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The family of p21-activated protein kinases (PAKs) appear to be present in all organisms that have
Cdc42-like GTPases. In mammalian cells, PAKs have been implicated in the activation of mitogen-activated
protein kinase cascades, but there are no reported effects of these kinases on the cytoskeleton. Recently we have
shown that a Drosophila PAK is enriched in the leading edge of embryonic epithelial cells undergoing dorsal
closure (N. Harden, J. Lee, H.-Y. Loh, Y.-M. Ong, I. Tan, T. Leung, E. Manser, and L. Lim, Mol. Cell. Biol.
16:1896–1908, 1996), where it colocalizes with structures resembling focal complexes. We show here by
transfection that in epithelial HeLa cells a-PAK is recruited from the cytoplasm to distinct focal complexes by
both Cdc42G12V and Rac1G12V, which themselves colocalize to these sites. By deletion analysis, the N terminus
of PAK is shown to contain targeting sequences for focal adhesions which indicate that these complexes are the
site of kinase function in vivo. Cdc42 and Rac1 cause a-PAK autophosphorylation and kinase activation.
Mapping a-PAK autophosphorylation sites has allowed generation of a constitutively active kinase mutant. By
fusing regions of Cdc42 to the C terminus of PAK, activated chimeras were also obtained. Plasmids encoding
these different constitutively active a-PAKs caused loss of stress fibers when introduced into both HeLa cells
and fibroblasts, which was similar to the effect of introducing Cdc42G12V or Rac1G12V. Significantly dramatic
losses of focal adhesions were also observed. These combined effects resulted in retraction of the cell periphery
after plasmid microinjection. These data support our previous suggestions of a role for PAK downstream of
both Cdc42 and Rac1 and indicate that PAK functions include the dissolution of stress fibers and reorgani-
zation of focal complexes.

The p21-activated protein kinase (PAK) family of Cdc42/
Rac1-activated kinases were first identified as GTPase inhibi-
tory proteins in p21 overlays and the most abundant proteins
specifically binding the GTP-bound forms of Cdc42 and Rac1
(34, 35). The brain-enriched a-PAK, which is directly activated
by these GTPases and is closely related to Saccharomyces cer-
evisiae Ste20p (36), is a member of a family of ubiquitous
mammalian kinases (5, 37, 39, 52). Evidence for the proposal
that Ste20p was a yeast Cdc42p-dependent protein kinase (36)
which potentially links cell polarization to the mating-phero-
mone-responsive mitogen-activated protein (MAP) kinase
pathway has recently been obtained (50, 59). Significantly, the
guanine nucleotide exchange factor for Cdc42p, dbl-related
Cdc24p, interacts with and is potentially activated by the het-
erotrimeric G-protein b-subunit Ste4p (59). In mammalian
cells, the heterotrimeric G-protein-coupled bradykinin recep-
tor has also been shown to activate Cdc42 (28).

PAKs are distinguished by the presence of sequence con-
served kinase and p21-binding and activation domains. Three
mammalian PAK isoforms have been described to date: the
brain-enriched rat 68-kDa a-PAK (36), corresponding to hu-
man PAK1 (hPAK1) (27); the rat 65-kDa b-PAK (37) isoform,
which is essentially identical to mouse PAK3 (5); and the
smaller ubiquitous 62-kDa g-PAK (52), corresponding to
hPAK2 and hPAK65 (27, 39). g-PAK has also been described
as a protease-activated kinase (24) and an H4/S6 kinase (4). A
role for mammalian PAKs as mediators of Cdc42 and Rac1

signalling to JNK and p38 MAP kinases has been reported (6,
7, 58). Indeed, there may be a common role for a wider family
of kinases with similarity to PAK, including the germinal cen-
ter kinase (46), as upstream regulators of stress-activated MAP
kinase pathways. PAK proteins may therefore participate in
transcriptional activation pathways utilizing Cdc42 and Rac1
(10, 20, 40).

PAK is one of several effector targets for Cdc42 and Rac1.
The motif binding to Cdc42 and Rac1 identified in the acti-
vated Cdc42-associated kinase (ACK), PAK, and Ste20p (36)
has been used to identify other novel gene products which are
potential effectors of Cdc42 or Rac1 (8). However, [g-32P]p21
overlays of tissue and cell extracts with Cdc42 and Rac1 show
that signals from PAKs predominate, suggesting these to be
major ubiquitous targets (36). A p62 neutrophil Cdc42 target
has recently been shown to correspond to the Wiskott-Aldrich
syndrome protein, which appears to regulate actin polymeriza-
tion (51) by binding to GTP-Cdc42 and perhaps GTP-Rac1
(3).

Since Rac1 and Cdc42 have established roles in the mor-
phological organization of cultured cells (28, 42, 47), we have
sought to determine which aspects might be mediated by PAK
family kinases. In Schizosaccharomyces pombe, disruption or
overexpression of the pak1 gene product has marked effects on
cell shape, actin localization, and mating (38, 44). The S. cer-
evisiae PAK-related Cla4p kinase appears to be required for
normal polarized growth and localization of the septin ring
during cytokinesis (11). We have now mapped the autophos-
phorylation sites on recombinant a-PAK and substituted acidic
residues with the aim of producing constitutively active a-PAK
mutants. We also constructed two chimeras of a-PAK with
Cdc42, one with the C-terminal localization sequence (PAK-
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CAAX) and the other containing Cdc42G12V itself (PAK-CC)
with elevated activity. The morphological effects of these dif-
ferent constitutively active kinases were analyzed by transient
transfection or microinjection of the various cDNA constructs.
All of the active constructs abolished intracellular stress fibers,
which is similar to effects of Cdc42G12V and RacG12V in epi-
thelial cells. We show that a-PAK is recruited from a soluble
pool to Cdc42- and Rac1-dependent focal complexes, perhaps
in a manner analogous to that observed in vivo with the Dro-
sophila PAK (DPAK) (17). Higher levels of membrane-tar-
geted PAK-CAAX or cytoplasmic PAK-CC were also able to
cause dissolution of focal adhesions (FAs), indicating that
PAK may be recruited by Cdc42 and Rac1 to promote the
turnover of these structures.

MATERIALS AND METHODS

Expression and purification of recombinant proteins. The cDNA sequence of
a-PAK was engineered for cloning into bacterial and mammalian expression
vectors as follows. At the 59 end, a BamHI-containing linker sequence was
introduced by PCR (gga tcc ACA ATG3); the first uppercase A is subsequently
referred to as nucleotide 1 of the a-PAK sequence and where the ATG encodes
amino acid residue 1. Recombinant glutathione S-transferase (GST)/a-PAKL404S

was expressed from plasmid pGEX-2T containing the a-PAKL404S cDNA se-
quence cloned as a BamHI-EcoRI fragment (nucleotides 1 to 1785). The wild-
type (a-PAKL404) construct was repaired with a 144-bp fragment of cDNA
derived from PCR with a correcting oligonucleotide between the HindIII (at
nucleotide 1124) and NcoI (nucleotide 1268) sites. Wild-type and hyperactive
a-PAK constructs were routinely transformed into Escherichia coli BL21 or
JM109 grown at 308C. Fusion proteins were purified on glutathione-Sepharose
(Pharmacia-LKB) as described previously (34).
Phosphopeptide analysis. GST/a-PAK bound to glutathione-Sepharose beads

was dephosphorylated by incubation with either 0.1 mg of potato acid phospha-
tase (Sigma) per ml in 50 mM morpholine ethanesulfonic acid (MES; pH 5.8)–
0.5 mM MgCl2–0.05% Triton X-100 with 0.5 mM phenylmethylsulfonyl fluoride
(PMSF) and 1 mg each of aprotinin and pepstatin (Sigma) per ml or brain cytosol
extracted in 50 mM Tris (pH 8.0)–0.5 mM MgCl2–0.05% Triton X-100 with 0.5
mM PMSF and 1 mg each of aprotinin and pepstatin per ml and subjected to
G-25 chromatography in the same buffer to remove ATP. The treated recombi-
nant GST/a-PAK or inactive GST/a-PAKL404S was incubated with an equal
amount of GTPgS-Cdc42 and 20 mM [g-33P]ATP or [g-32P]ATP for 10 min and
then chased with 0.5 mM ATP for 20 min at 308C in kinase buffer (50 mM
HEPES [pH 7.3], 10 mM MgCl2, 2 mM MnCl2, 1 mM dithiothreitol, 0.05%
Triton X-100). After Coomassie blue staining, proteins bands were excised from
sodium dodecyl sulfate (SDS)–9% polyacrylamide gels and subjected to in-gel
tryptic digestion (49). Tryptic peptides derived from protein were separated on
a reverse-phase C18 column. The 32P-labeled phosphorylated peptides were
located by scintillation counting; these fractions were lyophilized, and 50% of
this material was subjected to Edman sequencing. The remainder was resus-
pended in 6 M HCl and heated to 1108C for 2 h. After lyophilization, the
hydrolysate was dissolved in 10 ml of a 0.5-mg/ml mix of phosphoserine, phos-
phothreonine, and phosphotyrosine (Sigma), and 5 ml was spotted onto phos-
phocellulose thin-layer chromatography plates (Kodak) and analyzed by electro-
phoresis (750 V) in 5% acetic acid–0.5% pyridine.
Mutagenesis of a-PAK. For the kinase domain mutants, oligonucleotide prim-

