
of an Ile residue in the Fyn SH3 domain RT-loop (31,49). Indeed, substitution of the Arg residue
at this position with Ile converts the Fyn SH3 domain from a low to a high affinity binding
partner for Nef (49). The ability of full-length Fyn to interact with Nef is more controversial
and may reflect the different experimental approaches used for evaluation of the interaction
(22,51). Here we show that Nef failed to activate Fyn in yeast, both in the growth suppression
assay and by anti-phosphotyrosine immunoblotting. Together, these data suggest that, although
Nef may interact with the isolated SH3 domain of Fyn in vitro, Nef does not directly affect
Fyn kinase activity in vivo.

Like Hck, Lyn is also expressed in macrophages, an important HIV target cell and viral
reservoir. At the structural level, only Lyn and Hck have the SH3 domain Ile residue essential
for high affinity Nef binding (49). This Ile residue interacts with a hydrophobic pocket within
the Nef core (31) and together with the conserved PXXPXR motif is essential for Nef-induced
activation of Hck in a rodent fibroblast model (22,32). Here we show for the first time that Nef
activates Lynbya similar PXXPXR-dependent mechanism and can overcome the negative
regulatory influence of Csk in doing so. This finding implies that Lyn is regulated by a similar
mechanism as Hck, with the SH2-kinase linker engaging the SH3 domain in the down-regulated
conformation of the kinase (73). High affinity binding of Nef to the SH3 domain may be
sufficient to displace the linker, relieving its inhibitory effect on the kinase domain. Our
observation that Nef can drive Lyn activation in vitro also supports this mechanism (Fig. 9).
Although Nef readily activates Lyn in vitro and in yeast, we did not observe activation of Lyn
by Nef in a previous study using a fibroblast transformation model (48). This difference may
relate to localization of Lyn and Nef to different subcellular compartments in fibroblasts, where
a portion of the Lyn molecules may localize to the nucleus (74). Alternatively, additional
cellular factors may be present in fibroblasts that interfere with downstream signaling by the
Nef-Lyn complex.

Although c-Src lacks the SH3 domain Ile residue essential for high affinity Nef binding, we
and others have observed Nef interaction with the isolated Src SH3 domain as well as full-
length c-Src, although with lower relative affinity than Hck (22,23). Here we show that co-
expression of Nef is sufficient to overcome Csk-induced down-regulation of c-Src in the yeast
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model system. Both growth suppression and protein-tyrosine phosphorylation by c-Src were
dependent upon the Nef PXX-PXR motif, strongly suggesting an SH3-based activation
mechanism. Consistent with our findings, He et al. (52) recently showed that Nef augments c-
Src kinase activity and induces proliferation in immortalized podocytes in a PXXPXR-
dependent manner. Activation of c-Src by Nef led to activation of signal transducers and
activators of transcription 3 (STAT3) and extracellular signal-regulated kinase (ERK)
signaling downstream, as previously observed in other cell types (16,17). Nef-Src interaction
may contribute to HIV-1-associated nephropathy, the most common cause of chronic renal
failure in HIV-seropositive patients (52).

Although Nef was able to activate c-Src in yeast and mammalian cells, we found that Nef alone
is not sufficient to induce c-Src activation in an in vitro kinase assay under conditions that led
to strong Hck and Lyn activation (Fig. 9). The most likely explanation for this difference is the
lower affinity of Nef for the c-Src SH3 domain. Arold et al. (23) determined the equilibrium
dissociation constants for Nef interaction with various SFK SH3 domains by isothermal
titration calorimetry and found that Nef bound the Hck SH3 domain 10- to 20-times more
strongly than those of c-Src, Fyn, or Lck. They attributed this difference to the sequence of the
Hck RT-loop, which in addition to having the optimal Ile residue is more flexible and able to
adopt a conformation favorable for binding to the Nef hydrophobic pocket. The c-Src RT-loop,
on the other hand, is more constrained by hydrogen bonds and may be less able to adopt a
conformation compatible with Nef binding. Although interaction between the Src SH3 domain
and Nef may not be sufficient to activate c-Src in solution, this lower affinity interaction may
be enhanced when the two proteins co-localize to the plasma membrane in cells. Another
possibility is that the myristoyl group of native Nef may contribute to Src binding via its
myristic acid binding pocket (75); note that none of the recombinant proteins tested in Fig. 9
were myristoylated. Future studies will examine the mechanism of Src SH3-Nef interaction in
more detail.

