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The interaction of human immunodeficiency virus type 1 (HIV-1) Nef with p21-activated kinase 2 (Pak2) has
been proposed to play an important role in T-cell activation and disease progression during viral infection.
However, the mechanism by which Nef activates Pak2 is poorly understood. Mutations in most Nef motifs
previously reported to be required for Pak2 activation (G2, PxxP72, and RR105) also affect other Nef functions,
such as CD4 or major histocompatibility complex class I (MHC-I) downregulation. To better understand Nef
interactions with Pak2, we performed mutational analysis of three primary HIV-1 Nef clones that exhibited
similar capacities for downregulation of CD4 and MHC-I but variable abilities to associate with activated
Pak2. Our results demonstrate that Nef amino acids at positions 85, 89, 187, 188, and 191 (L, H, S, R, and F
in the clade B consensus, respectively) are critical for Pak2 association. Mutation of these Nef residues
dramatically altered association with Pak2 without affecting Nef expression levels or CD4 and MHC-I down-
regulation. Furthermore, compensation occurred at positions 89 and 191 when both amino acids were substi-
tuted. Since residues 85, 89, 187, 188, and 191 cluster on the surface of the Nef core domain in a region distinct
from the dimerization and SH3-binding domains, we propose that these Nef residues form part of a unique
binding surface specifically involved in association with Pak2. This binding surface includes exposed and
recessed hydrophobic residues and may participate in an as-yet-unidentified protein-protein interaction to
facilitate Pak2 activation.

The Nef protein of human immunodeficiency virus type 1
(HIV-1), HIV-2, and simian immunodeficiency virus (SIV) is
an important determinant of progression to AIDS. Nef is re-
quired for maintenance of high viral load and disease induction
in SIV-infected rhesus monkeys (29). Additionally, Nef-defec-
tive viruses have been associated with long-term nonprogression
in HIV-1-infected individuals (31). These findings together with
the demonstration that a transgenic mouse expressing the HIV-1
nef gene exhibits AIDS-like disease (23) suggest that Nef is im-
portant for viral replication and pathogenicity in vivo.

HIV-1 Nef is a 27-kDa, membrane-associated cytoplasmic
protein that is posttranslationally myristoylated and phosphor-
ylated. Many functions of Nef have been demonstrated in cell
culture, although their relative contributions to AIDS pathogen-
esis are unclear (reviewed in references 3, 7, 14, 17, and 62).
Functions of Nef include CD4 downregulation, major histocom-
patibility complex class I (MHC-I) downregulation, enhancement
of viral infectivity, and modulation of cellular signaling pathways.
CD4 and MHC-I downregulation are well-described Nef func-
tions (45). To achieve CD4 downregulation, Nef bridges CD4
with the adaptor protein complex of clathrin-coated pits (8, 19)
and then transfers CD4 to COP-I for transport to lysosomes (27,
44). Nef motifs required for CD4 downregulation include the
LL164 motif of the C-terminal flexible loop, which is required for
Nef interaction with the adaptor protein complex. For MHC-I
downregulation, Nef acts to link MHC-I and the endosome-to-
Golgi PACS-1 sorting pathway. This function is dependent on the

binding of PACS-1 to the acidic EEEE62–65 motif of Nef (46).
The proline-rich SH3-binding domain (PxxP domain) is also im-
portant for MHC downregulation (20, 38). The mechanism by
which Nef enhances viral infectivity has not been elucidated.

Nef expression enhances HIV replication in resting periph-
eral blood mononuclear cells (PBMC) but not in most cultured
cell lines (40, 60). Enhancement of HIV replication most likely
results from activation of resting T cells (1, 6, 13, 57, 58, 61,
67). Nef interaction with p21-activated kinase 2 (Pak2), a cel-
lular serine/threonine kinase, has been proposed to play an
important role in T-cell activation (37). Additionally, Nef in-
teracts via its SH3-binding PxxP domain with several signaling
molecules that could potentially contribute to T-cell activation,
including Vav and Src tyrosine kinases such as Lck, Fyn, and
Hck (reviewed in reference 51). However, the biological sig-
nificance of these interactions remains unclear.

Nef-associated kinase (NAK) was initially detected as a 62-
kDa serine kinase in in vitro kinase assays (IVKAs) of anti-Nef
immunoprecipitates from infected T cells (53). NAK was
shown to be activated by Nef, and this activation was blocked
by dominant-negative forms of Pak and the p21 GTPases Rac1
and Cdc42 (37). Subsequently, NAK was identified as Pak2, a
member of the Pak family of serine/threonine kinases (4, 42,
49, 50). Pak2 is involved in the regulation of cellular processes
such as cytoskeleton rearrangement, cell morphology, motility,
apoptosis, and gene transcription and is activated in response
to a variety of cellular stresses (reviewed in references 5 and
12). Endogenous Pak2 is activated by the binding of GTP-
bound forms of p21 GTPase Rac1 or Cdc42, which triggers a
cascade of autophosphorylation events that culminate in full
phosphorylation and activation (66).
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The mechanism by which Nef activates Pak2 is poorly un-
derstood. Nef is thought to activate Pak2 through a multipro-
tein complex, but the low abundance and transient nature of
this complex have made it difficult to identify its components
and the nature of their interaction with Nef (4, 26, 33, 47).
Motifs of Nef reported to be required for Pak2 association and
activation include the N-terminal myristoylation signal, the
PxxP domain, R106, and F191, but mutations of most of these
motifs have pleiotropic effects (16, 30, 39, 43, 55, 64). Myris-
toylation is required for membrane association and for nearly
all Nef functions (17). The PxxP motif of HIV Nef is required
for interaction with the SH3 domains of Src tyrosine kinases
and other signaling molecules in addition to Pak2 (38, 51).
However, in SIV Nef the effects of mutation of the PxxP motif
may be more specific for Pak2 activation (10, 30, 34). The
RR105LL mutation in Nef abolishes Pak2 association and ac-
tivation (30, 54) but is also multiply defective (16, 56, 64). R106

is likely a structural element at which even conservative
changes deleteriously affect multiple functions (43). Only the
F191I mutation has been demonstrated to specifically knock
out Nef association with Pak2 without reducing other Nef
functions (16).