ers corresponding to the required mutated cDNA sequences were introduced
into the a-PAK sequence by replacing the HindIII-NcoI sequence with a PCR-
derived fragment (as described above). PCR was performed with Vent polymer-
ase (New England Biolabs) using 5 ng of plasmid template with 15 cycles as
follows: 948C, 1 min; 508C, 1 min; 728C, 1 min. For mutations in the N-terminal
regulatory sequence, a two-step PCR method was used. In the first round, cDNA
was amplified between a mutated primer and another upstream of the 59 cloning
site (BamHI). A second PCR was performed with a directly adjacent primer (39
to the first) in the opposite direction, using an internal a-PAK primer 39 to the
internal HindIII site (a-PAK position 1124). Corresponding fragments were
recovered after agarose gel electrophoresis and ligated to each other. A second
round of PCR was then performed with only the 59 and 39 flanking primers to
yield cDNA which was cloned into BamHI and HindIII sites of the cDNA. The
a-PAK sequence from BglII (nucleotide 755) to the 39 EcoRI site was then
replaced; the amplified BamHI/BglII segment of the cDNA was completely
sequenced.
Construction of mammalian cell expression vectors. The pXJ40 vector (56)

containing the cytomegalovirus enhancer/promoter was modified with annealed
oligonucleotides encoding the hemagglutinin (HA), AU1, or FLAG epitope.
These sequences, corresponding to MYPYDVPDYAGS, MDTYRYIGS, or
MDYKDDDDKGGS (epitopes in boldface), were inserted between the EcoRI
and BamHI sites at the 59 of the polylinker, and translation initiation was
enhanced by use of the Kozak consensus sequence ACC ATG following the
EcoRI site. The BamHI site (encoding GS) is in the same frame as for pGEX

vectors; p21 and PAK constructs were moved from pGEX-4T-1 (cloned in the
BamHI/EcoRI site) to the pXJ40-derived vectors as BamHI/XhoI fragments. The
kinase-dead lysine (K298)-to-alanine mutation was created by using a mutant
oligonucleotide which spanned the internal BalI site (nucleotide 888) to amplify
the a-PAK sequence between this and the HindIII site (nucleotide 1124): the
236-bp mutant BalI/HindIII fragment was ligated into pXJHA-a-PAK cut with
the same enzymes. An XhoI restriction site replacing the termination codon was
introduced into the a-PAK sequence (yielding a-PAKXho1) by amplification of
512 bp of sequence from the internal HindIII site (nucleotide 1124) to the
termination codon (nucleotide 1636) and ligating the insert into pXJHA-a-PAK
cut with HindIII and XhoI. The cDNA sequence corresponding to last 15 amino
acids of Cdc42 (41) was then spliced as an XhoI/NotI fragment to the pXJHA-
a-PAKXho1, where the XhoI site encodes codons 174 and 175 (LE) of Cdc42. To
create PAK-CC, a 59 PCR primer containing an XhoI site preceding a G6
sequence (i.e., encoding LEGGGGGGMQTIK3 [Cdc42 sequence in boldface])
and a 39 primer incorporating a stop codon after Cdc42 residue 175 were used to
the amplify Cdc42G12V template. The XhoI/KpnI-digested fragment was cloned
into the C terminus of pXJHA-a-PAKXho1. Fidelity of all products was checked
by sequencing the amplified region of the cDNA. Constructs for expression of
a-PAK1-250 and a-PAK1-150 in HeLa cells were derived by cloning the BamHI/
BglII or BamHI/XmnI cDNA fragments into the pXJ-FLAG vector.
Cell culture and staining. COS-7 cells were maintained in Dulbecco modified

Eagle medium with 1 g of glucose per liter and 10% fetal bovine serum (FBS)
and were transfected in medium containing 1% serum by using Lipofectamine
(Gibco-BRL) according to the manufacturer’s protocol. Five micrograms of each
pXJ plasmid and 50 ml of Lipofectamine were added per 90-mm-diameter dish;
cells were maintained for 20 h before harvesting.

HeLa cells were maintained in minimal essential medium containing 10%
FBS. Subconfluent cells plated on coverslips for 48 h were microinjected with the
different constructs (50 ng/ml unless otherwise indicated) by using an Eppendorf
micromanipulator. For transfection studies, cells were plated onto glass chamber
slides (Nunc) and after 1 to 2 days treated with a complex containing 0.5 mg of
each plasmid and 3 ml of Lipofectamine per 2- by 2-cm well in 1 ml of medium
containing 5% FBS. After 16 h, cells were washed once with phosphate-buffered
saline (PBS) (room temperature) and fixed with 3% paraformaldehyde (20 min
at room temperature). Primary antibodies were incubated in PBS–0.5% Triton
X-100 for 2 h at 308C at the following dilutions: anti-vinculin monoclonal anti-
body (MAb) (hVIN-1; Sigma), 1:300; affinity-purified rabbit anti-a-PAK, 1:50;
anti-HA or anti-FLAG MAb (IBI), 5 mg/ml; antipaxillin MAb (Transduction
Laboratories), 1 mg/ml. Fluorescein isothiocyanate-conjugated second antibodies
(1:100) and rhodamine-conjugated second antibodies (1:50; Boehringer Mann-
heim) were incubated for 1 h at 248C. To visualize polymerized actin, cells were
stained with rhodamine-conjugated phalloidin (1 mg/ml; Sigma) for 1 h at room
temperature.
Western blots and immunoprecipitation. Proteins were transferred to polyvi-

nylidene difluoride membranes (NEN) and probed with rabbit anti-a-PAK an-
tibodies (1:500) or MAb 12CA5 (0.5 mg/ml) for 2 h at room temperature.
Horseradish peroxidase-coupled second antibodies (1:4,000; DAKO) were incu-
bated for 1 h. Bands were visualized with hyperfilm in the presence of luminol
(Amersham) for 10 to 60 s, depending on signal intensity. For immunoprecipi-
tation, cell extracts were diluted to 4 mg/ml in cell lysis buffer (25 mM HEPES
[pH 7.3], 0.3M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM b-glycerophos-
phate, 1 mM sodium vanadate, 0.5% Triton X-100, 5% glycerol, 0.5 mM PMSF,
1 mg each of aprotinin and pepstatin per ml). Extracts (0.4 mg) were incubated
with 2.5 mg of MAb 12CA5 for 2 h and then passed through 50 ml of protein
A-Sepharose 4B columns (Sigma). After washing with 200 ml of cell lysis buffer
and 2 ml of PBS–0.1% Triton X-100, the kinase reaction was carried out in buffer
containing 50 mM HEPES (pH 7.3), 10 mM MgCl2, 2 mM MnCl2, 1 mM
dithiothreitol, and 0.05% Triton X-100 with 20 mM [g-33P]ATP.

RESULTS

Localization of autophosphorylated residues in a-PAK. Na-
tive brain PAK undergoes GTP-p21-stimulated autophosphor-
ylation which is associated with a potent increase in kinase
activity (36). Recombinant PAK proteins purified from E. coli,
although already partly activated, displayed a similar response
to the GTPases (37). However, we subsequently found that the
recombinant a-PAK contained a point mutation (L404S)
which resulted in lower basal activity (37) and enabled its
selection since wild-type a-PAK is active and lethal in E. coli.
We have now established that plasmids encoding wild-type
a-PAK can be propagated at 308C. The a-PAKL404S kinase,
which does not become significantly activated in the bacteria
but is activated by the GTP forms of Cdc42 and Rac1, thus
provides an invaluable tool to study PAK activation by using
recombinant kinase; this is not possible with any of the three
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wild-type mammalian PAKs, which are purified from E. coli
essentially in their activated state.

