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Alterations of T-cell receptor signaling by human immunodeficiency virus type 1 (HIV-1) Nef involve its
association with a highly active subpopulation of p21-activated kinase 2 (PAK2) within a dynamic signalosome
assembled in detergent-insoluble membrane microdomains. Nef-PAK2 complexes contain the GTPases Rac
and Cdc42 as well as a factor providing guanine nucleotide exchange factor (GEF) activity for Rac/Cdc42.
However, the identity of this GEF has remained controversial. Previous studies suggested the association of Nef
with at least three independent GEFs, Vav, DOCK2/ELMO1, and �Pix. Here we used a broad panel of
approaches to address which of these GEFs is involved in the functional interaction of Nef with PAK2 activity.
Biochemical fractionation and confocal microscopy revealed that Nef recruits Vav1, but not DOCK2/ELMO1
or �Pix, to membrane microdomains. Transient RNAi knockdown, analysis of cell lines defective for expression
of Vav1 or DOCK2 as well as use of a �Pix binding-deficient PAK2 variant confirmed a role for Vav1 but not
DOCK2 or �Pix in Nef’s association with PAK2 activity. Nef-mediated microdomain recruitment of Vav1
occurred independently of the Src homology 3 domain binding PxxP motif, which is known to connect Nef to
many cellular signaling processes. Instead, a recently described protein interaction surface surrounding Nef
residue F195 was identified as critical for Nef-mediated raft recruitment of Vav1. These results identify Vav1
as a relevant component of the Nef-PAK2 signalosome and provide a molecular basis for the role of F195 in
formation of a catalytically active Nef-PAK2 complex.

The Nef protein of human immunodeficiency virus (HIV)
and simian immunodeficiency virus (SIV) is a multifunctional
factor that is critical for high virus titers in vivo. Consequently,
disease progression in individuals infected with nef-deficient
viruses is very slow or absent (16, 30, 32). These effects are
thought to mirror several independent activities of Nef that
prevent immune recognition of virally infected cells and boost
HIV replication (18, 36, 57, 72). In order to achieve such an
optimized spread in the infected host, Nef manipulates a va-
riety of transport and signal transduction processes in cells
infected by HIV type 1 (HIV-1). Modulation of cellular trans-
port pathways by Nef affects the surface presentation of a large
number of cell surface receptors, such as CD4, major histo-
compatibility complex class I and II molecules, and chemokine
receptors, to prevent superinfection and to facilitate immune
evasion of productively infected cells (8, 15, 22, 45, 65, 70).
Equally widespread are Nef effects on host cell signaling, in-
cluding various alterations of the T-cell receptor (TCR) cas-
cade in T lymphocytes (6, 7, 40, 43, 44, 59, 61, 64, 66, 68). Since
resting T lymphocytes are largely resistant to productive HIV
infection, activation of target T lymphocytes is a prerequisite
for efficient spread of HIV-1 in vivo (reviewed in reference 69).

At the same time, high activation levels induced by potent
extracellular stimulation drive cells into activation-induced cell
death. According to an emerging view, Nef acts as an intracel-
lular inducer of TCR-triggered distal signaling events in the
absence of exogenous stimulation, while signaling via TCR
from outside of the cell is tuned down by Nef (21, 27, 62, 71;
see reference 17 for a review). By balancing these mechanisms,
Nef may thus ensure both target cell permissiveness and sur-
vival for optimal virus production.

Nef alters host cell processes by interacting with components
of cellular machines. Previous studies have identified a number
of protein interaction surfaces in Nef that are vital for specific
activities of the viral protein (3, 4, 23). Since an increasing
number of host cell factors that interact with each of these Nef
interfaces have been reported, the functional relevance of in-
dividual ligands have remained largely elusive. Regarding its
signal transduction properties, Nef is known to associate with
a number of cellular kinases, including members of the protein
kinase C, Src tyrosine, and p21-activated kinase (PAK) kinase
families (reviewed in reference 56). In particular, the associa-
tion of Nef with PAK has been studied in more detail, dem-
onstrating that PAK2 is the preferred PAK isoform that asso-
ciates with Nef (5, 19, 54). The interaction of Nef with PAK2
activity is conserved for many Nef proteins derived from
HIV-1, HIV-2, and SIV strains (50, 51, 60) and is readily
detectable in HIV-1-infected T lymphocytes as well as HIV-1
provirus transgenic mice (59, 75). Many Nef alleles also aug-
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ment overall cellular PAK2 activity, but PAK2 activation is less
well conserved and dispensable for the association of Nef with
PAK2 activity (51). Some studies using Nef mutants that fail to
associate with PAK2 activity but are also defective in other Nef
functions concluded that the Nef-PAK2 association may con-
tribute to the elevated pathogenic potential of Nef-positive
viruses in vivo (31, 61, 75). These reports are at odds with a
similar study in which viruses encoding a Nef mutant with
disruption of an interaction motif critical for Nef’s association
with PAK2 activity caused acute disease (35). If relevant for
the pathogenic potential of lentiviruses, the underlying mech-
anism of the Nef-PAK2 association is not well understood but
might involve established consequences such as upregulation
of HIV transcription, remodeling of the actin cytoskeleton,
prevention of apoptosis, and enhancement of virion infectivity
(11, 19, 20, 27, 40, 76, 77). Thus, as for most protein interac-
tions of Nef, the exact role and relevance of the Nef-PAK2
complex for virus propagation in the infected host remain to be
defined.

The Nef-PAK2 association occurs in the context of a larger
signalosome of approximately 1 MDa in size (19). Assembly of
this complex occurs at cellular membranes, where it selectively
segregates in detergent-resistant microdomains of the plasma
membrane, and disruption of these microdomains potently
blocks Nef’s association with PAK2 activity (34, 51, 53). The
association of Nef with the kinase is therefore mediated selec-
tively by a small subpopulation that associates with these mi-
crodomains (24, 34, 51). While it has been demonstrated that
Nef recruits PAK2 to membrane microdomains similarly to the
physiological PAK2 activators Rac1 and CDC42 (34, 51, 53),
further analysis of the composition of the Nef-PAK2 complex
and its regulation has been hampered by its low stability. Al-
though Nef-associated PAK2 activity can readily be demon-
strated experimentally, Western blot detection of PAK2 pro-
tein in Nef immunoprecipitates has been challenging (2, 40, 48,
51, 59, 61). This may reflect the specific association of Nef with
a highly active PAK2 subpopulation whose activity triggers
rapid disassembly of the complex (51, 55).