To better understand Nef interactions with Pak2, we per-
formed mutational analysis of three primary HIV-1 Nef clones
that exhibited similar capacities for downregulation of CD4 and
MHC-I but varied in their capacities for association with activated
Pak2. Mutations at Nef residues 85, 89, 187, 188, and 191 reduced
or abolished Pak2 association but did not affect CD4 or MHC-I
downregulation. Furthermore, Pak2 association was restored by
compensatory covariation at some of these Nef residues. Struc-
tural analysis showed that these residues cluster on the surface of
the core domain in a region distant from R106 and distinct from
domains involved in dimerization and interaction with SH3 do-
mains. These findings suggest that residues 85, 89, 187, 188, and
191 form part of a unique binding surface specifically involved in
Nef association with activated Pak2.

MATERIALS AND METHODS

Viral isolates. The primary HIV-1 viruses MACS2-LN, MACS3-Br, and
MACS3-LN were isolated from two late-stage AIDS patients (MACS2 and
MACS3) and characterized as described previously (18). Briefly, autopsy lymph
node and brain tissue samples were homogenized and cocultured with CD8-
depleted PBMC. Culture supernatants testing positive for reverse transcriptase
(RT) activity were filtered and stored at �80°C. Although MACS3-Br was
isolated from brain tissue, phylogenetic analysis of nef and env sequences indi-
cates that it is most closely related to lymphoid-derived rather than brain-derived
viruses (data not shown).

Nef amplification and plasmids. Genomic DNA was extracted, using a QIAGEN
DNeasy kit, from pellets of cultured PBMC infected with the primary virus isolates.
HIV-1 nef genes were amplified by nested PCR performed with 1 �l (�100 ng) total
genomic DNA. Maximally conserved primer binding sites were selected. Nucleotide
positions of the primer sequences in the HIV-1 HXB2 genome are given in paren-
theses. Outer primers were Nef1 (5�-GCCCGAAGGAATAGAAGAAG-3�) (8411
to 8430) and Nef2 (5�-GCACTCAAGGCAAGCTTTATTGAGGC-3�) (9631 to
9605). The Nef2 primer was previously published (25). Inner primers were Nef3b.5
(5�-TTAGTGAACGGATCCTTAGCACTTATCTGGG-3�) (8466 to 8496) and
Nef4.5 (5�-GCGGAAAGTCCCTTGTAGCAACATCGATGTCA-3�) (9446 to
9415). The inner primers included the restriction sites BamHI and ClaI (under-
lined). All reactions were performed with Pfu polymerase (Stratagene). The cycling
conditions for the 50-�l, first-round reaction were 94°C (2 min), followed by 30 cycles
of 94°C (15 s), 57°C (15 s), and 68°C (3 min) and then the final elongation step at
72°C (7 min). One microliter of the first-round PCR product was used as the
template for the second-round reaction. The cycling conditions for the second-round
primer set were the same except that hybridization was performed at 55°C. PCR

products were cloned into the pCR3.1 expression vector containing BamHI and ClaI
restriction sites. From each isolate, three to five individual clones as well as the bulk
PCR product were sequenced. The SF2 nef allele was cloned into pCDNA3.1. The
pCR3.1 vector lacking an insert was used for mock transfections. pCDNA3.1-
FLAG-Pak2-K278R was created from pCDNA1-HA-Pak2 (where HA is hemagglu-
tinin) (4) by site-directed mutagenesis followed by addition of the FLAG tag by PCR
amplification and subcloning with EcoRV-XhoI into pCDNA3.1. pCDNA3.1-
Cdc42-V12 was created by subcloning the HindIII-NotI fragment from pCS2�-
Cdc42V12 (obtained from M. Kirschner) into pCDNA3.1.

Site-directed mutagenesis. Mutations were created using a QuikChange site-
directed mutagenesis kit (Stratagene), and all mutants were confirmed by se-
quencing.

Cell culture. 293T cells and HIJ cells (HeLa cells retrovirally transduced to
express high levels of CD4), kindly provided by David Kabat (28), were main-
tained in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum and 100 �g/ml penicillin-streptomycin. Jurkat T-antigen cells (41),
a kind gift of Heinrich Gottlinger, were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum and 100 �g/ml penicillin-streptomycin.

IVKAs. IVKAs were performed as previously described (16). Briefly, 293T
cells transfected (Lipofectamine 2000; Invitrogen) with Nef and pN1GFP plas-
mids were lysed in IVKA lysis buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 10%
glycerol, 0.5% IGEPAL CA-630 [Sigma], 1 mM EDTA, 25 mM NaF, 2 mM
Na3VO4, 20 mM beta-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride,
25 mM benzamidine, and Complete protease inhibitors [Roche]). Cleared
whole-cell lysates (600 �g) were immunoprecipitated with sheep anti-Nef serum.
Kinase reactions were performed with immunoprecipitates in the presence of
[�-32P]ATP and separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels. Dried gels were exposed to a phosphorimager
screen (Packard).

CD4 and MHC-I downregulation assays. For CD4 downregulation assays, HIJ
cells were cotransfected with nef and pCDNA3-EGFP plasmids (where EGFP is
enhanced green fluorescent protein) by use of Lipofectamine 2000 (Invitrogen).
Cells were harvested after 24 to 28 h and stained for 30 min on ice with saturating
amounts of phycoerythrin (PE)-conjugated mouse anti-CD4 antibody and 7AAD
(7-amino-actinomycin D) (BD Pharmingen). 7AAD staining was used to identify
nonviable cells. Stained cells were fixed in 2% paraformaldehyde and analyzed by
flow cytometry (FACScan; Becton Dickinson). Events were plotted on a log
scale, and the geometric mean of CD4-PE fluorescence intensity was calculated
for transfected (GFP�) and untransfected (GFP�) cell populations. To calculate
the relative mean fluorescence intensity (relMFI) of each transfected sample, we
used the formula relMFIsample � [(MFIGFP�)/(MFIGFP�)]sample/[(MFIGFP�)/
(MFIGFP�)]Mock, where MFI is the mean intensity. This formula corrects for
slight staining variation between stained samples and expresses the CD4 surface
levels relative to those for the mock-transfected negative control. MHC-I down-
regulation assays were performed by cotransfecting Jurkat T-antigen cells with
nef and pCDNA3-EGFP plasmids by using Lipofectamine 2000. Cells were
activated 4 h later with 1 �g/ml phytohemagglutinin L and 50 ng/ml phorbol
myristate acetate. Cells were harvested after 24 to 36 h and stained with 7AAD
and a saturating amount of PE-conjugated mouse anti-HLA-ABC antibody (BD
Pharmingen). Stained cells were fixed and analyzed by flow cytometry as de-
scribed above. The relMFI of HLA-ABC–PE fluorescence was calculated for
high GFP expression by use of the formula described above.