The final two SFKs examined in our study were Fgr and Yes, which have not been previously
examined with respect to Nef binding or kinase activation. Fgr is strongly expressed in
macrophages, and knock-out experiments suggest significant functional overlap with Hck in
this cell type (69). Yes expression is more broadly distributed, often mirroring the pattern
observed with c-Src (76). Nef did not activate either kinase in yeast, suggesting that these SFKs
are not direct targets for Nef in HIV-infected cells. Consistent with this observation, neither
the Yes nor the Fgr SH3 domain contains an RT-loop Ile residue, suggesting that the lack of
kinase activation may be due to low SH3 affinity as observed for Fyn and Lck.

In summary, our results show that HIV-1 Nef selectively activates Hck, Lyn, and c-Src among
the various SFK isoforms expressed in HIV target cells. The mechanism of activation requires
binding of Nef via its PXXPXR motif to the SFK SH3 domain, consistent with the SH3-linker
displacement mechanism previously described for Hck. The essential role for the Nef
PXXPXR motif in the murine AIDS model, together with the finding that Hck knock-out mice
are only partially protected from Nef-induced pathogenesis, strongly suggest that redundant
activation of Hck, Lyn, and c-Src occurs in HIV-infected cells (43,44). Future work will address
whether small molecule inhibitors targeted to the Nef-SFK complexes affect HIV replication
and AIDS progression.
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FIGURE 1. Hck induces yeast growth suppression in a kinase-dependent manner
Yeast cultures were transformed with galactose-inducible expression plasmids for wild-type
Hck (WT), a kinase-dead mutant (K269D), a mutant lacking the C-terminal Csk
phosphorylation site (Y501F), or the empty expression plasmid (−Hck). Cells were co-
transformed with galactose-inducible vectors for wild-type (WT) or kinase-dead (KD) Csk as
indicated or with the empty vector as a negative control (−). Top: liquid cultures were grown
with glucose as the sole carbon source to repress protein expression and normalized to equal
densities. Cells were then spotted onto agar selection plates containing galactose as the sole
carbon source and incubated for 3 days at 30 °C. Cultures were spotted in 4-fold dilutions to
enhance visualization of the growth-suppressive phenotype. Plates were scanned, and yeast
patches appear as dark circles. Lower panels: immunoblots from cultures shown at the top.
Transformed cells were grown in liquid culture in the presence of galactose at 30 °C for 18 h.
Protein extracts were separated via SDS-PAGE and immunoblotted for tyrosine-
phosphorylated proteins (pTyr) as well as for Hck and Csk.
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FIGURE 2. HIV-1 Nef activates Hck in a PXXP-dependent manner
Yeast cultures were transformed with galactose-inducible expression plasmids for wild-type
Hck (+Hck) in the absence (−) or presence of wild-type (WT) or PXXP mutant (2PA) forms of
HIV-1 Nef. Cells were co-transformed with galac-tose-inducible expression vectors for Csk
or the corresponding empty vector as indicated. Control cultures without Hck are shown on
the left (−Hck). Top: liquid cultures were grown with glucose as the sole carbon source to
repress protein expression and normalized to equal densities. Cells were then spotted onto agar
selection plates containing galactose as the sole carbon source and incubated for 3 days at 30
°C. Cultures were spotted in 4-fold dilutions to enhance visualization of the growth-suppressive
phenotype. Plates were scanned and yeast patches appear as dark circles. Lower panels:
Immunoblots from cultures shown at the top. Transformed cells were grown in liquid culture
in the presence of galactose at 30 °C for 18 h. Protein extracts were separated via SDS-PAGE
and immunoblotted for tyrosine-phosphorylated proteins (pTyr) as well as for Hck, Nef, and
Csk.
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FIGURE 3. Csk reverses growth suppression of yeast by SFKs
Yeast cultures were transformed with the SFKs indicated on the left either alone (SFK) or in
the presence of Csk (SFK + Csk). Cells transformed with empty vectors (Con) or with Csk
alone (Csk) were included as controls in each experiment. Liquid cultures were grown with
glucose as the sole carbon source to repress protein expression and normalized to equal
densities. Cells were then spotted onto agar selection plates containing galactose as the sole
carbon source and incubated for 3 days at 30 °C. Plates were scanned, and yeast patches appear
as dark circles. Cultures were spotted in 4-fold dilutions to enhance visualization of the growth-
suppressive phenotype. The dilutions showing the clearest differences in growth in the presence
and absence of Csk are presented.
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FIGURE 4. Csk suppresses SFK activity in yeast
Yeast cultures were transformed with expression vectors for each of the SFKs shown at the
top in the presence (+) or absence (−) of Csk. Cells were grown in liquid culture in the presence
of galactose at 30 °C for 18 h. Protein extracts were separated via SDS-PAGE, and