More detailed information is available on the determinants
in Nef that govern assembly of the Nef-PAK2 signalosome.
Consistent with its membrane microdomain localization, Nef’s
N-terminal myristioylation, a prerequisite for its association
with membranes, is essential for the functional interaction with
PAK2 (60). Earlier studies also identified a di-arginine motif as
a critical determinant. Mutation of this motif, however, has
pleiotropic effects, including decreased protein stability, and it
has thus been questioned whether this interface is actively
involved in Nef-PAK2 complex formation (23, 49, 60). Re-
cently, a novel protein interaction surface in Nef surrounding
the key residue F195 was identified as essential for the associ-
ation of Nef with active PAK2 (1, 2, 49). One study suggested
that this interface facilitates the recruitment of PAK2 into the
complex; the molecular basis for this role of F195, however,
has not been addressed in more detail (2). Finally, Nef con-
tains a highly conserved, proline-rich Src homology 3 domain
binding (PxxPxR) motif that represents another key determi-
nant for assembly of an enzymatically active Nef-PAK2 com-
plex (31, 42, 76). Since functional Nef-PAK2 association de-
pends on the activity of the upstream small GTPases Rac1 and
Cdc42 (40, 48), it has been assumed that an SH3-mediated

interaction by Nef directly or indirectly recruits a guanine
nucleotide exchange factor (GEF) to ensure PAK2 activity
within the complex. The identity of this GEF, however, has
remained a matter of debate. With Vav1, �Pix/Cool, and
DOCK2/ELMO1, at least three GEFs containing an SH3 do-
main and providing GEF activity toward Cdc42 and/or Rac
were reported to associate with Nef (9, 20, 28, 67). Vav1 was
previously suggested as a critical component for the functional
association of Nef and PAK2; this was based, however, exclu-
sively on overexpression of a dominant-negative variant (20).
Conflicting data exist on the role of �Pix in the Nef-PAK2
signalosome (9, 55, 75), and DOCK2/ELMO1 has not been
analyzed with respect to Nef’s association with active PAK2
(28). To address which of these GEFs play functional roles in
the Nef-PAK2 complex, their recruitment into membrane mi-
crodomains by Nef and the effects of reduced GEF expression
levels upon specific RNA interference (RNAi) or genetic
knockout on the efficiency of the Nef-PAK2 association were
used in this study as independent criteria. Our results demon-
strate the involvement of Vav1 in the association of Nef with
PAK2 activity and unexpectedly reveal that this GEF is re-
cruited into the complex via the F195 surface rather than the
PxxPxR motif.

MATERIALS AND METHODS

Cells, reagents, and plasmids. Jurkat Tag (JTag), JVav, and BE�16-3 cells
were cultivated in RPMI 1640 supplemented with 10% fetal calf serum, 1%
L-glutamine, and 1% penicillin-streptomycin (all from Invitrogen). JVav and
BE�16-3 cells are Jurkat derivatives and T-cell hybridoma cells that lack Vav1 or
DOCK2 expression (12, 58), respectively, and were kindly provided by Daniel
Billadeau and Yoshinori Fukui. Expression constructs for Vav1.myc, green flu-
orescent protein (GFP), various Nef.GFP proteins, PAK2, and �Pix binding-
deficient Pak2 proteins were described elsewhere (13, 20, 25, 27, 34). Nef from
HIV-1 SF2 was used throughout. Constructs for expression of Nef.GFP carrying
the F195A or F195I mutation were generated by site-directed mutagenesis
(QuikChange site-directed mutagenesis kit; Stratagene), and the Nef-coding
sequences were verified by sequencing. Expression plasmids for �Pix.myc, Flag-
.DOCK2, and ELMO1.His were kindly provided by Ivan Dikic, Shinya Tanaka,
and Yoshinori Fukui, respectively (47, 58, 63).

The following antibodies were used: polyclonal rabbit anti-ELMO1, polyclonal
rabbit anti-Vav2, and monoclonal mouse anti-myc (clone 9E10) (all obtained
from Santa Cruz Biotechnology); monoclonal mouse anti-flag (clone M2), mono-
clonal mouse anti-GFP (clone GFP20), and polyclonal mouse anti-cholera toxin
(anti-CTx) (all from Sigma-Aldrich); polyclonal rabbit anti-PAK1/2/3 and poly-
clonal rabbit anti-Vav (both from Cell Signaling Technology); polyclonal rabbit
anti-�PIX and monoclonal mouse anti-His6 (clone BMG-His-1) (Roche); poly-
clonal rabbit anti-linker of activated T cells (LAT) (Upstate Biotechnology); and
monoclonal mouse anti-transferrin receptor (anti-Tfr) (clone H68.4) (Zymed
Laboratories, Inc.). Secondary fluorescent antibodies and Alexa Fluor 555-con-
jugated CTx subunit B were obtained from Molecular Probes, and protease
inhibitor cocktail was purchased from Sigma. Polyclonal rabbit serum against
GFP was kindly provided by Hans-Georg Kräusslich, and polyclonal sheep serum
against Nef was a kind gift from Mark Harris (14).

Western blotting. For Western blot analysis, samples were boiled in sodium
dodecyl sulfate (SDS) sample buffer, separated by 10% SDS-polyacrylamide gel
electrophoresis, and transferred to a nitrocellulose membrane. Protein detection
was performed following incubation with appropriate first and secondary anti-
bodies using the Super Signal Pico detection kit (Pierce) according to the man-
ufacturer’s instructions.