Western blotting. Aliquots of cell lysates used for the IVKAs were tested for
Nef expression by Western blotting with sheep polyclonal anti-Nef SF2 serum
(1:2,000 dilution) as described previously (16), rabbit anti-Nef SF2, or rabbit
anti-Nef no. 2949 (1:2,000 dilution) (AIDS Research and Reference Reagent
Program). GFP expression was detected with a mouse anti-GFP antibody
(Zymed). In other experiments, 293T cells were transfected using the calcium
phosphate method and harvested 48 h after washing. Cells were lysed in either
IVKA lysis buffer or cold lysis buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl,
10% glycerol, 1% Triton X-100, and Complete protease inhibitors [Roche]).
Lysates were centrifuged at 14,000 rpm for 20 min at 4°C to remove cell debris.
Equal amounts of total protein were run on 12% SDS-PAGE gels and analyzed
by Western blotting with rabbit anti-Nef no. 2949.

Coimmunoprecipitations. 293T cells were transfected using the calcium phos-
phate method and harvested 48 h after washing. Cells were lysed in cold lysis
buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 10% glycerol, 1% Triton X-100,
and Complete protease inhibitors [Roche]) for 20 min at 4°C, followed by
centrifugation at 14,000 rpm for 20 min at 4°C to remove cell debris. Lysates were
normalized by amount of total protein, precleared with protein A Sepharose
beads (Amersham Biosciences), and immunoprecipitated with sheep anti-Nef
serum (2 h, 4°C) followed by protein A Sepharose beads. Immunoprecipitated
proteins were eluted by boiling in 2� SDS-PAGE sample buffer, followed by
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separation on 10% SDS-PAGE gels and immunoblotting with M2 anti-FLAG–
horseradish peroxidase (Sigma) or rabbit anti-Nef no. 2949. To confirm consis-
tent levels of protein expression, aliquots of initial cell lysates were run on 10%
SDS-PAGE gels and submitted to Western blotting.

Structural modeling. DeepView (Swiss PDB viewer) was used to analyze the
crystal structure of the Nef dimer bound to the SH3 domain of Fyn kinase
(Protein Data Base accession number 1AVZ) (2). The solution nuclear magnetic
resonance (NMR) structure of the core domain of Nef BH10 (Protein Data Base
accession number 2NEF) (22) was also viewed with DeepView and analyzed for
possible F191 rotomers and residues within 8 or 10 Å of F191.

Phylogenetic analysis. Nef protein sequence alignments were made using
Clustal W and contained no gaps. Bootstrapped phylogenetic trees were created
by the neighbor-joining method using Clustal X. Percent conservation of specific
Nef amino acids was determined using the programs Epilign and SeqPublish and
downloadable alignments from the Los Alamos National Laboratory sequence
database.

Nucleotide sequence accession numbers. The nucleotide and amino acid se-
quences of Nef clones MACS2LN-5C, MACS3Br-6I, and MACS3LN-7D and nef
clones amplified directly from MACS2 lymph node and spleen have been sub-
mitted to the GenBank sequence database and have been assigned the accession
numbers DQ357219 to DQ357221 and DQ358012 to DQ358047.

RESULTS

Identification of primary nef clones that associate with acti-
vated Pak2. Three nef alleles, MACS2LN-5C (5C), MACS3Br-6I
(6I), and MACS3LN-7D (7D), were cloned from primary HIV-1
isolates previously characterized by Gorry et al. (18). Each allele
represents the consensus of nef sequences from the corresponding
viral isolate. Phylogenetic analysis of the nucleotide sequences of
nef alleles 5C, 6I, and 7D showed that they represent clade B nef
alleles (data not shown). Figure 1 shows the amino acid sequences
of each primary Nef aligned with the clade B consensus Nef. All
three nef alleles expressed high levels of full-length 27-kDa pro-
tein (Fig. 2), and each Nef strongly downregulated both cell sur-
face CD4 and MHC-I relative to the positive control, NL4-3 Nef
(Fig. 3).

To assess the ability of these Nefs to associate with Pak2
activity, IVKAs were performed with anti-Nef immunoprecipi-
tates (Fig. 2). SF2 Nef, previously demonstrated to strongly

activate Pak2, was used as a positive control (4). IVKAs with
anti-Nef SF2 immunoprecipitates produced a 62-kDa phos-
phorylated band (Fig. 2) previously identified as Pak2 (4, 50).
IVKA is a sensitive method of visualizing Nef-associated Pak2,
which is of too-low abundance to be seen in Western blots (47).
As shown in Fig. 2 (top panel), 7D Nef associated with Pak2
activity, while 6I Nef was defective for association. 6I and 7D
Nefs (both from patient MACS3) have a high level of sequence

FIG. 1. Amino acid alignment of primary HIV-1 Nef clones compared to the clade B consensus. Amino acids G83, L85, H89, S187, R188, and F191,
numbered relative to the NL4-3 Nef sequence, are shaded. Boldface type indicates positions that vary from the consensus. Also labeled are R106,
previously proposed to be important for Pak2 activation (51, 54), and the PxxP SH3-binding domain. The clade B consensus is from the LANL
sequence database (August 2004). Alanine is the consensus amino acid at position 83 of an earlier LANL clade B Nef consensus sequence.

FIG. 2. Associations of primary HIV-1 Nefs with activated Pak2
are variable. 293T cells transiently expressing GFP and the indicated
Nefs were immunoprecipitated with sheep anti-Nef (	-Nef) (raised to
SF2 Nef) and assayed by IVKA (top panel) as described in Materials
and Methods. SF2 Nef, previously demonstrated to strongly activate
Pak2 (4), is included as a positive control. An arrow indicates the
62-kDa band corresponding to Pak2. Whole-cell lysates used for IVKA
immunoprecipitations (IP) were immunoblotted with sheep anti-Nef
(second panel) or rabbit (rab) anti-Nef antibody no. 2949. As a control
for transfection efficiency, lysates were immunoblotted for GFP ex-
pression (bottom panel). WB, Western blot.
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similarity, are expressed at similar levels, and are similarly
active in CD4 and MHC-I downregulation assays, suggesting
that the Pak2 association defect of 6I Nef is specific.