Initial experiments to map the sites of autophosphorylation
during Cdc42-mediated a-PAK activation were conducted with
the attenuated a-PAKL404S protein (Fig. 1A), which becomes
activated more than 100-fold in the presence of GTPgS-Cdc42
(37). Autophosphorylation was carried out with 20 mM
[g-32P]ATP for 10 min and then chased with 0.5 mM ATP to
completion as assessed by the upward shift in mobility of hy-
perphosphorylated GST/a-PAK protein. Tryptic 32P-labeled
phosphorylated PAK peptides were then located from Ceren-
kov radiation (Fig. 1A). A proportion of labeled peptides was
subjected to Edman sequencing, and the remainder was taken
for phosphoamino acid analysis (Fig. 1A, lower panel). The
only phosphothreonine-containing peptide was derived from
sequence in the kinase domain (STMVGTPYWMAPEVVTR
[Fig. 1B, lower panel]), in a segment often involved in kinase
activation (for a review, see reference 25). Since the activation
of recombinant a-PAKL404S might not be identical to that of

wild-type a-PAK, the latter was subjected to similar analysis.
GST/a-PAK (which was already active) was first dephospho-
rylated in vitro (Fig. 1B, lane 3) and then rephosphorylated in
the presence of GTPgS-Cdc42 and [g-33P]ATP (Fig. 1B, lane
4). In the case of the peptide identified as derived from cleav-
age after K162 (i.e., TVSETPA. . .), there was no significant
release of label over 20 sequencing cycles. It is likely that the
label in this peptide was at S198, given poor tryptic cleavage at
K197. With the exception of residue S21, all phosphorylated
residues in wild-type a-PAK corresponded to those mapped on
the a-PAKL404S protein, and most were within sequences that
are well conserved among mammalian PAKs (Fig. 1B, lower
panel).
Generation of constitutively active PAK mutants. A wide

variety of protein kinases, including cyclic AMP-dependent
kinase (cAPK), Ca/calmodulin-dependent kinase 1, ERK-2,
and Src family tyrosine kinases, have been shown to require
phosphorylation events within the kinase domain for activation
(reviewed in reference 25). The approach of generating con-

FIG. 1. Localization of a-PAK autophosphorylation sites. (A) Recombinant GST/a-PAKL404S (40 mg in 100 ml) was labeled in the presence of 40 mg of
GTPgS-Cdc42 and 20 mM [g-32P]ATP (50 mCi) for 10 min at 308C and then chased for 20 min with 0.5 mM ATP. After electrophoresis on a 9% gel, GST/PAK bands
were excised and digested with trypsin. Counts associated with the high-pressure liquid chromatography-purified tryptic peptide fractions are shown. Those peptides
containing .2,000 cpm were taken for N-terminal sequencing; a portion was also subjected to complete hydrolysis and phosphoamino acid analysis (fractions numbers
given). The positions of ninhydrin-stained phosphoserine (PS), phosphothreonine (PT), and phosphotyrosine (PY) which were also run are indicated; the autoradio-
gram was obtained by exposing the thin-layer chromatography plate to film overnight. (B) Potato acid phosphatase (PAP; lane 2) incompletely dephosphorylated
GST/a-PAK, as judged by mobility shift; however, mixed phosphatases from brain cytosol appeared efficient in this respect (lane 3). Recombinant wild-type GST/a-PAK
was dephosphorylated on the column; after washing, the cytosol-treated kinase was eluted and activated with GTPgS-Cdc42 (lane 4) as for panel A except that
[g-33P]ATP was used. Peptides with .100 cpm (without added scintillation fluid) were subjected to N-terminal Edman sequencing. At each cycle, half the material was
taken for counting; the cycle number associated with release of the radiolabel is given in parentheses. The positions of the mapped phosphorylated residues are shown
(black squares); these do not occur within the p21-binding domain (boxed), but S21 and S198 are close to potential SH3-binding sequences (asterisks).
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stitutively activated kinase by replacement of phosphorylated
residues with acidic ones has been successful in the cases of
p34cdc2 (16), MEK1 (23), and protein kinase C (43). The effect
of such substitutions in PAK was tested by measuring the
kinase activity of immunoprecipitated HA-PAK from trans-
fected COS-7 cells. The mutant a-PAKT422E, (see Fig. 3A), but
not others with substitutions of phosphorylated serine residues
(data not shown), showed activity above basal levels.

The HA-a-PAK recovered from COS-7 cells had low or
undetectable kinase activity, but cotransfection with the active
(G12V) form of AU1-tagged Cdc42 or Rac1 yielded enzyme
with increased activity toward myelin basic protein (MBP)
(Fig. 2A). It was possible to observe a partial mobility shift of
the kinase in Western blots of total proteins from these cells
(Fig. 2B); often during the in vitro kinase reaction, a larger
fraction of the kinase became shifted (Fig. 2A). The active
PAK recovered from COS-7 cells cotransfected with
Cdc42G12V could be further substantially activated in vitro
(Fig. 3C). This result suggests that in vivo, PAK either does not
become fully activated by Cdc42 or, more likely, is subjected to
some form of intracellular down-regulation upon activation.
The HA-tagged p21s and HA-PAK were found to be expressed
at equivalent levels (Fig. 2B), showing that Cdc42 was not
limiting. The strong stimulation of immunoprecipitated a-PAK
kinase activity in vitro by GTPgS-Cdc42 (Fig. 2C) also resulted
in the consistent phosphorylation of coprecipitating presump-
tive PAK substrates of 75 and 90 kDa. Phosphorylation of the
pp75 was detected only when a-PAK was expressed as trun-
cated PAK61-544 because its mobility was similar to that of
phosphorylated HA-a-PAK. The in vitro activation of immu-
noprecipitated PAK allowed us to assess the extent of their
activation within transfected cells: by this criterion, a-PAKT422E

was only moderately (;5%) active.
We were able to generate a number of other constructs

which exhibited higher activity (Fig. 3A and B). First, the
amount of negative charge within the kinase activation loop
was increased by mutating both S421 and T422 to aspartic acid
and glutamic acid, respectively (PAKDE). This construct
showed higher activity than with the single substitution but
could be further activated in vitro by addition of GTP-Cdc42
(Fig. 3C). Second, in an approach analogous to that used by
Leevers et al. to produce constitutively active Raf (30), we
fused the CAAX box derived from the last 15 amino acids of
Cdc42 onto the C terminus of a-PAK. Immunoprecipitates of
this protein also showed increased activity (Fig. 3B), which
might relate to its colocalization to sites also enriched for its
activator Cdc42. However, there was no apparent synergism
when this CAAX box was fused to PAKDE. Third, we con-
structed cDNAs in which the activator Cdc42G12V was co-
valently fused to the kinase, a strategy that was successful in
the case of the p85 and p110 subunits of phosphatidylinositol
3-kinase (22). Such an a-PAK/Cdc42G12V chimera (designated
PAK-CC), which was expressed at levels similar to those of the
other a-PAK constructs (Fig. 3B), showed much more robust
in vitro activity toward MBP than the other PAK constructs.
This chimera lacked the last 13 amino acids of Cdc42, and is
therefore not expected to interact with membranes, and con-
tained a polyglycine linker between the two protein moieties
(see Materials and Methods). A C-terminal fusion of the un-
related green fluorescent protein from Aequorea victoria to
PAK, used as a control, did not result in PAK activation (data
not shown). Compared with a-PAK, immunoprecipitates of
PAKDE did not show clear labeling of the pp90 in vitro (Fig.
3C), suggesting that less of this protein was present or it was
already phosphorylated. These various PAK constructs were
used to assess kinase function in relation to cell morphology.

Cdc42 and Rac1 promote association of PAK with focal
complexes. When a-PAK was expressed following microinjec-
tion of the cDNA into a variety of cell lines, we observed
dispersed cytoplasmic distribution of the kinase. We investi-
gated the effects of p21s on a-PAK distribution by plasmid

FIG. 2. In vivo and in vitro activation of immunoprecipitated HA-a-PAK.
(A) COS-7 cells were transfected with pXJHA-a-PAK (lane 2) alone or with
pXJAU1-Cdc42G12V or pXJAU1-Rac1G12V. HA-tagged protein was immuno-
precipitated (IP) by MAb 12CA5 and incubated with 20 mM [g-33P]ATP and 0.1
mg of MBP per ml as substrates. After 15 min at 308C proteins, were denatured
by heating in SDS sample buffer and run on 9% gels for Western analysis or
12.5% gels for autoradiography. (B) Western analysis of COS-7 cell extracts after
transfection with HA-tagged a-PAK or a-PAK61-544 (DN60) with or without
HA-tagged Cdc42G12V. The tagged p21 and PAK were expressed at similar
levels; in the presence of Cdc42G12V, there was a partial shift in the mobility of
PAK. The p75-immunoreactive band was also detected in control untransfected
cells (lane C). (C) Similar activation of immunoprecipitated a-PAK and
a-PAK61-544 (D60) in vitro by GTPgS-Cdc42. The pp90 PAK substrate copre-
cipitated with both HA-a-PAK and HA-DN60-PAK. The pp75 substrate de-
tected with HA-DN60-PAK was not immunologically related to PAK (data not
shown). Phosphorylation of GST-Cdc42 fusion protein occurs at the PKA site
derived from the pGEX-2TK.
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transfection into HeLa cells because these cells lack endoge-
nous immunoreactive a-PAK. The epithelial HeLa cells show
a reorganization of their actin cytoskeleton when an activated
version of Cdc42, Rac1, or RhoA is expressed (14) which
parallel those changes found in fibroblasts (28, 42, 47, 48).
These include Cdc42-induced filopodia (and ruffle) formation
and Rac1-induced ruffling (shown in Fig. 7 and 8). These initial
experiments indicated that when cotransfected with an acti-
vated version of Cdc42 or Rac1, transfected a-PAK became
concentrated in punctate structures which resembled focal
complexes. Although RhoA activity appears responsible for

maintenance of FAs in adherent cells, Cdc42 and Rac1 have
also been shown to promote the formation of new, smaller
focal complexes in serum-starved fibroblasts in the presence of
C3 toxin (42). Overexpression of wild-type PAK in itself never
altered the appearance of the FAs, perhaps because of tight
regulation of its activity (see above).