IVKA. Nef-associated PAK2 activity was analyzed in an in vitro kinase reaction
following immunoprecipitation of Nef.GFP essentially as described previously
(24, 34). Cells were transfected with the respective plasmids and RNAi oligonu-
cleotides via electroporation and incubated for 24 h (BE�16-3 and JVav cells),
48 h (PAK1 RNAi), or 72 h (all other RNAi constructs). For this, 15 to 50 �g
DNA and 500 pmol of RNAi specific for the targeted sequences, or unspecific as
a control, were added to 1 � 107 cells in 4-mm cuvettes, and electroporation took
place at 250 V (JTAg and JVav) or 230 V (BE�16-3), 950 �F, in a GenePulser
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Xcell (Bio-Rad). Sequences targeted by RNAi were 5� UCU GUA UAC ACA
CGG UCU GTT 3� for PAK1, 5� AGA AGG AAC UGA UCA UUA ATT 3� for
PAK2, 5� CGU CGA GGU CAA GCA CAU UTT 3� for Vav1, 5� AGU CCG
GUC CAU AGU CAA CTT 3� for Vav2, 5� ACC ACU GUC UGC AAU AAU
ATT 3� for ELMO1, 5� GGA ACG ACA UCU ACA UUA CTT 3� for DOCK2,
5� GGA UGA AGU UCA AGA AUU ATT 3� for �Pix, and 5� AGG UAG
UGU AAU CGC CUU GTT 3� as an unspecific control (all from MWG-
Biotech). Cells were lysed in KEB (137 mM NaCl, 50 mM Tris HCl [pH 8], 2 mM
EDTA, 0.5% Nonidet P-40, Na3VO4, and protease inhibitors) and subjected to
immunoprecipitation using rabbit anti-GFP serum as described (27). After ex-
tensive washing in KEB, beads were resuspended in 50 �l KAB (50 mM HEPES
[pH 8], 150 mM NaCl, 5 mM EDTA, 10 mM MgCl2, 0.02% Triton X-100).
Treatment with 10 �Ci [�-32P]ATP (5 min, room temperature [RT]) allowed the
detection of PAK2 autophosphorylation. Following extensive washing in KEB, in
vitro kinase assay (IVKA) reaction products were separated by SDS-polyacryl-
amide gel electrophoresis and blotted on a nitrocellulose membrane. Radioac-
tive signals were visualized and quantified with a PhosphorImager (Bio-Rad).
Immunoisolated proteins were detected by Western analysis using anti-GFP
antibodies and quantified using the QuantityOne software (Bio-Rad). Radioac-
tive signals were normalized against the amount of isolated Nef in the Western
blot, and signals of wild-type (wt) Nef.GFP were arbitrarily set to 100%. Statis-
tical significance was determined by Student’s t test.

Isolation of DRMs. Detergent-resistant membranes (DRMs) were isolated by
flotation experiments as described previously (34). In brief, JTAg cells were
transfected via electroporation as described for the IVKA and incubated for
48 h. A total of 4 � 107 cells were transfected for each sample. Cells were lysed
in 400 �l TXNE buffer (1% Triton X-100, 50 mM Tris HCl [pH 7.4], 150 mM
NaCl, 5 mM EDTA) for 20 min on ice, homogenized with a Dounce homoge-
nizer, and loaded on an Optiprep (Life Technologies) gradient (lysates were
adjusted to 40% Optiprep and overlaid with 2.5 ml 28% Optiprep and 600 �l
TXNE), followed by ultracentrifuged (35 000 rpm, 3 h, 4°C). Eight fractions of
500 �l each were collected from the top. For further analysis, fraction 2, which
represented the DRM fraction, and fraction 8, which was indicative of the
soluble fraction, were used in a Western blot. The quality of the flotation was
addressed by using Tfr (excluded from DRMs) and LAT (incorporated in
DRMs).

CTx clustering. The generation of CTx-positive clusters (CTx clusters) was
performed as described before (34). A total of 1 � 107 JTAg cells were trans-
fected via electroporation and incubated with 25 �g of Alexa 555-conjugated
CTx/ml in 0.1% bovine serum albumin–phosphate-buffered saline for 30 min at
4°C, followed by addition of anti-CTx antibody (1:200; 30 min at 4°C and 10 min
at 37°C). Cells were bound to poly-L-lysine-coated coverslips (5 min, RT), fixed
with 3% paraformaldehyde (10 min, RT), and extracted with 0.1% Triton X-100
(1 min, RT). Cells were stained using the respective anti-tag antibodies (1:50
anti-His and 1:500 anti-flag and anti-myc for 1 h), followed by Alexa 660-
conjugated secondary antibody (1:2,000 for 30 min at RT), and were mounted in
Histomount (Linaris). Samples were analyzed in a confocal laser scanning mi-
croscope (LSM 510; Zeiss) using a 100� oil immersion objective lens. Images
were processed with Adobe Photoshop.

RESULTS

Nef-mediated recruitment of Vav1 to membrane microdo-
mains. The aim of this study was to evaluate the relative
involvement of three cellular GEFs, Vav, �Pix, and DOCK2/
ELMO1, which have been reported to interact functionally or
physically with the Nef/PAK2 complex. Since the Nef-PAK2
association is confined exclusively to the detergent-insoluble
fraction in microdomain flotation experiments and microdo-
main association of Nef correlates with its ability to associate
with PAK2 (24, 34, 51), we used the presence in such microdo-
mains as the first criterion to define a GEF relevant for the
Nef-PAK2 complex. In order to allow parallel biochemical and
microscopic analyses, Nef.GFP fusion protein from the HIV-1
strain SF2 was used. This fusion protein has previously been
shown to be functionally equivalent to native Nef (24, 27, 34).
Using previously validated experimental procedures (24, 34),
microdomain association was first assessed by flotation analysis
of DRMs after Triton X-100-based lysis at 4°C of transiently

transfected JTag T lymphocytes. Effects of Nef on GEF seg-
regation were assessed by comparing cells expressing Nef.GFP,
a GFP control, or a Nef.GFP mutant protein that fails to
associate with active PAK2 due to disruption of its SH3 do-
main-interacting motif (AxxA.GFP). In addition to expression
plasmids for GFP/Nef.GFP, either these cells were cotrans-
fected with expression constructs for epitope-tagged GEFs or
endogenous GEFs were analyzed. Following microdomain flo-
tation, equal volumes of DRM and soluble fractions as well as
total cell lysate were analyzed by Western blotting (Fig. 1).
Exclusion of Tfr from the DRM fraction and the nearly equal
distribution of LAT between the DRM and soluble fractions
served as quality controls for the DRM isolation procedure.