5C Nef strongly associated with Pak2 (Fig. 2, top panel).
Surprisingly, the sheep anti-Nef SF2 antibody, used to immu-
noprecipitate the Nef complexes for the IVKAs, recognized 5C
Nef poorly by Western blotting, perhaps due to the high level
of sequence divergence in 5C Nef. Comparison of Nef protein
levels in lysates before and after immunoprecipitation con-
firmed that the sheep anti-Nef antibody efficiently immunopre-
cipitated all Nefs, including 5C Nef (data not shown). To better
visualize 5C Nef expression, we also used rabbit anti-Nef an-
tibody no. 2949 to measure Nef expression by immunoblotting.
In these blots, 5C Nef appears to express well but at a some-
what lower level than 6I and 7D Nefs. Therefore, we conclude
that 5C Nef strongly associates with Pak2 and immunoprecipi-
tates a high amount of Pak2 activity despite having a lower
expression level.

F191 is critical for association of 6I and 7D Nefs with Pak2.
We next investigated the amino acid variation that could ac-
count for reduced association of 6I Nef with Pak2. Arginine
106 has been proposed to be involved in Pak2 association and
activation (51, 54, 64). However, R106 is conserved in all three

primary Nefs (Fig. 1). Thus, other amino acid variations must
account for differences in Pak2 association with 5C, 6I, and 7D
Nefs. Mutation of phenylalanine 191 to isoleucine was previ-
ously shown to abolish Pak2 association and activation (16).
Among clade B Nef proteins in the LANL database (n � 455),
F191 is 91% conserved. F191 is one of only five amino acids that
differ between the 6I and 7D Nefs derived from patient
MACS3 (Fig. 1). The conserved F191 is present in 7D Nef,
whereas 6I Nef has a leucine at this position. Only 4% of clade
B Nef proteins in the LANL database have a leucine at posi-
tion 191. To investigate whether this single-amino-acid change
in 6I Nef accounts for the loss of Pak2 association, reciprocal
mutants of 6I and 7D were constructed. As expected, mutant
7D-2 (F191L) Nef was defective for Pak2 association while
Pak2 association was fully restored for 6I-1 (L191F) Nef (Fig.
4A). Both mutants were similar to their parental Nefs in ex-
pression levels (Fig. 4A and C). Mutant Nef 6I-1 was also
similar to its parental Nef in CD4 and MHC-I downregulation
activity (data not shown). These results demonstrate the im-
portance of F191 for Nef association with Pak2 in divergent nef
alleles and show that mutation of this residue alone can spe-
cifically attenuate Pak2 association without affecting stability,
expression, or other functions of Nef.

FIG. 3. Downregulation of cell surface CD4 and MHC-I by primary Nef alleles is conserved. Flow cytometric analysis of CD4 downregulation
(A and B) and MHC-I downregulation (C and D). (A) Flow cytometric analysis of HIJ cells cotransfected with pCDNA3-EGFP and either pCR3.1
(Mock), pCR3.1-Nef-NL4-3 (NL4-3), or pCR3.1-Nef-MACS3Br-6I (6I). Vertical lines indicate the threshold for GFP expression. Data shown are
representative of two independent experiments. (B) Quantitation of CD4 downregulation data. Percent surface CD4 was calculated from the
geometric mean fluorescence in GFP-positive cells as described in Materials and Methods and is shown relative to that for GFP-positive
mock-transfected cells. The LL164AA mutation, previously shown to abolish CD4 downregulation, was made in the background of NL4-3 Nef and
was included as a negative control. Averages are from two independent experiments. Error bars represent standard deviations. (C) Flow cytometric
analysis of Jurkat T-antigen cells cotransfected with EGFP and either pCR3.1 (Mock), NL4-3 Nef, or 5C Nef. Surface MHC-I levels were
determined by staining with anti-HLA-ABC–PE. Vertical lines indicate gates for GFP-negative, low-GFP-expressing, and high-GFP-expressing
cells. Data are representative of four independent experiments. (D) Quantitation of MHC-I downregulation. Percent surface MHC-I was
calculated as described above but includes only the high-GFP-expressing cells (right panels in dot plots). E4A is the EEEE65AAAA mutation of
NL4-3 Nef, a mutation that has been shown to abolish MHC-I downregulation (46) and was included as a negative control. Averages are from one
to four independent experiments. Error bars represent standard deviations.
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5C Nef, with a histidine at position 191, strongly associates
with Pak2, while the F191H mutation in 6I and 7D Nefs abol-
ishes Pak2 association. Although 5C Nef differs from 6I, 7D,
and ConB Nefs by several amino acids (Fig. 1), the most
striking variation of 5C Nef is the histidine at position 191.
Because F191 has been shown to be critical for Pak2 associa-
tion, the strong association of 5C Nef with Pak2 was surprising.
To determine if histidine and phenylalanine are functionally
equivalent at position 191 or if histidine 191 acts as a gain-
of-function mutation, reciprocal mutants were made. 6I-2
(L191H) was severely impaired for Pak2 association relative to
6I-1 (L191F), and 7D-1 (F191H) was completely defective for
this activity (Fig. 4A). Both 5C-1 (H191F) and 5C-2 (H191L)
had reduced Pak2 association (Fig. 4A), but these mutants also
appeared to have lower expression levels (Fig. 4C). Densitom-
etry revealed that the reduction in amount of Pak2 activity
associated with mutants 5C-1 and 5C-2 was equivalent to the
reduction in expression of these mutants (data not shown).
While it is possible that the mutations in 5C-1 and 5C-2 Nefs
altered their recognition by anti-Nef antibodies, these data
suggest that mutations H191F and H191L in the 5C Nef back-
ground do not specifically reduce Pak2 association but instead
reduce 5C Nef stability and/or expression.

Pak2 association with 6I and 7D Nefs was highest when
residue 191 was phenylalanine and was severely reduced or
abolished when it was histidine. In contrast, 5C Nef was ex-
pressed at higher levels and associated with more Pak2 activity
when residue 191 was a histidine. Together, these data show
that histidine 191 is neither a gain-of-function variation nor

equivalent to phenylalanine 191. Furthermore, the results sug-
gest that variant amino acids in the background of 5C Nef
create a requirement for H191 for optimal expression and Pak2
association with 5C Nef.