immunoblotted for tyrosine-phosphorylated proteins (pTyr) as well as for each Src family
member (SFK) and Csk.
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FIGURE 5. HIV-1 Nef selectively induces growth suppression in yeast co-expressing down-
regulated forms of Hck, Lyn, and c-Src
Yeast cultures were transformed with the SFKs indicated on the left either alone (SFK) or in
the presence of Csk (SFK + Csk), HIV-1 Nef (SFK + Nef), or both (SFK + Csk + Nef). Cells
transformed with Csk alone (Csk), Nef alone (Nef) or both (Csk + Nef) were included as controls
in each experiment. Liquid cultures were grown with glucose as the sole carbon source to
repress protein expression and normalized to equal densities. Cells were then spotted onto agar
selection plates containing galactose as the sole carbon source and incubated for 3 days at 30
°C. Plates were scanned, and yeast patches appear as dark circles. Cultures were spotted in 4-
fold dilutions to enhance visualization of the growth-suppressive phenotype. The dilutions
showing the greatest differences in growth are presented.
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FIGURE 6. HIV-1 Nef selectively activates Hck, Lyn, and c-Src in yeast
Yeast cultures were transformed with expression vectors for each of the SFKs indicated either
alone (SFK) or in the presence of Csk (SFK + Csk), HIV-1 Nef (SFK + Nef), or both (SFK +
Csk + Nef). Cells transformed with Csk alone (Csk), Nef alone (Nef), or both (Csk + Nef) were
included as negative controls. Cells were grown in liquid culture in the presence of galactose
at 30 °C for 18 h. Protein extracts were separated via SDS-PAGE and immu-noblotted for
tyrosine-phosphorylated proteins (pTyr). Control immuno-blots confirmed expression of each
SFK, Csk, and Nef (data not shown).
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FIGURE 7. Lck is activated by herpesvirus saimiri Tip but not HIV-1 Nef in yeast
Yeast cultures were transformed with galactose-inducible expression plasmids for Lck
(+Lck) or the empty expression plasmid as negative control (−Lck). Cells were co-transformed
with galactose-inducible vectors for HIV-1 Nef or FLAG-tagged herpervirus saimiri Tip as
indicated or with the empty vector (Con). Top: liquid cultures were grown with glucose as the
sole carbon source to repress protein expression and normalized to equal densities. Cells were
then spotted onto agar selection plates containing galactose as the sole carbon source and
incubated for 3 days at 30 °C. Cultures were spotted in 4-fold dilutions to enhance visualization
of the growth-suppressive phenotype. Plates were scanned, and yeast patches appear as dark
circles. Lower panels: immunoblots from cultures shown at the top. Transformed cells were
grown in liquid culture in the presence of galactose at 30 °C for 18 h. Protein extracts were
separated via SDS-PAGE and immunoblotted for tyrosine-phosphorylated proteins (pTyr) as
well as for Lck, Nef, and Tip. Tip was visualized using an anti-FLAG antibody and runs as
multiple bands in the presence of Lck due to tyrosine phosphorylation.
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FIGURE 8. HIV-1 Nef-mediated activation of Lyn and c-Src is PXXP-dependent
Yeast cultures were transformed with galactose-inducible expression plasmids for Lyn
(+Lyn) and c-Src (+Src) in the absence (−) or presence of wild-type (WT) or PXXP mutant
(2PA) forms of HIV-1 Nef. Cells expressing the Nef proteins alone were included as a negative
control. Top: liquid cultures were grown with glucose as the sole carbon source to repress
protein expression and normalized to equal densities. Cells were then spotted onto agar
selection plates containing galactose as the sole carbon source and incubated for 3 days at 30
°C. Cultures were spotted in 4-fold dilutions to enhance visualization of the growth-suppressive
phenotype. Plates were scanned, and yeast patches appear as dark circles. Lower panels:
immunoblots from cultures shown at the top. Transformed cells were grown in liquid culture

Trible et al. Page 21

J Biol Chem. Author manuscript; available in PMC 2010 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the presence of galactose at 30 °C for 18 h. Protein extracts were separated via SDS-PAGE
and immunoblotted for tyrosine-phosphorylated proteins (pTyr) as well as for Lyn, Src, Csk,
and Nef.
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FIGURE 9. Activation of SFKs by HIV-1 Nef in vitro
Recombinant Hck, Lyn, and c-Src were purified from Sf9 insect cells in their down-regulated
forms and assayed for kinase activity with a peptide substrate in vitro either alone or in the
presence of a 5- or 10-fold molar excess of purified recombinant Nef. Details of the FRET-
based tyrosine kinase assay used for this experiment can be found under “Materials and
Methods.” Each condition was repeated in quadruplicate, and the extent of phosphorylation is
expressed as mean percent phosphorylation relative to a control phosphopeptide ± S.D. The
overall experiment was repeated twice with comparable results.
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