HeLa cell FAs (as detected by staining of paxillin) were
largely abolished on transfection of the dominant inhibitory
RhoAT19N, but this did not alter the distribution of cotrans-
fected PAK, which remained cytoplasmic (Fig. 4a). The use of
RhoAT19N allowed us to examine the relationship of PAK to

FIG. 3. Generation of constitutively activated PAK proteins. (A) Schematic structure of the three constitutively active kinase constructs used to analyze the effects
of PAK in HeLa cells. (B) Activity of immunoprecipitated (IP) COS-7-expressed HA-tagged kinase assayed as described for Fig. 3. The constructs are abbreviated as
follows: PAKT422E as PAKE, PAK-Cdc42173-188 as PAK-CAAX, PAKS421D,T422E as PAKDE, and PAK-G6-Cdc421-175(G12V) as PAK-CC. The relative kinase activities
indicated were typical for the constructs under consideration. (C) Phosphorylation of PAK, MBP, and p90 protein during in vitro activation of HA immunoprecipitates
with GTPgS-Cdc42. Both immunoprecipitated a-PAKDE and a-PAK cotransfected with AU1-Cdc42G12V exhibited partial mobility shifts without added GTPgS-Cdc42.
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the novel focal complexes whose formation was induced with
Cdc42G12V or Rac1G12V (Fig. 4b and c and reference 42) and
facilitated by inhibitors of RhoA. The a-PAK cotransfected
with Cdc42G12V or Rac1G12V in this case became localized
predominantly at the cell periphery in these focal complexes.
In contrast, RhoAG14V promoted the formation of the larger
complexes (FAs) at the cell surface adjacent to the substratum,
but PAK staining was not concentrated in the corresponding
region (arrow in Fig. 4d). The Cdc42G12V-expressing cells were
more rounded and decorated with a fringe of centripetal focal
complexes which appeared to underlie the filopodia and re-
traction fibers. The variability in PAK expression allowed us to
observe that in cells showing low levels (Fig. 4b, arrow) PAK
appeared to be exclusively located in these paxillin-containing
centripetal structures. Higher levels of PAK were often asso-
ciated with a decrease in the size of these complexes (Fig. 4b,
arrowheads), with PAK but not paxillin also accumulating at
cell-cell junctions (as did HA-Cdc42G12V [Fig. 5a]). The
Rac1G12V-expressing HeLa cells were typically very flattened
where PAK exhibited peripheral staining at positions occupied
by closely spaced bead-like focal complexes (Fig. 4c). In the
absence of RhoAT19N, Rac1G12V-transfected cells displayed
focal complexes (Fig. 5b) which were significantly different
from either the punctate Rho type (Fig. 5c, right) or peripheral
Rac1 type and therefore might represent hybrid RhoA-Rac1
complexes.

Since in their activated forms Cdc42 and Rac1 associate
tightly with PAK, it seemed highly likely that each p21 would
colocalize with PAK at focal complexes. Analysis of epitope-
tagged HA-Cdc42G12V and HA-Rac1G12V (expressed at low
levels) showed such a colocalization with transfected PAK.
HA-Cdc42G12V was clearly enriched at the positions corre-
sponding to peripheral focal complexes, as was PAK (Fig. 5a,
arrows). HA-Rac1G12V was clearly associated with PAK at
peripheral as well as internal complexes (Fig. 5b, arrows),
probably representing Rac/Rho-type FAs which are seen in
these cells not transfected with RhoAT19N. HA-Rac1G12V also
appeared to be enriched in membrane ruffles at the junctions
between cells.

Unlike the case for wild-type PAK, transfection of the active
chimeric PAK-CAAX (containing the Cdc42-derived C-termi-
nal 15 amino acids) can lead to its association with FAs (Fig.
5c). This result suggests that the presence of this membrane
anchor enabled PAK to associate with FAs (Fig. 5c) or alter-
natively to stabilize (active) PAK binding, which would other-
wise be transient. However, this observation was restricted to
lower levels of PAK-CAAX since higher level of expression
caused a profound loss of paxillin-stained FAs (Fig. 5d). Often
faint residual complexes were detected at the periphery, thus
allowing the cells to remain attached. When cells were probed
with antibodies against phosphotyrosine which predominantly
detect FAs, cells overexpressing PAK-CAAX also lacked these
structures (data not shown).

To localize the regions of PAK mediating focal complex
localization, two constructs expressing the N-terminal noncata-
lytic region were made. Unlike the full-length kinase, PAK1-250

bound to HeLa FAs (by paxillin staining), even in the absence
of cotransfected Cdc42G12V (Fig. 6A). It also localized to
Cdc42-induced focal complexes (data not shown). PAK1-150

was retained within the cytoplasm, not being found either in
FAs or in Cdc42-induced focal complexes. A kinase inactive
mutant a-PAKK298A, like PAK1-250, could also associate with
FAs in the absence of cotransfected p21 (Fig. 6B). The inter-
actions of mutant or truncated PAK proteins with HeLa Rho-
type FAs, unlike that with Cdc42- or Rac1-induced focal com-
plexes, thus appeared to be independent of p21. This was

tested by using a p21-binding mutant, a-PAKK298A(H83/86L),
having ,2% of wild-type Cdc42-binding (60), which indeed
exhibited similar focal staining. Deletion of PAK residues 1 to
60 (DN60-PAKK298A) abolished this FA association. In all of
these cases, cells expressing these constructs had apparently
normal paxillin-stained FAs. Thus, a-PAK residues 1 to 60 and
150 to 250 appear to contain sequences that are responsible for
targeting the kinase to FAs. The ability of the N-terminal
noncatalytic region of PAK but not full-length wild-type kinase
to associate with FAs suggests that targeting sequences are
normally cryptic.

Phosphotyrosine cannot be detected in immunoprecipitated
PAK (15), indicating this is not a means for PAK to associate
with FAs. The observation that PAK interacted in vitro with
SH3 domains of Nck and phospholipase Cg (5) led to the
recent demonstration that Nck can bind to PAK in vivo via its
N-terminal proline-rich sequence that is conserved among
mammalian, Drosophila, and Caenorhabditis elegans PAKs
(15). Though Nck could potentially mediate PAK binding to
phosphotyrosine-rich focal complexes, we have not been able
to locate this adapter protein in these structures by using com-
mercially available anti-Nck (data not shown).
Active PAK down-regulates stress fibers and FAs. Since

Cdc42 and Rac1 promote different effects (i.e., formation of
filopodia or lamellipodia) while both p21s are able to recruit
PAK (Fig. 4), what is the role of PAK in these processes?
Because transfection of PAK-CAAX and PAK-CC can cause a
catastrophic loss of focal adhesions and stress fibers (Fig. 5d
and data not shown), we investigated shorter-term effects by
nuclear microinjection of plasmids encoding constitutively ac-
tive PAKs. In HeLa cells, Cdc42G12V expression is associated
with the appearance of filopodia and ruffles and loss of asso-
ciated stress fiber (Fig. 7 and 8). The major effect of a-PAKDE

was the loss of strongly staining actin stress fibers from the
interior of injected cells (Fig. 7). Such losses also occurred in
cells transfected with either Cdc42G12V or Rac1G12V expressed
at similar levels (compare levels of expressed HA tag in Fig. 7).
The loss of internal stress fibers due to Cdc42G12V has been
noted in fibroblasts (28) and in HeLa cells (14). As with this
latter study, we found that following overnight transfection
with plasmid encoding Cdc42G12V, cells exhibited complete
loss of stress fibers and the formation of actin-rich punctate
podosomes (not shown).