Variation H89F compensates for F191H in 6I and 7D Nefs to
restore association with Pak2. In addition to the F191H varia-
tion, 5C Nef has a phenylalanine at position 89 instead of the
histidine common to clade B Nefs. In Nefs from non-B clades
of HIV-1, amino acids arginine, leucine, and histidine are more
frequently found at position 191. In clades C and E, these
amino acids are often correlated with a phenylalanine at posi-
tion 89 (43). Therefore, we hypothesized that F89 might com-
pensate for the H191 variation in 5C Nef and might even con-
tribute to the requirement for H191 for optimal expression and
Pak2 association.

To determine if H89F and F191H are indeed compensatory
changes, double mutants were made in the 5C (F89 H191), 6I
(H89 L191), and 7D (H89 F191) Nef backgrounds. As discussed
above, single mutants 6I-2 (H89 H191) and 7D-1 (H89 H191)
were defective for Pak2 association (Fig. 4A). Introduction of
secondary H89F mutations fully rescued the ability of the 6I
and 7D Nef F191H mutants to associate with Pak2 activity (Fig.
4B). Double mutants 6I-4 (F89 H191) and 7D-3 (F89 H191)
associated with equivalent amounts of active Pak2 compared to
the fully functional 6I-1 (H89 F191) Nef and 7D (H89 F191) Nef.
In addition, the double mutant 6I-5 Nef (F89 F191) had reduced
Pak2 association relative to the fully functional 6I-1 (H89 F191)
Nef. Therefore, while 6I and 7D Nefs have minimal tolerance
for phenylalanine at both positions (F89 F191) or histidine at

FIG. 4. Amino acids 89 and 191 of Nef are critical for Pak2 association, and mutations at these positions are compensatory in the 6I and 7D
Nef backgrounds. (A and B) IVKAs. Whole-cell lysates of 293T cells transiently expressing GFP and single and double mutants of 5C, 6I, and 7D
Nefs were immunoprecipitated with sheep anti-Nef (	-Nef) and assayed by IVKA (top panel) as described in Materials and Methods. An arrow
indicates the 62-kDa band corresponding to Pak2. Whole-cell lysates used for IVKA immunoprecipitations (IP) were immunoblotted with rabbit
(rab) or sheep anti-Nef antibodies (raised to SF2) (middle panel) or anti-GFP (bottom panel). (C and D) Independent transfection experiments
to confirm relative expression levels of Nef mutants. 293T cells were transfected with GFP and Nef as described for panels A and B. Whole-cell
lysates were immunoblotted with rabbit anti-Nef antibody no. 2949. WB, Western blot.

3054 AGOPIAN ET AL. J. VIROL.



both positions (H89 H191), they tolerate F89 H191 and H89 F191

equally well. All mutants were expressed at levels equivalent to
those of their parental clones and were fully functional for
CD4 and MHC-I downregulation (data not shown), suggesting
that these mutations did not affect the overall structure or
stability of 6I and 7D Nefs. These results demonstrate that Nef
H89 and F191 are both critical for Pak2 association and that
variations at positions 89 and 191 are compensatory.

F89H cannot compensate for H191F in the 5C Nef back-
ground. Surprisingly, the double mutant 5C-4 (H89 F191) had
severely reduced ability to associate with Pak2 relative to 5C,
even though it has the clade B consensus amino acids at posi-
tions 89 and 191 (Fig. 4B). In fact, double mutant 5C-4 was less
able to pull down active Pak2 than the single mutant 5C-1 (F89

F191). Mutant 5C-4 (H89 F191) and the parental 5C Nef (F89

H191) were expressed at similar levels (Fig. 4B and D) and had
similar activities by use of CD4 and MHC-I downregulation
assays (data not shown). Therefore, in contrast to the second-
ary H89F mutations in the 6I and 7D Nef backgrounds, the
secondary mutation F89H did not compensate for the delete-
rious single mutation H191F in the 5C Nef background. In-
stead, F89 and H191 are required for optimal Pak2 association
with 5C Nef. This finding suggests that 5C Nef contains other

variant amino acids that restrict tolerance for variation at po-
sitions 89 and 191.

Amino acids F85, I187, and H188 in 5C Nef cluster near F89

and H191 and are specifically required for Pak2 association.
To identify additional amino acids of Nef potentially involved
in Pak2 association, we examined published crystal and NMR
structures of Nef (2, 22). Three divergent amino acids in 5C
Nef, residues 85, 187, and 188, clustered adjacent to H89 and
F191 on the surface of the Nef core (see Fig. 7A). To test the
involvement of Nef residues 85, 187, and 188 in Pak2 associa-
tion, a series of mutations was made in the 5C Nef background
that replaced these residues with amino acids found in the
clade B consensus Nef. All mutations in 5C Nef at residues 85,
187, and 188 significantly reduced Pak2 association, and each
mutation exhibited a similar phenotype, whether in the context
of 5C Nef (F89 H191) or 5C-4 Nef (H89 F191) (Fig. 5A). Both
I187S mutants (5C-11 and 5C-5) had similarly low levels of
Pak2 association. The F85L mutants (5C-13 and 5C-7) had
severely reduced Pak2 association, and mutant 5C-7 appeared
to be completely defective for Pak2 association. Double mu-
tants with both F85L and I187S mutations (5C-15 and 5C-9) had
slightly increased Pak2 association compared to Nefs with
either mutation alone, indicating that these mutations might

FIG. 5. Amino acids F85, I187, and H188 are specifically required for association of 5C Nef with Pak2. (A and B) IVKAs. Whole-cell lysates of
293T cells transiently expressing GFP and expressing 5C Nef mutants were immunoprecipitated with sheep anti-Nef and assayed by IVKA (top
panels) as described in Materials and Methods. An arrow indicates the 62-kDa band corresponding to Pak2. Whole-cell lysates used for IVKA
immunoprecipitations (IP) were immunoblotted with sheep anti-Nef (	-Nef) (raised to SF2), rabbit (rab) anti-Nef antibody no. 2949 (middle
panels), or anti-GFP (bottom panels). The chart at the top of panel A indicates the amino acid changes made for each mutant. All lanes shown
in panel B are from the same experiment. WB, Western blot.
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have compensatory effects. The H188R mutation reduced Pak2
association in the context of 5C Nef, 5C-4 Nef, and all other
mutants tested. Double mutant 5C-12 (I187S/H188R) had re-
duced Pak2 association compared to 5C-11 (I187S). Similarly,
5C-6, 5C-10, and 5C-16 had reduced association with Pak2
compared to 5C-5, 5C-9, and 5C-15, respectively. Importantly,
mutations I187S, F85L, and H188R did not affect 5C Nef expres-
sion levels (Fig. 5A, middle panels) or reduce CD4 or MHC-I
downregulation activity (data not shown), indicating that these
mutations specifically reduced Pak2 association.