As expected, soluble GFP was excluded from DRMs while
Nef.GFP was detected in small but significant amounts in
DRMs. In comparison, the AxxA.GFP mutant was expressed
at somewhat reduced levels, as previously noted (13). While
these lower levels of expression resulted in relatively small
absolute amounts of DRM association, the distributions be-
tween the DRM and soluble fractions were approximately sim-
ilar for Nef.GFP and AxxA.GFP. Coexpressed Vav1 was un-
detectable in DRMs in GFP-expressing control cells. In
contrast, detectable amounts of the GEF were present in
DRMs upon coexpression of Nef.GFP, suggesting recruitment
of Vav1 by Nef. Consistent results were obtained when endog-
enous Vav1 was analyzed. Surprisingly, Vav1 was also enriched
in DRMs in the presence of AxxA.GFP. Indeed, when taking
the reduced relative expression levels and specific DRM local-

FIG. 1. Analysis of Nef-mediated DRM recruitment upon transient
expression of cellular GEFs. Membrane microdomain flotation anal-
ysis from JTag T lymphocytes transiently expressing different Nef.GFP
fusion proteins or GFP is shown. Cell lysates (1% Triton X-100) were
separated by Optiprep gradient ultracentrifugation, and eight fractions
were collected from the top (fraction 1) to the bottom (fraction 8) of
the gradient. The DRM (fraction 2) and the soluble fraction (S) (frac-
tion 8) were analyzed together with the unfractionated cell lysate
(L) by Western blotting for the distribution of GFP/Nef.GFP and the
GEF. TfR and LAT were analyzed as markers for S and DRM frac-
tions, respectively. For DRM and S, 4% of each fraction was loaded;
L corresponds to 1% of the total lysate. When indicated, expression
constructs of epitope tagged GEFs were cotransfected with GFP/
Nef.GFP. The results presented are representative of at least four
independent experiments.

2920 RAUCH ET AL. J. VIROL.



ization of this Nef mutant into account, DRM recruitment by
AxxA.GFP occurred essentially with efficiencies comparable to
those by Nef.GFP. In contrast, the analogous analysis for �Pix,
Vav2, and tyrosine-phosphorylated, active Vav (pVav) re-
vealed the presence of a minor fraction of these proteins in
DRMs already in the presence of GFP. This residual DRM
association remained unaltered by coexpression of Nef.GFP or
its AxxA mutant. The distribution of DOCK2/ELMO1 was
analyzed upon coexpression of both units of the bipartite GEF
and revealed its virtual absence from DRMs irrespective of
whether GFP or Nef.GFP was coexpressed. Together, these
results were compatible with potential roles of Vav1 and/or
�Pix in the Nef-PAK2 complex but did not support an involve-
ment of DOCK2/ELMO1.

Vav1 is targeted to plasma membrane microdomains by Nef.
To verify the above results by an independent experimental
approach, plasma membrane microdomains were visualized in
parallel by confocal microscopy via clustering of fluorescently
labeled CTx (24, 34) (Fig. 2). While Vav1 was found diffusely
distributed in the cytoplasm of GFP-expressing JTag T lym-
phocytes (Fig. 2A), the presence of Nef.GFP and AxxA.GFP

led to a marked redistribution of Vav1 to the plasma mem-
brane. Both Nef.GFP variants localized to punctuate struc-
tures at the plasma membrane as well as intracellular perinu-
clear membranes that were detectable in only some z-sections
of the cells and likely represent endosomal compartments (27,
41, 71). The Nef-positive plasma membrane punctae partially
colocalized with CTx clusters, identifying them as membrane
microdomains. In typically two to three of these clusters per
optical section, Nef.GFP and Vav1 were found to colocalize.
Thus, Nef triggers plasma membrane recruitment of Vav1 and
leads to some incorporation of the GEF in plasma membrane
microdomains. Coexpression of �Pix did not have appreciable
effects on the localization of Nef.GFP (Fig. 2B). Likewise, this
GEF was found in the cytoplasm as well as at the plasma
membrane, where it sometimes accumulated at CTx-positive
clusters. This localization remained unaltered in the presence
of Nef, and both proteins were occasionally found to colocalize
in membrane microdomains, albeit less frequently than Nef
and Vav1. Finally, DOCK2 (Fig. 2C) and ELMO1 (Fig. 2D)
were found diffusely in the cytoplasm without marked plasma
membrane enrichment or microdomain localization irrespec-

FIG. 2. Analysis of Nef-mediated recruitment of cellular GEFs into plasma membrane microdomains. Aliquots of the transfected JTag T
lymphocytes analyzed in Fig. 1 were subjected to raft clustering by incubation with CTx conjugated with Alexa 555 fluorescent dye and subsequently
cross-linked with anti-CTx antibody. The GEFs were stained with anti-tag antibodies and detected with Alexa 660 coupled to the appropriate
secondary antibodies. Cells were analyzed by confocal microscopy, and single representative sections are presented. The merge panels depict the
overlay of all three fluorescence channels, with GFP/Nef.GFP in green, CTx in red, and the respective GEF in blue. Arrows indicate colocalization
of Nef with a GEF in plasma membrane microdomains. The results presented are representative of at least three independent experiments.
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tive of coexpression of GFP or Nef.GFP. This independent
analysis therefore confirmed a possible role of Vav1 and �Pix
in signaling events initiated by Nef from membrane microdo-
mains.

Nef-associated kinase activity following PAK knockdown.
We next sought to address the role of the three GEFs more
directly using RNAi-mediated reduction of protein levels. To
this end, we first estimated the range of inhibition of PAK
enzymatic activity that can be achieved by RNAi targeted
against the kinase itself. Furthermore, while PAK2 has been
identified as the preferred PAK isoform associated with Nef,
some reports also suggested the involvement of PAK1 (19, 46).
We therefore compared the effects of RNAi against these two
kinases on Nef-associated PAK activity. As shown in Fig. 3A,
RNAi oligonucleotides directed against target sequences in

