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The family of p21-activated kinases (PAKs) have been implicated in the rearrangement of actin
cytoskeleton by acting downstream of the small GTPases Rac and Cdc42. Here we report that even
though Cdc42/Rac1 or Akt are not activated, phosphatidylinositol-3 (PI-3) kinase activation
induces PAK1 kinase activity. Indeed, we demonstrate that PI-3 kinase associates with the
N-terminal regulatory domain of PAK1 (amino acids 67–150) leading to PAK1 activation. The
association of the PI-3 kinase with the Cdc42/Rac1 binding-deficient PAK1(H83,86L) confirms
that the small GTPases are not involved in the PI-3 kinase-PAK1 interaction. Furthermore, PAK1
was activated in cells expressing the dominant-negative forms of Cdc42 or Rac1. Additionally, we
show that PAK1 phosphorylates actin, resulting in the dissolution of stress fibers and redistribu-
tion of microfilaments. The phosphorylation of actin was inhibited by the kinase-dead
PAK1(K299R) or the PAK1 autoinhibitory domain (PAK1(83–149)), indicating that PAK1 was
responsible for actin phosphorylation. We conclude that the association of PI-3 kinase with PAK1
regulates PAK1 kinase activity through a Cdc42/Rac1-independent mechanism leading to actin
phosphorylation and cytoskeletal reorganization.

INTRODUCTION

Cytoskeletal elements are central to many cellular functions
and their polymerization dynamics are subject to fine regu-
latory control (Lim et al., 1996a; Tapon and Hall, 1997; Pa-
pakonstanti et al., 2000). Early cellular responses induced by
a variety of stimuli, including opioid agonists, seem to in-
volve changes in the polymerization state of actin and cell
morphology (Isenberg, 1996; Papakonstanti et al., 1996, 1998;
Adam et al., 1998; Koukouritaki et al., 1999). Several studies
indicate that opioids, which have been shown to influence
the proliferation and many other functions of human and
animal cells (Hatzoglou et al., 1996; Olson et al., 1998), induce
regulatory mechanisms involving phosphoinositide metab-
olism, phosphorylation of their receptors by G-protein re-
ceptor kinases, and recruitment of cellular components to
transmit their signals, but the molecular details of opioid
receptor signal transduction are not well understood (Mo-
saddeghi et al., 1995; Law and Loh, 1999, Law et al., 2000).
Even less is known about the effects of opioids on the dy-
namics or the organization of microfilaments, and moreover,
the overall signaling pathway by which opioids affect the
actin cytoskeleton has not been addressed to date.

Generally, opioids act through membrane receptors,
which belong to the seven transmembrane loop receptor
superfamily, that are coupled to heterotrimeric G-proteins
(Reisine and Bell, 1993). This receptor class can be coupled to
the activation of PI-3 kinase that is directly stimulated by the
G-protein �� subunits released from the �-subunit when the
latter is activated by binding GTP (Vanhaesebroeck et al.,
1997; Hazeki et al., 1998; Maier et al., 1999). The downstream
effectors of PI-3 kinase, Cdc42, and Rac1 have been impli-
cated in the formation of peripheral filopodia, membrane
ruffles, and loss of stress fibers (Lim et al., 1996b; Hall, 1998).
In the active, GTP-bound state these small GTPases interact
with a variety of effector proteins to elicit cellular responses,
including cytoskeletal reorganization (Machesky and Hall,
1996; Narumiya, 1996; Hall 1998). Recently, a family of
serine/threonine kinases known as p21-activated kinases
(PAKs) has been identified as downstream target of acti-
vated Cdc42 and Rac (Manser et al., 1994, 1995; Bagrodia et
al., 1995). PAK activity is regulated by different classes of
membrane receptors including G-protein coupled receptors,
tyrosine kinase receptors, and cytokine receptors (Knaus et
al., 1995; Zhang et al., 1995; Kjøller and Hall, 1999). On
binding to Cdc42/Rac1, PAK1 is activated and autophos-
phorylates, thus increasing its catalytic activity toward ex-
ogenous substrates (Manser et al., 1994). Activation of PAK1
has been shown to result in depolymerization of stress fibers
and peripheral actin reorganization including cortical actin
polymerization and formation of filopodia and membrane
ruffles (Dharmawardhane et al., 1997; Daniels and Bokoch,
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1999). However, several studies have shown that constitu-
tively active PAK1 or PAK1/PAK3 mutants, which are un-
able to bind Cdc42 or Rac, mediate morphological changes
reminiscent of those induced by Cdc42 and Rac. These find-
ings indicated that p21-binding domains are not involved or
that PAK could function independently of Rac or as an
upstream activator of Rac (Manser et al., 1997; Sells et al.,
1997; Daniels et al., 1998; Obermeier et al., 1998). More re-
cently, it was found that PAK1 is stimulated by activated
Akt through a GTPase-independent mechanism (Tang et al.,
2000) as well as by PDK1 through a PI-3 kinase–independent
mechanism (King et al., 2000). In addition, direct interactions
with GTPase exchange factors, adapters such as Nck, recep-
tors, and lipids have been implicated in activation of PAK1
(Bokoch et al., 1996, 1998; Lu et al., 1997; Daniels et al., 1998).
Thus, it remains to be elucidated how these and other sig-
naling molecules are involved in the effects of PAK on actin
cytoskeleton.