Mutation A83G has no effect on Pak2 association with 5C
Nef. Analysis of the 1AAV crystal structure (2) revealed that
A83 participates in an alpha helix that also contains H89 and
V85 (data not shown). The G83 variation found in 5C Nef is
relatively common among clade B Nefs. However, glycines are
capable of disrupting alpha helices. Therefore, we hypothe-
sized that the G83 variation might restrict the tolerated amino
acids at position 85, 191, and 89 by disrupting the alpha helix.
Contrary to our prediction, however, mutation G83A had no
effect on the ability of 5C to associate with Pak2 (Fig. 5B). Like
the parental 5C Nef, mutant 5C-19 Nef (G83A) associated with
very high levels of active Pak2. Furthermore, single mutant
5C-13 Nef (F89L) and double mutant 5C-14 Nef (F89L/G83A)
had equally low levels of Pak2 association, and mutant 5C-7
Nef (F89H/H191F/F89L) and 5C-8 Nef (F89H/H191F/F89L/
G83A) were equally defective for Pak2 association.

Mutation F89H abolishes association of 5C Nef with exo-
genous Pak2. To demonstrate that the mutants discussed here
disrupt Pak2 association rather than activation of Pak2 or
another 62-kDa protein, we performed immunoprecipitations
of lysates expressing exogenous FLAG-tagged Pak2-K278R,
Cdc42-V12, and either vector alone or primary or mutant Nefs.
Kinase-dead Pak2-K278R was shown (47) to stabilize the Nef/
Pak2 complex and facilitate visualization of Nef-associated
Pak2 by Western blotting. Dominant active Cdc42-V12 is
thought to stabilize or catalyze the formation of the Nef/Pak2
complex. Pak2 coimmunoprecipitated with 5C Nef but not with
5C-3 (F89H) Nef (Fig. 6). Both Pak2-K278R and Cdc42-V12
were required to visualize 5C Nef-associated Pak2 by Western
blotting. These results show that mutation F89H disrupts the
specific association of Nef with Pak2.

Residues 85, 89, 187, 188, and 191 are unlikely to bind SH3
domains of interacting proteins or participate in Nef dimer-
ization. Our data suggest that residues 85, 89, 187, 188, and 191
may form an important binding surface of Nef specifically
involved in association with active Pak2. Structural modeling
shows that these residues are within 10 Å of each other on the
surface of the Nef core, include two exposed hydrophobic
amino acids, and surround a third, recessed hydrophobic
amino acid, A190 (Fig. 7A and C). To confirm that these resi-
dues are not participating in any known protein interactions,
we examined the 1AVZ crystal structure of a dimerized Nef
core domain bound to the SH3 domain of Fyn kinase (Fig. 7B)
(2). From this structure, it is evident that the residues mutated
in this study cannot participate in the dimerization of Nef.
Although F191 and residues 85, 89, 187, and 188 are near the
PxxP domain of Nef, they do not participate in binding to the
SH3 domain of Fyn. These residues are distant from R106, a
residue previously proposed to be involved in Pak2 association
(51). Therefore, Nef residues 85, 89, 187, 188, and 191 may

participate in a novel protein-protein interaction required for
association with Pak2.

Covariation of residues 89 and 191 occurs naturally within
the viral populations of patient MACS2. To investigate how
well clone 5C represents Nef proteins from its patient source,
3 additional nef alleles were cloned from isolate MACS2LN
and 33 nef alleles were directly amplified from the lymph node
and spleen of patient MACS2. Sequencing revealed that a
large number of Nefs from MACS2 share the amino acid
sequence of 5C: F85, F89, I187, H188, and H191 (labeled in black
text in Fig. 8). Therefore, Nef clone 5C is not a rare allele in
this patient. For reference, the sequence of ConB Nef is L H
S R F at these positions. Most strikingly, phylogenetic analysis
of the protein sequences revealed that Nefs from MACS2
clustered into two groups, with H89 corresponding to one
branch and F89 corresponding to the other. The level of diver-
gence between the two groups of clones is striking. The bootstrap
value of 961 (out of 1,000) indicates a high level of confidence in
this branching. This branching could reflect negative selection
against intermediate clones, distinct archival populations, or a
founder effect. However, the high level of variation and high viral
RNA copy numbers in these tissues argues against a bottleneck or
founder effect (data not shown). Alignment with other amplified
nef clones and BLAST searches indicated that the MACS2 clones
were most closely related to each other and that none represented
a possible contaminant.

Unlike most clade B Nefs, MACS2 Nefs had a very high
frequency of histidines and arginines at position 191. H191 was
found in 16 out of 37 total clones. R191 was found in 19 out of
37 clones from MACS2. There was evidence for covariation at
positions 191 and 89 among Nef clones from MACS2. All 16
H191-containing clones also had F89. Clones with R191 had
either F89 (16 of 19) or H89 (3 of 19). The only clone from this
patient with F191 was similar to ConB at residues 89, 187, and

FIG. 6. Mutation F89H abolishes association of 5C Nef with exoge-
nous Pak2. 293T cells were cotransfected with FLAG-tagged, kinase-dead
Pak2-K278R, dominant active Cdc42-V12, and either vector alone
(Mock), 5C, or mutant 5C-3. Cell lysates were immunoprecipitated
with sheep anti-Nef (	-Nef) antibody. Nef-associated FLAG-Pak2-
K278R was detected by anti-FLAG antibody (top panel), and immu-
noprecipitated Nef was detected by rabbit (rab) anti-Nef antibody no.
2949 (second panel). Expression of FLAG-Pak2-K278R and Nef in cell
lysates was assayed by anti-FLAG and anti-Nef Western blotting (third
and fourth panels). Results are representative of two independent
experiments. IP, immunoprecipitation; WB, Western blot.
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188 (see clone LN-15K in orange in Fig. 8). Interestingly, all
Nefs cloned from this patient had a phenylalanine at position
85, which is uncommon with clade B Nefs (7.3%). Some se-
quences at position 89, 187, and 188 were highly represented