PAK1 or PAK2, respectively, effectively and specifically re-
duced the protein levels of the respective PAKs (knockdown
efficiency as quantified by Western blotting: PAK1, 88% �
15%; PAK2, 94% � 10%). Following immunoprecipitation of
various Nef.GFP fusion proteins and subsequent IVKA reac-
tion, Nef-associated phosphorylated PAK2 was visualized by
autoradiography (Fig. 3B). When an irrelevant RNAi oligonu-
cleotide was used, Nef.GFP associated with robust PAK activ-
ity resulting in PAK autophosphorylation (62 kDa, pPAK2) as
well as phosphorylation of an 80-kDa substrate. As expected,
AxxA.GFP failed to associate with detectable kinase activity.
The substantial reduction of PAK1 expression did not result in
diminished Nef-associated PAK activity, whereas treatment
with the PAK2-specific RNAi oligonucleotide caused about
35% inhibition of Nef-associated kinase activity. When the
Nef-associated PAK activity from five experiments was quan-
tified by phosphorimager analysis relative to the amounts of
immunoisolated Nef.GFP, PAK2 RNAi reduced the kinase
reaction to 65% � 19% (P 	 0.001), while PAK1 RNAi had no
effect. Consistently, PAK2 but not PAK1 could be detected in
anti-Nef immunoprecipitates by using highly sensitive lumino-
metric detection of PAK-luciferase fusion proteins (data not
shown). These results suggest that PAK1 does not contribute
to Nef-associated kinase activity in our experimental system
and indicate that PAK2 protein still present in the RNAi-
targeted cells (approximately 6% of the levels in control cells)
can be efficiently recruited by Nef to give rise to a relatively
high (65% of control) residual Nef-associated kinase activity.

RNAi knockdown of Nef-associated GEFs. Having deter-
mined the degree of inhibition of Nef-associated PAK2 activity
that can be achieved by direct RNAi knockdown of PAK2
itself, we next tested the effect of knockdown for the GEFs
previously implicated in Nef-associated protein assemblies.
RNAi against Vav1, Vav2, �Pix, and ELMO1 caused a marked
reduction in the expression levels of the corresponding endog-
enous proteins (knockdown efficiency as quantified by Western
blotting: Vav1, 86% � 15%; Vav2, 76% � 10%; DOCK2,
97% � 5%; ELMO, 85% � 9%; �Pix, 86% � 10%). Potent
silencing of DOCK2 protein expression was confirmed using a
transfected vector expressing an epitope-tagged version of
DOCK2 (Fig. 4A). IVKA analysis revealed a significant reduc-
tion of Nef-associated PAK2 activity upon Vav1 RNAi treat-
ment. The magnitude of this effect was comparable to that
obtained with direct knockdown of PAK2 (reduction to 68% �
20% for Vav1 and 65% � 19% for PAK2). RNAi against Vav2
and ELMO1 (reduction to 71% � 20% and 67% � 15%,
respectively) also had statistically significant effects on the Nef-
PAK2 association (Fig. 4B and C; P values indicate statistical
significance in comparison to reaction after treatment with
RNAi control oligonucleotides). Knockdown of DOCK2 and
�Pix caused no significant alterations in Nef-associated PAK2
activity (reduction to 89% � 20% and 88% � 25%). These
results further suggested a critical role for Vav1 in the Nef-
PAK2 complex and argued against the involvement of DOCK2
and �Pix.

Impairment of Nef-PAK2 association in Vav1-deficient T
lymphocytes. Because inhibition of Nef-associated PAK2 ac-
tivity was only partial upon RNAi-mediated reduction of Vav
protein levels, we next turned to the JVav cell line, a Jurkat
T-lymphocyte derivative that lacks Vav1 expression due to

FIG. 3. Effect of RNAi knockdown of PAK1 and PAK2 on Nef-
associated PAK activity. (A) JTag T lymphocytes were transfected with
small interfering RNA oligonucleotides specific for PAK1 or PAK2 or
a nonspecific control oligonucleotide (con) and analyzed by Western
blotting for PAK1 and PAK2 expression levels at 48 and 72 h post-
transfection, respectively. 14-3-3 was used as a loading control.
(B) Analysis of Nef-associated PAK activity following PAK1 and
PAK2 knockdown. JTag T lymphocytes were transfected with small
interfering RNA oligonucleotides specific for PAK1 or PAK2 or the
control oligonucleotide together with an expression plasmid for Nef-
.GFP or the AxxA.GFP mutant, and an IVKA following anti-GFP
immunoprecipitation (IP) was performed at 48 (PAK1) or 72 (PAK2)
hours posttransfection. Nef-associated PAK activity is revealed by the
phosphorylated 62-kDa band (IVKA, pPAK2). (C) Quantification of
the Nef-associated PAK activity. Intensities of autophosphorylated
PAK2 signals were quantified relative to the amounts of immunoiso-
lated Nef.GFP. The relative associated PAK activity for Nef.GFP in
the presence of a control oligonucleotide was arbitrarily set to 100%.
Data are means � standard deviations from at least five independent
experiments. Statistical significance is indicated by the P values derived
from Student’s t test analysis. wt, wild type.
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genetic knockout (12). Consistent with the previous RNAi
experiments, the Nef protein from HIV-1 SF2 associated up to
fourfold less efficiently with PAK2 activity in the absence than
in the presence of Vav1 (Fig. 5A, compare JVav with JTag).
Although with various degree of reduction in Nef-associated
PAK2 activity in the absence of Vav1, the involvement of Vav1
in Nef-PAK2 association was also conserved for SIVmac239
Nef, the T71R mutant of Nef from HIV-1 NL4-3, and the
patient derived HIV-1 Nef variant RP4-11 (Fig. 5B). To verify
that this reduction in Nef-associated PAK2 activity was really
due to the lack of Vav1, a myc-tagged version of Vav1 was
coexpressed with Nef in JVav cells (Fig. 5C). Under conditions
where expression levels of overexpressed Vav1.myc were in the
range of endogenous Vav1 in JTag cells, Nef-PAK2 association
was markedly enhanced, reaching levels that almost matched
those in parental JTag cells. Since Nef can associate with Vav2
as well as with Vav1 (20), we next tested whether the residual
Nef-PAK2 association in JVav cells was due to the presence of
Vav2 and performed RNAi knockdown experiments targeting
Vav2 (Fig. 5D). As seen before in JTag cells, Vav2 knockdown
was only partial in JVav cells; however, it reduced the residual
Nef-associated PAK2 activity (to 54% � 15% and 41% � 20%

for HIV-1 SF2 and SIVmac239 Nef, respectively). Together
these results support an important role of Vav1 in the Nef-
PAK2 complex and suggest that Vav2 can substitute for the
Vav1 isoform.