Figure 8 shows phase-contrast time-lapse images of HeLa
cells microinjected with the plasmid (50 ng/ml) encoding
Cdc42G12V or PAK-CC. Consistently, morphological changes
became evident 60 to 90 min after injection with the
Cdc42G12V or PAK-CC plasmid. With Cdc42G12V, there was
appearance of filopodia and retraction fibers (arrows), produc-
tion of ruffles, and a rounding of the cells. PAK-CC-injected
cells consistently exhibited signs of retraction ;1 h after injec-
tion (arrow) followed by a complete collapse toward the cell
body, leaving process-like structures radiating from positions
previously occupied by the cell margin. A control plasmid, the
a-PAKK298A inactive chimeric construct (with no detectable
activity [Fig. 3B]) or the Cdc42G12V1-175 plasmid, did not elicit
any of these responses up to 4 h after injection (data not
shown). The former control indicates it is the kinase activity
which is responsible for the morphological effects; the latter
indicates that the Cdc42 portion of the protein was not respon-
sible for these morphological changes, consistent with reports
that C-terminally truncated RasG12V is biologically inactive
(13). Thus, expression of constitutively active PAK-CC and
Cdc42G12V driven from the same expression plasmids follow-
ing their nuclear microinjection (Fig. 2 and 7) was able to elicit
clear phenotypic changes in HeLa cells over similar time
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FIG. 4. Activated Cdc42 and Rac1 can recruit PAK to focal complexes. Fluorescence micrographs of HeLa cells showing the distribution of a-PAK, as detected
by anti-PAK antibodies, and endogenous paxillin. Transfections of expression plasmids encoding a-PAK, HA-Cdc42G12V, HA-Rac1G12V, and FLAG-RhoAT19N as
indicated were carried out with Lipofectamine. Cells were fixed for 16 h after DNA addition in the presence of 5% serum. The a-PAK staining was concentrated into
characteristic focal complexes in the presence of Cdc42G12V or Rac1G12V but not with RhoAG14V. In parallel experiments, cells were instead stained for anti-PAK and
anti-FLAG (RhoAT19N) immunoreactivity, confirming that these proteins were always coexpressed in the same cells. Bar, 10 mm.
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FIG. 5. Active Cdc42 or Rac1 colocalizes with PAK to focal complexes. HeLa cells were observed 16 h after addition of expression vectors encoding the proteins
as indicated. Cells consistently expressed similar levels of both PAK and p21 (a). At low levels, these proteins clearly colocalized (arrows) to characteristic peripheral
focal complex structures with Cdc42G12V or more interior located complexes with Rac1G12V (b). The PAK-CAAX protein could be found in typical Rho-type focal
complexes in the absence of cotransfected p21 (c). At higher PAK-CAAX expression levels, cells exhibited few or no focal complexes (d), with typical residual structures
such as those indicated (arrowheads). Bar, 10 mm.
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courses. The contracted PAK-CC cells were not dead: such
cells could be identified by PAK staining after an overnight
period during which many recovered morphologically.

When PAK-CC-expressing HeLa cells were fixed and
stained 1 h postinjection, at the time just prior to retraction, we
observed complete loss of intracellular stress fibers and periph-
eral FAs (Fig. 9A). To determine whether this reflected abo-
lition by PAK-CC of Rho-induced structures, cells were coin-
jected with plasmids encoding RhoAG14V and PAK-CC. These
coinjected cells displayed an increase in stress fiber content
(Fig. 9A, top right panel). These results show that PAK-CC
disassembles Rho-dependent structures and that this effect can

be counteracted by activated Rho. To confirm that the mor-
phological effects of PAK occurred in other cell types, we
analyzed Swiss 3T3 fibroblasts injected with a PAK-CC or
PAK-CAAX expression plasmid. Both constructs (but not
the wild-type kinase) gave rise to similar cell retraction.
Figure 9B shows typical reorganization of stress fibers and
loss of FAs when these fibroblasts were stained for actin and
paxillin 1 h postinjection: by 2 h (Fig. 9c), injected cells were
completely retracted. These data suggest that PAK acts
through a pathway common to different cell types, causing
disassembly of FAs and stress fibers (Fig. 10) and leading to
retraction.

FIG. 6. The N terminus of a-PAK contains an FA targeting signal. (A) HeLa cells were transfected with a-PAK cDNAs encoding the amino acid residues indicated.
While full-length PAK (PAK1-544) was evenly distributed throughout the cytoplasm, PAK1-250 clearly localized to FAs but PAK1-150 protein did not show such punctate
staining with anti-PAK antibodies. (B) FA staining was observed with kinase-inactive a-PAKK298A and a p21-binding mutant, a-PAKK298A(H83/86L), but not with
DN60-PAKK298A lacking the first 60 residues. Cells expressing low level of transfected PAK proteins are marked (asterisks). Paxillin staining was normal in all
transfected cells. Bar, 10 mm.
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DISCUSSION

The significance of PAK autophosphorylation. PAK family
kinases have been implicated as acting at the summit of MAP
kinases cascades in both yeast (50, 59) and mammalian (6, 7,
58) cells. Their own activation is initiated by the binding of
GTP-Cdc42 or GTP-Rac1, which promotes autophosphoryla-
tion. In cotransfection studies described here (Fig. 2 and 3), we
find that the activity of immunoprecipitated HA-tagged PAK is
increased equally upon cotransfection with either Cdc42G12V

or Rac1G12V. However, this p21-mediated activation in vivo is
much less than achievable in vitro. Thus, the in vivo activated
PAK is further substantially stimulated when incubated with

GTP-Cdc42 or GTP-Rac1. Since PAK is colocalized with the
p21s (Fig. 5) and therefore able to bind and be activated by
either p21, our results suggest that PAK is subject to strong
negative regulation in vivo. The large number of a-PAK auto-
phosphorylation sites implies that regulation of the kinase can
be quite complex. The site equivalent to T422 in Ste20p is
required for this kinase to exert its biological activity within the
mating pheromone response pathway (55), although Ste20p
does not contain sites equivalent to those mapped in the
a-PAK regulatory domain. Two autophosphorylation sites
identified in a proteolytically active 40-kDa fragment of a pu-
rified placental PAK (4) appear to be equivalent to a-PAK

FIG. 7. Expression of active PAKDE, Cdc42G12V, and Rac1G12V leads to loss of stress fibers. HeLa cells plated on glass coverslips in 10% serum were microinjected
with pXJHA plasmids (50 ng/ml). Confocal images of cells expressing the HA-tagged proteins are shown, with Cdc42G12V protein being enriched at the cell margin.
Arrows indicate injected cells in which there was a clear loss of strongly staining stress fibers. In each case, these are representative of at least 20 injected cells. The
cells were fixed for 3 h after injection.
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S203 and T422, which suggests that common regulatory sites
exist among mammalian PAKs. Since N-terminally truncated
PAK is active (45) or is activated by proteolysis, Benner et al.
have suggested that the N terminus of PAK contains a kinase
inhibitory domain (4). The interaction of the inhibitory N ter-
minus with the catalytic domain may generate a more compact
structure for the inactive kinase (shown schematically in Fig.
10), which is reflected by its greater electrophoretic mobility
compared with the activated and relatively unfolded kinase on
SDS-polyacrylamide gels (Fig. 1B).

That COS-7 cell-expressed a-PAKT422E is only partially ac-
tivated is not unexpected, since equivalent substitutions in
other proteins can generate nonfunctional (e.g., cAPKT197D

[1]) or at best partially active (e.g., ERK-2T183E [57]) kinase. It
is not clear why and how bacterially expressed mammalian
PAKs are phosphorylated and active. One might predict that
certain amino acid substitutions in the p21-binding domain of
PAK cause kinase activation by mimicking conformational
changes associated with binding of GTP-p21; indeed, the con-
stitutively active b-PAK (mouse PAK-3) protein (6) and the
active a-PAK (hPAK1L107F) mutant selected in S. cerevisiae (7)

both contain amino acid substitutions in the p21-binding re-
gion.
PAK as a focal complex protein. Recruitment of PAK to

focal complexes by activated Cdc42 and Rac1 (when p21 and
PAK are expressed at low levels as shown in Fig. 4) strongly
suggests that both p21s utilize PAK in vivo and that PAK
probably participates in the dynamics of these focal complexes.
Analogous DRac-dependent focal complexes have been iden-
tified at the leading edge of epidermal cells whose morpholog-
ical changes drive dorsal closure of the Drosophila embryo.
These structures are enriched for DPAK, integrin, and phos-
photyrosine (17). Here we show that the regulatory N-terminal
half of a-PAK (which is significantly conserved in DPAK) can
bind to FAs which have components in common with focal
complexes. This PAK1-250 region has no similarity to the FA
targeting domain of the p125FAK localized to residues 853 to
1012 in the kinase C terminus (18). Since transfected kinase-
inactive a-PAKK298A and truncated PAK1-250 are targeted to
FAs, kinase activity is not required for binding. The FA local-
ization of transfected PAKK298A(H83/86L) with defective p21
binding indicates that PAK interaction with Cdc42 or Rac1