(colored in black and blue in Fig. 8). Fifteen out of 37 total
sequences had F89 I187 H188 H191, and 14 out of 37 total
sequences had F89 S187 Q188 R191. This finding may reflect
collective conservation of these amino acids in vivo or the fact

FIG. 7. Residues 85, 89, 187, 188, and 191 cluster together on the surface of the Nef core domain in a region distinct from the dimerization and
SH3-binding domains. Computer modeling of Nef core domain structures demonstrates the proximity of amino acids important for Pak2 association.
Structures were obtained from the Protein Data Bank and were visualized with Swiss PDB viewer DeepView. (A and B) van der Waals surfaces of the
1AVZ Nef crystal structure (2). The Nef core domain (light green) is bound to a second Nef core (light blue) and to the Fyn kinase SH3 domain (gray).
The Nef core domain comprises amino acids 71 to 148 and 179 to 203. (A) Residues 85 (fuchsia), 89 (orange), 187 (pink), 188 (violet), and 191 (red)
cluster together on the surface of the Nef core domain, with phenylalanine 191 protruding from the surface. The SH3 domain of Fyn is shown binding
to the PxxP domain of Nef. Panel A is an enlargement, rotated 90°, of the boxed region in panel B. (B) F191 (red) is distant from the dimerization surface
and arginines 105 and 106 (yellow). P75 (dark green) is part of the PxxP SH3-binding domain. (C) F191 of Nef can adopt two different confomers that
either expose or hide the recessed A190 (dark blue). (Left) The molecular surface of the 2NEF NMR model of the Nef core domain was computed with
DeepView (22). The confomer adopted by F191 in this model occurs in 50% of the 40 published NMR models, while the other 50% are similar to that
shown in the middle panel. (Middle) Molecular surface of the Nef core domain of the 1AVZ crystal structure (2). Here, contact with a neighboring
molecule in the crystal lattice sterically hinders F191 and constrains it into adopting the confomer shown. (Right) Molecular surface of the 1AVZ crystal
structure with the side chain of F191 rotated to adopt a confomer, as in 2NEF. No steric hindrances occurred with this confomer.
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that these Nefs are very fit alleles subjected to positive selec-
tion. Together, these results support our mutagenesis data and
suggest that covariation at HIV-1 Nef positions 89 and 191
occurs in vivo.

DISCUSSION

In this study, we demonstrate that HIV-1 Nef residues 85,
89, 187, 188, and 191 (L, H, S, R, and F in the Nef clade B
consensus, respectively) are critical for Nef-associated Pak2
activity. These residues cluster on the surface of the Nef core
domain in a region distinct from the dimerization region and
the SH3-binding domain. Mutations at these positions reduced
or abolished association with endogenous Pak2 activity but did
not affect CD4 and MHC-I downregulation. Furthermore, mu-
tation of 5C Nef residue 89 specifically abolished association
with exogenous Pak2, suggesting that these mutations influ-
ence association with rather than activation of Pak2. Compen-
satory covariation occurs at positions 89 and 191, indicating
that these residues are subject to selection pressure. Based on
these findings, we propose that residues 85, 89, 187, 188, and
191 form part of a unique binding surface specifically required
for association with active Pak2.

Our studies provide evidence that Nef residues 85, 89, 187,
188, and 191 play a critical role in Pak2 association and acti-
vation. F191L and F191H mutations abolished association of 6I
and 7D Nefs with Pak2 activity, in agreement with previous

work reporting a similar defect for the D.con F193I mutant
(corresponding to 191 in NL4-3 Nef) (16). Analyses of residues
85 and 188 and point mutations of residue 89 have not been
reported. Deletion of residues 89 and 90 (delta 89/90) was
shown to reduce binding to Hck and abolish binding to Lck but
was not tested for Pak2 association or activation (11). Since F90

interacts with the RT loop of SH3 domains (35) and the F90R
point mutation reduces binding to Hck (39), the Lck- and
Hck-binding defects of the delta 89/90 mutant can be attrib-
uted to deletion of residue 90 alone.

Importantly, we show that point mutation of residue 89 can
specifically abolish Pak2 association or rescue Nefs with deleteri-
ous mutations at position 191 (Fig. 4 and 6). The I187S mutation
in 5C Nef significantly reduced Pak2 association without affecting
CD4 and MHC downregulation. In contrast, mutation S187R in
D.con and D88-11 Nefs reduced both Pak2 activation and MHC-I
downregulation (16). The S187R mutation, which replaces a small,
uncharged polar amino acid with a large basic amino acid, may be
less stable or less well tolerated in the context of D.con, since
S187A had no effect on D.con function. The structure of 5C may
provide a more plastic environment with greater tolerance for
variations at this position. None of the point mutations that re-
duced Pak2 activation in this study reduced other functions of
Nef. Therefore, our analysis of primary HIV-1 nef alleles has
identified amino acid determinants specifically important for as-
sociation with active Pak2.

FIG. 8. Phylogenetic analysis of 37 full-length Nef clones from patient MACS2 reveals distinct populations that segregate according to variation
at residue 89. Full-length Nef amino acid sequences amplified by PCR from the MACS2LN viral isolate (4 sequences) or directly from autopsy
lymph node (22 sequences) or spleen tissue (11 sequences) were aligned with Clustal W. Clones are colored according to their amino acid sequence
at residues 89, 187, 188, and 191, as indicated to the left and right of the tree. Clustal X was used to create the bootstrapped, neighbor-joining tree.
The numbers associated with each branch represent the bootstrap values, which indicate the reliability of the branching order and were derived
from 1,000 replicates.
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We have shown that within 6I and 7D Nefs, variations H89F
and F191H are fully compensatory for association with Pak2.
Additionally, mutations F85L and I187S were slightly compen-
satory in the 5C Nef background. Structural analysis showed
that these positions are within 10 Å of each other. Compen-
satory mutations in amino acids that are spatial neighbors
often indicate interaction. The effects of compensatory muta-
tions can be either structural or functional, but the finding that
most of our mutants appear to be stably expressed argues
against broad structural effects. Together, our data suggest that
these residues form a binding surface that participates in a
protein-protein interaction important for Pak2 association.