DOCK2 expression and �Pix binding of PAK2 are dispens-
able for the association of Nef with PAK2 activity. Following
the genetic knockout approach, the role of DOCK2 in the
association of Nef with PAK2 activity was tested using
DOCK2
/
 BE�16-3 T-cell hybridoma cells (58). No signifi-
cant difference was observed in the PAK2 association of Nef
proteins from HIV-1 and SIV between BE�16-3 and JTag cells
(Fig. 6A), strongly suggesting that DOCK2 is dispensable for
Nef-PAK2 association. Of note, reduction of Vav1 expression
using RNAi in BE�16-3 cells caused a twofold reduction of
Nef-PAK2 association (Fig. 6B). Experiments on a �Pix
/


genetic background were precluded due to the lack of a �Pix
knockout cell line. Since �Pix directly binds to PAK2 (29), we
tested instead whether a PAK2 mutant carrying a mutation in
the �Pix binding site would be able to associate with Nef in its
catalytically active form. As presented in Fig. 6C, association
with PAK2 activity was equally efficient for HIV-1 as well as
SIV Nef in the presence of wt and �Pix binding-deficient

FIG. 4. Effect of RNAi knockdown of cellular GEFs on Nef-associated PAK2 activity. (A) Western blot analysis of JTag cells transfected with
small interfering RNA oligonucleotides specific for the indicated GEFs or a nonspecific control oligonucleotide (con) for GEF expression levels,
as in Fig. 3. Note that endogenous protein levels were analyzed, except in the case of DOCK2, where an expression plasmid for DOCK2.flag was
cotransfected with the RNAi oligonucleotides. (B) Nef-associated PAK2 activity following GEF knockdown. JTag T lymphocytes transfected with
GEF-specific small interfering RNA or the control oligonucleotide together with the indicated Nef.GFP expression plasmids were subjected to
IVKA following anti-GFP immunoprecipitation (IP). (C) Quantification of the Nef-associated PAK2 activity following GEF knockdown. Inten-
sities of autophosphorylated PAK2 signals were quantified relative to the amounts of immunoisolated Nef.GFP. The relative associated PAK2
activity for Nef.GFP was arbitrarily set to 100%. Data are means � standard errors of the means from at least five independent experiments.
Statistical significance is indicated by the P values derived from Student’s t test analysis. wt, wild type.
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PAK2 variants. In conjunction with the RNAi experiments,
these results suggested that �Pix is dispensable for the associ-
ation of Nef with active PAK2. Taking together analyses on
GEF membrane microdomain recruitment, GEF RNAi, and
the use of GEF knockout cell lines, we conclude that among
the three GEFs previously associated with Nef function, only
Vav1 fulfils the criteria for a GEF with a major role in the
Nef-PAK2 complex.

Residue 195 is critical for the Nef-PAK2 association and
Vav1 recruitment. The identification of the SH3 domain-con-
taining Vav1 protein as the relevant GEF in the Nef-PAK2 com-
plex was at odds with the fact that its recruitment into membrane
microdomains occurred independently of the highly conserved
SH3 binding (PxxP) motif of Nef. Recent studies identified a
novel protein interaction surface involving residue F195 in Nef
that is required for the Nef-PAK2 association (2, 49). We there-
fore tested whether this surface is involved in the recruitment of
Vav1 by Nef and created expression vectors for F195A and F195I
Nef.GFP proteins. Compared to wt Nef, both mutants displayed
less than 5% of Nef-associated PAK2 activity and scored
lower than the AxxA.GFP or the membrane binding-deficient

G2A.GFP controls (Fig. 7). DRM flotation experiments and con-
focal microscopy revealed that this lack of kinase association was
not a consequence of exclusion of the F195 mutants from mem-
brane microdomains (Fig. 8A) or other mislocalization in T lym-
phocytes (Fig. 8B). Rather, the association with DRM fractions
appeared to be slightly elevated relative to Nef.GFP. In sharp
contrast, both Nef variants with mutations at position F195 failed
to recruit Vav1 into DRMs. Consistently, F195A.GFP (Fig. 8B)
and F195I.GFP (data not shown) were defective in targeting
Vav1 to the T-lymphocyte plasma membrane and did not induce
colocalization of the GEF with CTx membrane microdomains.
We conclude that the F195 protein interaction surface is a critical
determinant for the membrane microdomain recruitment of
Vav1 and thus for the association of Nef with PAK2 activity.

DISCUSSION

The composition of the Nef-PAK2 complex has remained
controversial largely due to its low stability and the concomi-
tant difficulties in detecting associated proteins directly rather
than based on their activity. In a first step toward understand-

D

FIG. 5. Vav1 deficiency reduces Nef-PAK2 association in T lymphocytes. (A) IVKA for Nef-associated PAK2 activity in JTag and Vav1-
deficient JVav T lymphocytes. IVKA reactions were performed for Nef from HIV-1 SF2. Vav1 expression levels are shown in the upper panels;
the middle panel depicts PAK2 autophosphorylation levels and amounts of immunoisolated Nef. The graphs present relative levels of Nef-
associated PAK2 activity, with values for wild-type (wt) Nef in JTag cells set to 100%. Data are means � standard errors of the means from three
independent experiments. IP, immunoprecipitation. (B) IVKA reaction and Western blot analysis for immunoisolated Nef from SIVmac239,
HIV-1 RP4-11, and HIV-1 NL4-3. T71R, HIV-1 RP4-11, and SIVmac239. (C) Rescue of HIV-1 SF2 Nef-associated PAK2 activity in JVav cells
by Vav1 overexpression. Shown are the IVKA reaction, amounts of immunoisolated Nef, and Vav1 expression levels. (D) Residual Nef-associated
PAK2 activity in JVav cells is sensitive to RNAi against Vav2. JVav cells were treated with the indicated RNAi oligonucleotides, and knockdown
efficiency was evaluated by Western blotting (upper panel). From the same lysates, an IVKA was performed (middle panel). The bottom panel
presents the quantification of Nef-associated PAK2 activity, with values for wt Nef in JVav cells treated with a control oligonucleotide set to 100%.
Data are means � standard errors of the means from three independent experiments.
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ing the organization and regulation of this signalosome, we
addressed here which of the reported Nef-associated cellular
GEFs plays a role in the association of Nef with PAK2 activity.
Microdomain recruitment, subcellular localization, GEF-spe-
cific RNAi, genetic knockout cells, and GEF binding-deficient
PAK2 variants were applied as independent assays and tools to
answer this question. Taken together, the results reveal a role
for Vav1 in the association of Nef with PAK2 activity and
argue that �Pix and DOCK2 are dispensable for this Nef
function. Surprisingly however, a recently described protein
interface surrounding F195 rather than the SH3 binding
PxxPxR motif in Nef mediates the recruitment of Vav1 into the
signalosome.