FIG. 8. Microinjection of the PAK-CC expressing cDNA construct causes rapid cell shape changes. Phase-contrast micrographs show HeLa cells following nuclear
microinjection of plasmid (50 ng/ml) encoding Cdc42G12V or PAK-CC. After injection cells, were maintained at 378C in 10% serum and photographed at the indicated
times (minutes). The phenotype with Cdc42G12V included production of filopodia (arrow, panel 2) and retraction fibers (panel 3) in addition to membrane ruffles.
PAK-CC injected cells exhibited retraction of peripheral membranes starting at 60 min (arrow).
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FIG. 9. PAK-CC expression causes loss of FAs and actin stress fibers. (A) HeLa cells microinjected with plasmids (arrows) encoding PAK-CC alone or in
combination with RhoAG14V were fixed after 1 h of injection and stained with the appropriate antibodies. (B) Swiss 3T3 cell were injected under the same conditions
as used for panel A. After 1 h (panels a and b), cells were fixed and stained for paxillin or phalloidin as indicated. Panel c shows the typical morphology of cells 2 h
postinjection. Confocal images were representative of at least 10 injected cells. Bar, 10 mm.
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may not be absolutely essential for FA localization of PAK.
These observations are incorporated in our model of Cdc42
and Rac1 recruitment of PAK to focal complexes (Fig. 10).
The association of PAK with its p21 partner disrupts intramo-
lecular interactions between regulatory and catalytic domains
of PAK, leading to PAK activation and unmasking of the focal
complex binding site(s). In support of PAK intramolecular
interactions, we have identified a kinase autoinhibitory domain
in the N terminus of PAK (60). These interactions may be
disrupted in the K298A mutant through structural alterations
in the mutated kinase domain lacking the conserved lysine that
coordinates ATP. Recombinant GST/a-PAKK298A protein is
recovered in a highly degraded state, indicative of an opening
up of the protein structure which increases susceptibility to
proteolysis.

PAK may be involved with phosphorylation of target pro-
teins that include the p75 and p90 proteins (Fig. 10). The p90
substrate in COS-7 cells could be equivalent to the tyrosine-
phosphorylated 90-kDa protein detected in PAK1 immunopre-
cipitates (15). The p90 therefore represents a potential link of
PAK to phosphotyrosine-enriched components of the focal
complexes, as is the adapter protein Nck, which contains both
SH3 and SH2 domains and binds to the N terminus of PAK
(15). Our observation that in addition to PAK, focal complexes
contain a high concentration of activated forms of Cdc42 and
Rac1 is consistent with a report of Cdc42 being translocated to
the cytoskeleton by an integrin-mediated process in human
platelets (12). Similarly, RhoA has been shown to be recruited
by interaction of fibronectin-coated beads with fibroblasts to
FA-like complexes (9). It is likely that other proteins involved
with Rho-p21 signalling are present in focal complexes. Exam-
ples are the putative Rho guanine nucleotide exchange factor
(GEF) Vav, which binds the FA protein zyxin (21), and a

FAK-associated RhoA/Cdc42 GTPase-activating protein
(GAP) (19).
PAK as a modulator of the cytoskeleton downstream of

p21s. Activated Cdc42 and Rac1 promote formation of periph-
eral actin structures such as filopodia and lamellipodia, as well
as new focal complexes associated with these structures. Our
findings that PAK does not directly promote formation of
peripheral actin structures concur with evidence that PAK is
not required for chemoattractant (Rac-mediated) membrane
ruffling in neutrophils, although PAK-1 and PAK-2 (a- and
g-PAK) do become activated (27). Instead, PAK serves to
down-regulate focal adhesions and stress fibers as illustrated in
Fig. 10. The effects of constitutively active PAK and the ob-
servations in Fig. 7 relating to stress fiber loss indicate an
antagonism between Cdc42-Rac1 and RhoA. Although it is an
attractive proposition that Cdc42 lies at the top of a simple
linear signaling cascade i.e., Cdc423Rac3Rho, which might
be inferred from the work of Nobes and Hall (42), the predic-
tion that Cdc42G12V expression leads to an accumulation of
stress fibers similar to that seen with RhoAG14V is not borne
out. Such effects have not been documented, but rather stress
fiber loss occurs (Fig. 7 and reference 14). The dissolution of
Rho-dependent stress fibers and FAs, promoted by PAK and
which accompanies formation of Cdc42 or Rac1-induced struc-
tures, may be necessary for mechanostructural reasons related
to cell movement and/or release of common components re-
quired for the newly formed structures.

Activated PAK is targeted to FA, by unmasking of FA-
binding sites, where its kinase activity presumably is responsi-
ble for events leading to FA dissolution (and stress fiber dis-
assembly). PAK is also targeted to newly formed Cdc42- and
Rac1-dependent focal complexes, via the FA-binding domain
unmasked on activation (regardless of whether activation is
partial or complete). At present we cannot state whether
Cdc42 and Rac1 present in these complexes supplement re-
cruitment of PAK or whether it is PAK which brings the p21s
to these complexes, upon binding and activation. The differ-
ence between PAK action on FAs (which are dissolved) and on
the smaller focal complexes (which appear to be partially re-
fractory to PAK) may relate to the in vivo down-regulation of
PAK that we have observed. It is possible that certain phos-
phatases which down-regulate PAK and limit its disassembling
activity are present in focal complexes but not FAs.

The autophosphorylation sites of PAK represent likely tar-
gets for such phosphatases. These sites, which are distributed
in different PAK domains, appear to be involved in separate
functions. Threonine 422 autophosphorylation, which is essen-
tial for activity toward exogenous substrates, is not required for
p21-driven N-terminal serine autophosphorylation (data not
shown). Thus, dephosphorylation of T422 would cause loss of
catalytic activity but may not interfere with maintenance of the
open PAK conformation (shown schematically in Fig. 10) re-
quired for FA binding. Further experiments to determine the
functional relevance of the sites of in vivo PAK phosphoryla-
tion are clearly required. A strong negative regulation of PAK
would explain why we and others have never observed any
significant proportion of gel-shifted endogenous PAK in ex-
tracts derived from growth factor-treated cells, in contrast to
other signalling molecules such as MAP kinase or S6 kinase.
PAK cotransfected with Cdc42G12V, or PAK-CAAX proteins,
is not highly active (Fig. 3B and C), and only by substantial
overexpression of PAK and p21 can significant hyperphosphor-
ylated PAK be observed in vivo (Fig. 2 and 3). This cellular
down-regulation may be a means of balancing the opposing
activities of Cdc42 and Rac1 in promoting both the assembly
and disassembly of focal complexes. Although PAK might be

FIG. 10. A model for the role of PAK in focal complex dynamics. The model
shows targeting of PAK by GTP-Cdc42 or GTP-Rac1 to a Rho-dependent FA
complex, which is characterized by a larger size than Cdc42- and Rac1-dependent
focal complexes and numerous associated stress fibers. In the case of the Rho-
dependent FAs, their formation and that of associated stress fibers are driven by
interaction of RhoA with the downstream kinase ROK (32); Cdc42 and Rac1
may utilize other proteins whose kinase domains are similar to that of ROK in
the formation of their own complexes. All such complexes contain common
components such as paxillin, vinculin, and talin. The interaction of PAK with
Cdc42 and Rac1 leads to autophosphorylation at a number of sites and confor-
mational changes that unmask the focal complex binding site(s). Activated PAK
exerts a local effect to promote dissolution of these focal complexes and stress
fibers. Activated kinase can phosphorylate putative p75 and p90 targets which
might play a role in these functions. PAK may have a more limited action on
Cdc42- and Rac1-dependent focal complexes because of concomitant down-
regulation (see text).
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targeted to its site of action by Cdc42 and Rac1, only a fraction
of the kinase may be actively participating to facilitate focal
complex turnover. This leaves the possibility that the nonki-
nase domain participates in other functions within the focal
complex.

That PAK does act on focal complexes, albeit on a limited
basis, is supported by our observations that in Rac1G12V-trans-
fected cells, increasing levels of cotransfected PAK and
Rac1G12V correlate with decreases in the size of focal com-
plexes (data not shown). This action can also explain why cells
expressing activated Cdc42 or Rac1 do not massively accumu-
late focal complexes as seen with RhoAG14V (Fig. 4d).