Residues 85, 89, 187, 188, and 191 cluster on the surface of
the Nef core domain in a region distant from the SH3-binding
domain, the Nef dimerization region, and R106. Positions 85,
187, and 188 are within 6 to 8 Å of F191, while H89 is within 10
Å from F191 (Fig. 7A), so these residues are in close proximity.
Residues 89 and 90 are on opposite faces of a ridge-like alpha
helix that separates our cluster of residues from the RT loop
interaction domain. This observation, together with the fact
that MHC-I downregulation requires functional SH3 domain-
mediated interactions, makes participation in RT loop or SH3
domain interactions unlikely. Therefore, H89, F191, and nearby
residues are likely to participate in an as-yet-unidentified pro-
tein-protein interaction. Further inspection of this binding sur-
face reveals both protruding and recessed hydrophobic mole-
cules. F191 protrudes from the surface of Nef and has the
freedom to move between two energetically favorable confo-
mers (Fig. 7C). Surface exposure of highly hydrophobic mol-
ecules such as phenylalanine is unusual and often results in a
high degree of entropy, suggesting it would be energetically
favorable for this amino acid to participate in a binding inter-
action. The two confomers of F191 either expose or obscure a
recessed A190. Exposure of A190 is of particular interest since
it appears to form the bottom of a pocket at the center of
hydrophobic amino acids F191, H89, and V85. A190 is conserved
in 98% of 1,031 sequences from all clades of HIV-1 and SIV.
Although A190 is likely to be important for structural integrity
of the core domain, its position at the bottom of a hydrophobic
pocket is suggestive of a binding site. Natural variation at
position 85 is limited mostly to hydrophobic amino acids; in
clade B, the most common are L (46.8%), V (37.6%), F
(7.3%), and I (3.3%). The clustering of the protruding hydro-
phobic F191, the recessed A190, and L/V/F85 in a surface region
important for association with Pak2 suggests that this surface
could be a hydrophobic binding pocket involved in interaction
with a critical member of the Nef-associated Pak2 activation
complex.

Our findings, together with other studies, suggest there are
at least two distinct regions of Nef critical for stability of the
Nef-Pak2 activation complex: (i) the PxxP domain and (ii) a
binding surface formed by residues 85, 89, 187, 189, and 191.
Recent work demonstrated that R106, a residue previously pro-
posed to be important for Pak2 activation, is not specifically
involved in Pak2 activation, since even conservative mutations
at this position impact multiple Nef functions (43). We favor a
model in which Pak2, an SH3 domain-containing protein, and
possibly another protein(s) simultaneously and/or coopera-
tively bind to Nef at these regions to facilitate activation of
Pak2, consistent with previous work suggesting that Nef acti-

vates Pak2 through a multiprotein complex (4, 26, 33, 47).
Pulkkinen et al. demonstrated that Pak2 activation occurs in
two mechanistically distinct steps, association and activation,
that are nearly concurrent within the Nef-Pak2 multiprotein
complex (47). Association is required for Pak2 activation, but
Pak2 activity promotes dissociation of the complex, rendering
the complex transient. Evidence from studies of diverse HIV-1
and SIV Nefs indicates that Pak2 association may be a more
conserved function than Pak2 activation (32, 47). Since the
residues discussed in this study are important for Nef associa-
tion with Pak2, their mutation would be expected to abolish
activation of Pak2 as well. It will be important to identify the
cellular factor that interacts with our proposed binding surface
and determine what role that factor plays in Nef-Pak2 associ-
ation and activation.

Of several proposed cellular interactors, only Pak2 and an
SH3 domain-containing protein are known to be critical mem-
bers of the Nef-Pak2 complex. At least one SH3 domain-
containing protein must stabilize the association of Pak2 with
Nef, and yet Pak2 itself does not contain an SH3 domain (24,
39). Previous work reported that the guanine exchange factor
Vav, binding via the PxxP domain, stabilizes Nef-Pak2 associ-
ation (15). However, other studies did not detect Vav in anti-
Nef immune complexes (26). Other interacting molecules po-
tentially important for Nef-mediated Pak2 activation include
Rac, Cdc42, PIX, phosphatidylinositol-3-kinase (PI3K), DOCK2,
and ELMO1 (9, 21, 26, 36, 37, 48, 50, 52, 65, 66). Further studies
are necessary to elucidate which cellular proteins are critical for
Nef-mediated Pak2 activation and their interactions within the
Nef-Pak2 complex. Our identification of a potential hydrophobic
binding surface on the Nef core specific for Pak2 association will
facilitate these studies.

There has been considerable debate about the biological
importance of Nef-mediated Pak2 activation in HIV infection.
One study showed that HIV-1 Nef interaction with Pak2 cor-
relates with enhanced virion infectivity in vitro, but interpre-
tation of these results is confounded by the pleiotropic effects
of the mutations used (myristoylation site, PxxP domain, and
RR105LL mutations) (43, 64). Studies of chronically infected
rhesus macaques infected with SIV mutated in the PxxP do-
main of Nef found that Nef-mediated activation of Pak2 cor-
related with induction of high viral loads and disease progres-
sion (30, 55). In contrast, SIVmac239 containing Nef mutation
PxxP/AxxA caused AIDS and rapid death in two rhesus ma-
caques without acquiring reversions (34). These findings raise
the possibility that Pak2 activation may be more important during
chronic infection, when infected T cells are more likely to be
resting, than during rapid progression, when T cells have higher
levels of activation. Wei et al. showed that Nef induces phospho-
rylation of merlin in primary human T cells (63). Merlin is a key
protein in the Rac signaling pathway that is phosphorylated by
Pak2. Nef mutations at F191 and S187 inhibited this effect, sup-
porting a functional role for these residues in Pak2 activation and
downstream signaling. Simmons et al. recently demonstrated Nef-
mediated activation of Cdc42 and formation of a complex be-
tween Cdc42, PIX, and c-Cbl that displaces UbcH7 from lipid
rafts (59). UbcH7 is involved in Cbl-mediated ubiquitination and
negative regulation of T-cell signaling, so Nef-mediated disrup-
tion of Cbl activity is predicted to positively regulate T-cell sig-
naling. Because PIX binds to Pak2 and Pak2 is activated by
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Cdc42, these findings shed light on possible roles of the Nef-Pak2
complex in T-cell activation. Nef mutants specifically defective for
Pak2 activation, such as those analyzed in this study, will help to
elucidate the contribution of Nef-mediated Pak2 activation to
T-cell activation and HIV infection and pathogenesis, as well as
the potential importance of the Nef-Pak2 interaction as a thera-
peutic target.
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