Since each individual experimental strategy used here to
dissect the role of cellular GEFs in functional Nef-PAK2 as-
sociation had its specific limitations, it is important to consider
the combined interpretation of the independently obtained
results. The isolation of DRMs demonstrated Nef-mediated
recruitment of Vav1 but not DOCK2/ELMO1, while �Pix was
found to be DRM resident with no detectable alteration upon
Nef expression. Due to possible artifacts during detergent
treatment, these results were compared with microdomain
cluster colocalization. Besides providing overall confirmation
of the biochemical analyses, this approach also allowed us to
appreciate the specific recruitment of Vav1 by Nef to the
plasma membrane on a single-cell level, which was overall
more pronounced than the microdomain targeting judged by

FIG. 7. F195 is critical for the association of Nef.GFP with PAK2
activity. (A) IVKA analysis from JTag T lymphocytes transiently ex-
pressing the indicated Nef.GFP fusion proteins. IP, immunoprecipita-
tion. (B) Quantification of PAK2 activity associated with the Nef.GFP
variants analyzed in panel A. The relative associated PAK2 activity for
Nef.GFP was arbitrarily set to 100%. Data are means � standard
deviations from at least three independent experiments. wt, wild type.

FIG. 6. Nef-PAK2 association is functional in the absence of DOCK2 or the presence of �Pix binding-deficient PAK2. (A) IVKA for
Nef-associated PAK2 activity in JTag and DOCK2-deficient BE�16-3 cells. The IVKA reaction for Nef from HIV-1 SF2 and SIVmac239 and
amounts of immunoisolated Nef are shown in the upper panels; the lower panel depicts relative levels of HIV-1 and SIV Nef-associated PAK2
activity, with values for wild-type (wt) Nef in JTag cells set to 100%. Data are means � standard errors of the means from four independent
experiments. IP, immunoprecipitation. (B) Nef-associated PAK2 activity is reduced upon Vav1 knockdown. BE�16-3 cells were treated with the
indicated RNAi oligonucleotides. Knockdown efficiency was evaluated by Western blotting (upper panels). IVKA analysis and quantification of
amounts of immunoisolated Nef.GFP are presented in the middle panels. The bottom panel presents the quantification of Nef-associated PAK2
activity, with values for Nef in BE�16-3 cells treated with a control oligonucleotide set to 100%. Data are means � standard errors of the means
from three independent experiments. (C) �Pix binding is dispensable for functional Nef-PAK2 association. PAK2 association was analyzed for Nef
from HIV-1 SF2 and SIVmac239 in the presence of wt or �Pix binding-deficient PAK2. From top to bottom, the panels show expression levels
of Nef and PAK2, the IVKA reaction, and the amounts of immunoisolated Nef.
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biochemical criteria. The lack of detection of DOCK2/ELMO1
in DRMs or CTx clusters in Nef-expressing cells argued against
a functional role of this bipartite GEF for the Nef-PAK2 as-
sociation; however, the catalytic relevance of undetectable pro-
tein amounts could not be excluded. However, since the re-
cruitment of other catalytic components of the Nef-PAK2
complex, such as PAK2, Rac1, and Cdc42, can readily be dem-
onstrated (34), a critical involvement of DOCK2/ELMO1
seemed unlikely. The microdomain analysis also did not yield
information on the functional relevance of membrane mi-
crodomain-associated GEFs and could thus not differentiate
between the roles of Vav and �Pix. GEF-specific RNAi was
therefore used in further analyses. Knockdown of PAK1 and
PAK2 established the dynamic range that could be expected
for this approach: despite reduction of PAK2 expression to less
than 10% of the levels in control cells, only an approximately
30% decrease in Nef-associated PAK activity was observed.
Similar difficulties in functional knockdowns of cellular en-
zymes, including PAK2, have been encountered by other in-
vestigators (37–39, 73) and possibly reflect cells’ ability to
maintain a relatively constant pool of active enzymes even
upon significant reduction of overall enzyme abundance. Al-

ternatively, and not mutually exclusive, these results could also
indicate the presence of a PAK2 phosphorylating activity in the
complex other than just PAK2 itself. These findings are in
agreement with the finding that Nef specifically associates with
a small but highly active PAK2 subpopulation (51, 55). Pro-
viding specificity to these results, similarly efficient knockdown
of PAK1 expression did not affect Nef-associated PAK activity.
In a previous study we had concluded that PAK1 can serve as
a Nef-associated kinase based on the inhibitory effect of an
interfering PAK1 fragment (19). This fragment was, however,
subsequently shown to also interfere with the activity of PAK2.
Use of specific antibodies and sensitivity to caspase cleavage
then identified PAK2 as the Nef-associated kinase (5, 54). The
RNAi data presented here confirm that PAK2 is the relevant
Nef-associated PAK isoform in JTag T lymphocytes by an
independent experimental approach. Within the limits of this
incomplete inhibition of Nef-associated PAK2 activity, efficient
knockdown of �Pix and DOCK2 had no significant effect on
Nef’s association with PAK2 activity. Consistently, binding of
�Pix to PAK2 was fully dispensable for efficient association of
Nef with PAK2 activity. More directly, BE�16-3 cells allowed
us to verify the involvement of DOCK2 in a cellular environ-