In addition to PAK, other Rho-p21 effectors are potentially
linked to cytoskeletal changes. Wiskott-Aldrich syndrome pro-
tein has been implicated in actin polymerization events down-
stream of Cdc42, perhaps through recruitment of profilin-like
proteins (51), and POR1 may participate in Rac1-mediated
ruffle formation (53), although neither of these proteins is
widely expressed. Interestingly, the Rac GAP n-chimaerin can
cooperate with Rac1 and Cdc42 to induce formation of both
lamellipodia and filopodia (29), suggesting that the diverse
family of GAPs for the Rho-p21 family are intimately linked to
cytoskeletal events. Putative effectors of RhoA signalling in-
clude protein kinase N (2, 54), which is related to rhophilin
(54), and the Rho-associated kinases (ROKs) (31, 32). We
have recently established that ROKa acts downstream of
RhoA to promote the formation of actin stress fibers and focal
complexes in both HeLa and fibroblast cells (32). This p160
serine/threonine kinase may mediate its effects via phosphor-
ylation of a subunit of myosin light-chain kinase phosphatase
(26). Since Cdc42 and Rac1 also promote focal complex for-
mation, it is particularly interesting that the ubiquitous p180
Cdc42/Rac1-binding proteins detected in p21 overlays (36)
contain a kinase domain related to that of ROKs (33). In the
model shown in Fig. 10, ROK is shown to be acting down-
stream of RhoA in promoting formation of FAs; perhaps the
p180 kinases carry out an analogous function during Cdc42-
and Rac1-driven focal complex formation.

Since both Cdc42 and Rac1 produce highly dynamic struc-
tures (i.e., filopodia or membrane ruffles), the turnover of focal
complexes (and peripheral actin structures) is likely to be im-
portant. The highly elevated PAK levels in certain adult neu-
rons (37) could reflect their requirement for cytoskeletal plas-
ticity. Similarly, DPAK is enriched in the leading edge of the
Drosophila embryo epidermis; these cells have to undergo ex-
tensive cell shape changes and directed movement to achieve
dorsal closure (17), a process perhaps requiring additional
PAK activity in these cells. Thus, PAK activation could be
critical for the cycle of focal complex recruitment-disassembly
to facilitate the dynamic remodelling of the cytoskeleton.

ACKNOWLEDGMENTS

We thank Robin Philps for phosphopeptide microsequencing and
Mark O’Connor for help with HeLa cell culture.

This work was supported by the Glaxo Singapore Research Fund.

REFERENCES

1. Adams, J. A., M. L. McGlone, R. Gibson, and S. S. Taylor. 1995. Phosphor-
ylation modulates catalytic function and regulation in the cAMP-dependent
kinase. Biochemistry 34:2447–2454.

2. Amano, M., H. Mukai, Y. Ono, K. Chihara, T. Matsui, Y. Hamajima, K.
Okawa, A. Iwamatsu, and K. Kaibuchi. 1996. Identification of a putative
target for Rho as the serine-threonine kinase protein kinase N. Science
271:648–650.

3. Aspenstrom, P., U. Lindberg, and A. Hall. 1995. Two GTPases, Cdc42 and
Rac, bind directly to a protein implicated in the immunodeficiency disorder
Wiskott-Aldrich syndrome. Curr. Biol. 6:70–75.

4. Benner, G. E., P. R. Dennis, and R. A. Masaracchia. 1995. Activation of an

S6/H4 kinase (PAK65) from human placenta by intramolecular and inter-
molecular autophosphorylation. J. Biol. Chem. 270:21121–21128.

5. Bragodia, S., S. J. Taylor, C. L. Creasy, J. Chernoff, and R. A. Cerione. 1995.
Identification of a mouse p21cdc42/rac activated kinase. J. Biol. Chem. 270:
22731–22737.

6. Bragodia, S., B. Derijard, R. J. Davis, and R. A. Cerione. 1995. Cdc42 and
PAK-mediated signalling leads to JNK and p38 mitogen-activated protein
kinase activation. J. Biol. Chem. 270:27995–27998.

7. Brown, J. L., L. Stowers, M. Baer, J. A. Trejo, S. Coughlin, and J. Chant.
1996. Human Ste20 homologue hPAK1 links GTPases to the JNK MAP
kinase pathway. Curr. Biol. 6:598–605.

8. Burbelo, P. D., D. Drechsel, and A. Hall. 1995. A conserved binding motif
defines numerous candidate target proteins for both Cdc42 and Rac GTPases.
J. Biol. Chem. 270:29071–29074.

9. Burbelo, P. D., S. Miyamoto, A. Utani, S. Brill, K. M. Yamada, A. Hall, and
Y. Yamada. 1995. p190-B, a new member of the Rho GAP family, and Rho
are induced to cluster after integrin cross-linking. J. Biol. Chem. 270:30919–
30926.

10. Coso, O. A., M. Chiariello, J.-C. Yu, H. Teramoto, P. Crespo, N. Xu, T. Miki,
and J. S. Gutkind. 1995. The small GTP-binding proteins Rac1 and Cdc42
regulate the activity of the JNK/SAPK signalling pathway. Cell 81:1137–
1146.

11. Cvrckova, F., C. de Virgilio, E. Manser, J. R. Pringle, and K. Nasmyth. 1995.
Ste20-like protein kinases are required for normal localization of cell growth
and for cytokinesis in budding yeast. Genes Dev. 9:1817–1830.

12. Dash, D., Aepfelbacher, and W. Siess. 1995. Integrin aIIbb3-mediated trans-
location of Cdc42Hs to the cytoskeleton in stimulated human platelets.
J. Biol. Chem. 270:17321–17326.

13. Der, C. J., and A. D. Cox. 1991. Isoprenoid modification and plasma mem-
brane association: critical factors for ras oncogenicity. Cancer Cells 3:331–
340.

14. Dutartre, H., J. Davoust, J.-P. Gorvel, and P. Chavrier. 1996. Cytokinesis
arrest and redistribution of actin-cytoskeleton regulatory components in cells
expressing the Rho GTPase Cdc42Hs. J. Cell Sci. 109:367–377.

15. Galisteo, M. L., J. Chernoff, Y.-C. Su, E. Y. Skolnik, and J. Schlessinger.
1996. The adaptor protein Nck links receptor tyrosine kinases with the
serine-threonine kinase Pak1. J. Biol. Chem. 271:20997–21000.

16. Gould, K. L., S. Moreno, D. J. Owen, S. Sazer, and P. Nurse. 1991. Phos-
phorylation of Thr167 is required for Schizosaccharomyces pombe p34cdc2

function. EMBO J. 10:3297–3309.
17. Harden, N., J. Lee, H.-Y. Loh, Y.-M. Ong, I. Tan, T. Leung, E. Manser, and

L. Lim. 1996. A Drosophila homolog of the Rac- and Cdc42-activated serine/
threonine kinase PAK is a potential focal adhesion and focal complex pro-
tein that colocalizes with dynamic actin structures. Mol. Cell. Biol. 16:1896–
1908.

18. Hildebrand, J. D., M. D. Schaller, and J. T. Parsons. 1993. Identification of
sequences required for the efficient localization of the focal adhesion kinase
pp125 FAK, to cellular focal adhesions. J. Cell Biol. 123:993–1004.

19. Hildebrand, J. D., J. M. Taylor, and J. T. Parsons. 1996. An SH3 domain-
containing GTPase-activating protein for Rho and Cdc42 associates with
focal adhesion kinase. Mol. Cell. Biol. 16:3169–3178.

20. Hill, C. S., J. Wynne, and R. Treisman. 1995. The Rho family GTPases
RhoA, Rac1, and Cdc42Hs regulate transcriptional activation by SRF. Cell
81:1159–1170.

21. Hobert, O., J. W. Schilling, M. C. Beckerle, A. Ullrich, and B. Jallal. 1996.
SH3 domain dependent interaction of the proto-oncogene product Vav with
the focal contact protein zyxin. Oncogene 12:1577–1581.

22. Hu, Q., A. Klippel, A. J. Muslin, W. J. Fantl, and L. T. Williams. 1995.
Ras-dependent induction of cellular responses by constitutively active phos-
phatidylinositol-3 kinase. Science 268:100–102.

23. Huang, W., and R. L. Erickson. 1994. Constitutive activation of MEK1 by
mutation of serine phosphorylation sites. Proc. Natl. Acad. Sci. USA 91:
8960–8983.

24. Jakobi, R., C.-J. Chen, P. T. Tuazon, and J. A. Traugh. 1996. Molecular
cloning and sequencing of the cytostatic G protein-activated protein kinase
PAK 1. J. Biol. Chem. 271:6206–6211.

25. Johnson, L. N., M. E. M. Noble, and D. J. Owen. 1996. Active and inactive
protein kinases: structural basis for regulation. Cell 85:149–158.

26. Kimura, K., M. Ito, M. Amano, K. Chihara, Y. Fukata, M. Nakafuku, B.
Yamamori, J. Feng, T. Nakano, K. Okawa, A. Iwamatsu, and K. Kaibuchi.
1996. Regulation of myosin phosphatase by Rho and Rho-associated kinase
(Rho-kinase). Science 273:245–248.

27. Knaus, U. G., S. Morris, H.-J. Dong, J. Chernoff, and G. M. Bokoch. 1995.
Regulation of human leukocyte p21-activated kinases through G-protein-
coupled receptors. Science 269:221–223.

28. Kozma, R., S. Ahmed, A. Best, and L. Lim. 1995. The Ras-related protein
Cdc42Hs and bradykinin promote formation of peripheral actin microspikes
and filopodia in Swiss 3T3 fibroblasts. Mol. Cell. Biol. 15:1942–1952.

29. Kozma, R., S. Ahmed, A. Best, and L. Lim. 1996. The GTPase-activating
protein n-chimaerin cooperates with Rac1 and Cdc42Hs to induce the for-
mation of lamellipodia and filopodia. Mol. Cell. Biol. 16:5069–5080.

30. Leevers, S., H. F. Paterson, and C. Marshall. 1994. Requirement for Ras in

1142 MANSER ET AL. MOL. CELL. BIOL.



Raf activation is overcome by targeting Raf to the plasma membrane. Nature
369:411–414.

31. Leung, T., E. Manser, L. Tan, and L. Lim. 1995. A novel serine/threonine
kinase binding the Ras-related RhoA GTPase which translocates the kinase
to peripheral membranes. J. Biol. Chem. 270:29051–29054.

32. Leung, T., X.-Q. Chen, E. Manser, and L. Lim. 1996. The p160 RhoA-
binding kinase ROKa is a member of a kinase family and is involved in the
reorganization of the cytoskeleton. Mol. Cell. Biol. 16:5313–5327.

33. Leung, T., and L. Lim. Unpublished data.
34. Manser, E., T. Leung, C. Monfries, M. Teo, C. Hall, and L. Lim. 1992.

Diversity and versatility of GTPase activating proteins for the p21rho sub-
family of ras G proteins detected by a novel overlay assay. J. Biol. Chem.
267:16025–16028.

35. Manser, E., T. Leung, H. Salihuddin, L. Tan, and L. Lim. 1993. A non-
receptor tyrosine kinase that inhibits the GTPase activity of p21cdc42. Nature
363:364–367.

36. Manser, E., T. Leung, H. Salihuddin, Z.-S. Zhao, and L. Lim. 1994. A brain
serine/threonine protein kinase activated by Cdc42 and Rac1. Nature 367:
40–46.

37. Manser, E., C. Chong, Z.-S. Zhao, T. Leung, G. Michael, C. Hall, and L.
Lim. 1995. Molecular cloning of a new member of the p21-Cdc42/Rac-
activated kinase (PAK) family. J. Biol. Chem. 270:25070–25078.

38. Marcus, S., A. Polverino, E. Chang, D. Robbins, M. H. Cobb, and M. Wigler.
1995. Shk1, a homolog of the Saccharomyces cerevisiae Ste20 and mamma-
lian p65PAK protein kinases, is a component of a Ras/Cdc42 signalling
module in the fission yeast Schizosaccharomyces pombe. Proc. Natl. Acad.
Sci. USA 92:6180–6184.

39. Martin, G. A., G. Bollag, F. A. McCormick, and A. Abo. 1995. A novel serine
kinase activated by rac/Cdc42Hs-dependent autophosphorylation is related
to PAK65 and Ste20. EMBO J. 14:1970–1978.

40. Minden, A., A. Lin, F.-X. Claret, A. Abo, and M. Karin. 1995. Selective
activation of the JNK signalling cascade and c-Jun transcriptional activity by
the small GTPases Rac and Cdc42Hs. Cell 81:1147–1157.

41. Munemitsu, S., M. A. Innis, R. Clark, F. McCormick, A. Ullrich, and P.
Polakis. 1990. Molecular cloning and expression of a G25K cDNA, the
human homolog of the yeast cell cycle gene CDC42. Mol. Cell. Biol. 10:
5977–5982.

42. Nobes, C. D., and A. Hall. 1995. Rho, Rac, and Cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin stress
fibres, lamellipodia, and filapodia. Cell 81:53–62.

43. Orr, J. W., and A. C. Newton. 1994. Requirement for negative charge on
activation loop of protein kinase C. J. Biol. Chem. 269:27715–27718.

44. Ottilie, S., P. J. Miller, D. I. Johnson, C. L. Creasy, M. A. Sells, S. Bragodia,
S. L. Forsburg, and J. Chernoff. 1995. Fission yeast pak11 encodes a protein
kinase that interacts with Cdc42p and is involved in the control of cell
polarity and mating. EMBO J. 14:5908–5919.

45. Polverino, A., J. Frost, P. Yang, M. Hutchison, A. M. Neiman, M. H. Cobbs,
and S. Marcus. 1995. Activation of mitogen-activated protein kinase cas-
cades by p21-activated protein kinases in cell-free extracts of Xenopus oo-

cytes. J. Biol. Chem. 270:26067–26070.
46. Pombo, C. M., J. H. Kehn, I. Sanchez, P. Katz, J. Avruch, L. I. Zon, J. R.

Woodgett, T. Force, and J. M. Kyriakis. 1995. Activation of the SAPK
pathway by the human STE20 homologue germinal centre kinase. Nature
377:750–754.

47. Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diekmann, and A. Hall.
1992. The small GTP-binding protein Rac regulates growth factor-induced
membrane ruffling. Cell 70:401–410.

48. Ridley, A. J., and A. Hall. 1992. The small GTP-binding protein Rho regu-
lates the assembly of focal adhesions and actin stress fibres in response to
growth factors. Cell 70:389–399.

49. Rosenfeld, J., J. Capdevielle, J. C. Guillemot, and P. Ferrara. 1992. In-gel
digestion of proteins for internal sequence analysis after one- or two-dimen-
sional gel electrophoresis. Anal. Biochem. 203:173–179.

50. Simon, M.-N., C. de Virgillo, B. Souza, J. R. Pringle, A. Abo, and S. I. Reed.
1995. Role for the Rho-family GTPase Cdc42 in yeast mating pheromone
signal pathway. Nature 376:702–705.

51. Symons, M., J. M. J. Derry, B. Karlak, S. Jiang, V. Lemahieu, F. McCor-
mick, U. Francke, and A. Abo. 1996. Wiskott-Aldrich syndrome protein, a
novel effector for the GTPase Cdc42Hs, is implicated in actin polymeriza-
tion. Cell 84:723–734.

52. Teo, M., E. Manser, and L. Lim. 1995. Identification and molecular cloning
of a p21cdc42/rac1-activated serine/threonine kinase that is rapidly activated by
thrombin in platelets. J. Biol. Chem. 270:26690–26697.

53. Van Aelst, L., T. Joneson, and D. Bar-Sagi. 1996. Identification of a novel
Rac1-interacting protein involved in membrane ruffling. EMBO J. 15:3778–
3786.

54. Watanabe, G., Y. Saito, P. Madaule, T. Ishizaki, K. Fujisawa, N. Morii, H.
Mukai, Y. Ono, A. Kakizuka, and S. Narumiya. 1996. Protein kinase N
(PKN) and PKN-related protein rhophilin as targets of the small GTPase
Rho. Science 271:645–648.

55. Wu, C., M. Whiteway, D. Y. Thomas, and E. Leberer. 1995. Molecular
characterization of Ste20p, a potential mitogen-activated protein or extra-
cellular signal-regulated kinase kinase (MEK) kinase kinase from Saccharo-
myces cerevisiae. J. Biol. Chem. 270:15984–15992.

56. Xiao, J. H., I. Davidson, H. Matthes, J.-M. Garnier, and P. Chambon. 1991.
Cloning, expression and transcriptional properties of the human enhancer
factor TEF-1. Cell 65:551–568.

57. Zhang, J., F. Zhang, O. Ebert, M. H. Cobb, and E. J. Goldsmith. 1995.
Activity of the MAP kinase ERK2 is controlled by a flexible surface loop.
Structure 3:299–307.

58. Zhang, S., J. Han, M. A. Sells, J. Chenoff, U. G. Knaus, R. J. Ulevitch, and
G. M. Bokoch. 1995. Rho family GTPases regulate p38 mitogen-activated
protein kinase through the down-stream mediator Pak1. J. Biol. Chem.
270:23934–23936.

59. Zhao, Z.-S., T. Leung, E. Manser, and L. Lim. 1995. Pheromone signalling
in Saccharomyces cerevisiae requires the small GTP-binding protein Cdc42p
and its activator CDC24. Mol. Cell. Biol. 15:5246–5257.

60. Zhao, Z.-S., C. Chong, E. Manser, and L. Lim. Unpublished data.

VOL. 17, 1997 PAK ACTIVATION AND THE CYTOSKELETON 1143