FIG. 8. Role of F195 in microdomain recruitment of Vav by Nef. (A) Western blot analysis of DRM flotation from JTag T lymphocytes
transiently expressing the indicated Nef.GFP fusion proteins or GFP together with myc-tagged Vav1 (see legend to Fig. 1 for details). (B) Raft
clustering analysis of the JTag T lymphocytes analyzed in panel A. Cells were analyzed by confocal microscopy, and single representative sections
are presented (see legend to Fig. 2 for details). The merge panel depicts the overlay of all three fluorescence channels, with GFP/Nef.GFP in green,
CTx in red, and Vav1 in blue. Arrows indicate colocalization of Nef with Vav1 in plasma membrane microdomains. The results presented are
representative of at least three independent experiments.
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ment of genetic DOCK2 deficiency. The results clearly dem-
onstrated that DOCK2 expression is dispensable for the asso-
ciation of Nef with PAK2 activity. Thus, �Pix and DOCK2
could be excluded as constituting limiting factors in the Nef-
PAK2 complex. In contrast, Vav1, and to a lesser extent Vav2,
were identified as relevant for functional Nef-PAK2 interac-
tions, with the effects of Vav1 knockdown being as pronounced
as knockdown of the kinase itself. Analysis of T lymphocytes
devoid of Vav1 expression confirmed a critical role of Vav1 in
Nef’s association with PAK2 activity. Importantly, Nef-PAK2
association was rescued in these cells by reintroduction of
Vav1, and residual Nef-PAK2 association was sensitive to ex-
pression levels of Vav2. Together with the microdomain anal-
ysis, these results demonstrate a functional role for Vav1 and
Vav2 but not DOCK2 or �Pix in the Nef-PAK2 complex.

DOCK2/ELMO1 associate with Nef in a PxxP-dependent
manner and have been implicated in the inhibition of T-lym-
phocyte chemotaxis by the viral protein (28). This effect likely
depends on the exchange activity of this GEF for Rac1, which
is exerted only in the context of a direct interaction of both
subunits of this bipartite GEF (10, 58). Since DOCK2 was
found to be entirely dispensable for the association of Nef with
active PAK2, this GEF appears not be involved in this function
of Nef. In line with these findings, Janardhan and colleagues
did not detect PAK2 or Vav1 proteins in their Nef-associated
DOCK2-ELMO1-Rac complex (28). Together, these results
suggest that the association of Nef with PAK2 and with
DOCK2/ELMO1 occurs in the context of two independent
protein complexes. Thus, Nef, via its PxxPxR motif, assembles
multiple protein complexes in T lymphocytes that differ in
abundance, composition, and possibly subcellular localization
to modulate select effector functions. In contrast to DOCK2,
however, knockdown of ELMO1 partially affected the func-
tional Nef-PAK2 association, suggesting that ELMO1 can af-
fect Nef-PAK2 independently of DOCK2. As ELMO1 was
undetectable in Nef-positive microdomains, we favor the idea
that these effects are indirect consequences of reduced
ELMO1 expression levels, possibly reflecting the regulation of
Rac signaling pathways by ELMO1 in conjunction with DOCK
family members other than DOCK2 (26).

Regarding the role of �Pix in the Nef-PAK2 complex, it
was previously reported that this GEF is physically present
in the complex (75) and serves as a substrate of Nef-asso-
ciated active PAK2 (9). On the other hand, we show here
that the �Pix-PAK2 interaction is dispensable for Nef’s abil-
ity to associate with active PAK2. Together these results
suggest that �Pix, possibly facilitated by its constitutive mi-
crodomain association and recruited via its interaction with
PAK2, associates with the Nef-PAK2 complex as a periph-
eral complex component which does not contribute to PAK2
activity levels in this context. Rather, �Pix might act as a
downstream effector of Nef-PAK2 signalosomes. In line
with such a model, �Pix was recently shown to associate with
Nef in membrane microdomains to regulate the activity of
the ubiquitin ligase c-Cbl (67).

Vav1 is the only GEF tested here that was recruited to
membrane microdomains by Nef and whose expression lev-
els directly correlated with the efficiency of the association
of Nef with PAK2 activity. These results thus identify endo-
genously expressed Vav1 as a critical component for the

function of the Nef-PAK2 complex, thereby confirming and
extending previous reports on the interaction of Nef with
this particular GEF (20, 52, 74). Although not experimen-
tally addressed here, this role most likely involves its GEF
activity toward Rac1 and Cdc42, which, in their GTP bound
state, ensure activity of PAK2 in the complex prior to its
disassembly. Nef was previously shown to interact directly
with the C-terminal SH3 domain of Vav1 in vitro via its
PxxPxR motif, and the association of Nef and Vav1 in cells
was also shown to depend on these interaction surfaces (20,
52, 74). These results suggested that Vav1 might be re-
cruited into the Nef-PAK2 complex via this interaction.
Unexpectedly, however, we find here that this recruitment
occurs via the F195 patch rather than the Nef SH3 binding
motif. In addition to Vav1, the association of PAK2 with Nef
also depends on the F195 interaction surface (2). These data
do not allow us to identify the direct interaction partner of
this Nef interface, which could represent either one of the
two proteins or a yet-unidentified adapter protein. The re-
sults presented also raise the question of which SH3 protein
interacts with Nef’s PxxPxR motif to facilitate functional
Nef-PAK2 interactions. While the C-terminal SH3 domain
of Vav1 might indeed interact with this interface within the
complex, our data argue that this interaction would not
significantly contribute to the stability of the Nef/Vav1/
PAK2-containing signalosome. In this scenario, the PxxP-
SH3 interaction might ensure correct positioning of the
complex and/or Vav activity and thus provide activation
instead of recruitment of critical complex components. Af-
finity screening of a library containing the complete collec-
tion of human SH3 domains did not reveal any SH3 domains
expressed in T cells that would show distinct affinity for Nef
(29), thus indirectly supporting the idea that the critical
function of the Nef PxxP motif in Nef/Vav1/PAK2 assembly
might be mediated via such a low-affinity SH3 interaction.
Alternatively, the activity of the complex would also be
facilitated by the association with yet-to-be-identified SH3
domain-containing factors that may well lack GEF activity.

The association of Nef with PAK2 activity was among the
first protein interactions described for this viral pathogenicity
factor (59) and represents one of the most conserved features
of the different HIV and SIV Nef variants (33). However, due
to the low stability of the Nef-PAK2 complex and the involve-
ment of protein interaction surfaces required for complex as-
sembly in several other independent Nef activities, the physi-
ological role and the molecular principles of this complex have
remained largely elusive. Based on the new insights into the
Nef-PAK2 complex organization presented here, future stud-
ies can now focus on determining the full composition of the
Nef-PAK2 complex and on the specificity of its downstream
effector functions.
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