Because opioid receptors are coupled to heterotrimeric
G-proteins that are implicated in PAK1 and PI-3 kinase
activation (Knaus et al., 1995; Vanhaesebroeck et al., 1997;
Wymann and Pirola 1998; Murga et al., 2000), we thought it
worthwhile to investigate whether the mechanism(s) by
which opioids transmit their signal to promote morpholog-
ical changes that are characteristic of Cdc42/Rac-PAK acti-
vation involves these candidates. We previously showed
that exposure of opossum kidney (OK) cells to the opioid
agonists, �s1 casomorphin and ethylketocyclazocine (EKC)
resulted in substantial alterations of actin polymerization
dynamics and microfilament distribution, which occurred
within 15 min and persisted for at least 2 h (Papakonstanti et
al., 1998). The results of the present study provide evidence
that opioids induce a novel signal transduction pathway,
which does not involve Cdc42/Rac1 or Akt activation. In-
stead, PI-3 kinase activation was followed both, by its asso-
ciation with the N terminal regulatory domain of PAK1 (to
the region between amino acids 67 and 150) and by PAK1
activation. Subsequently, PAK1 directly phosphorylated ac-
tin, resulting in the disassembly of stress fibers and cortical
actin reorganization.

MATERIALS AND METHODS

Materials
Rhodamine-phalloidin and Slow Fade Antifade kit were from Mo-
lecular Probes Inc. (Eugene, OR). Polyclonal antibodies for PAK1
(rabbit), LIMK1 (goat), actin (goat), �PIX (goat), and Rac1 (rabbit) as
well the RhoA and p110� monoclonal antibodies and protein G-
Agarose were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Rabbit polyclonal anti–PI-3 kinase(p85) antibody, mouse monoclo-
nal anti-Nck antibody, protein A-Agarose, and Cdc42 or Rac acti-
vation assay kit [including GST-fusion of the PAK1 p21-binding
domain (PBD, amino acids 67–150) bound to glutathione-Agarose,
lysis/wash buffer, GTP�S, GDP, and monoclonal anti-Cdc42 or
anti-Rac antibodies] were purchased from Upstate Biotechnology
Inc. (Lake Placid, NY). Phospho-specific (Thr308) Akt and anti-Akt
antibodies were from New England Biolabs (Beverly, MA). The
anti-G�� antibody was obtained from Calbiochem (La Jolla, CA).
Phosphatidylinositol-4,5-bisphosphate (from bovine brain) and my-
elin basic protein (MBP) were obtained from Sigma (St. Louis, MO).
Silica gel 60 sheets were from Merck (Poole, Dorset, UK). ECL
Western blotting kit, monoclonal antiactin antibody (for immuno-
blotting), glutathione-Sepharose beads and [�-32P]ATP were from
Amersham Corp (Arlington Heights, IL). The rabbit anticofilin an-

tibody was obtained from Cytoskeleton Inc. (Denver, CO). EKC and
�s1-casomorphin were kindly provided by Dr. E. Castanas (Univer-
sity of Crete, Greece). All other chemicals were obtained from usual
commercial sources at the highest grade available.

Cell Culture and Transfections
OK cells were from the American Type Culture Collection (Manas-
sas, VA) and were studied between passages 40 and 50. Cells were
maintained in a humidified atmosphere of 5% CO2–95% air at 37°C
and fed twice weekly with a 1:1 DMEM-Ham’s F12 medium, sup-
plemented with 10% fetal calf serum (FCS) and 2 mM glutamine, 20
mM NaHCO3, 22 mM HEPES, 50 IU/ml penicillin, and 50 mg/ml
streptomycin. Subcultivation was performed with Ca2�- and Mg2�-
free phosphate-buffered saline (PBS), containing 0.25% trypsin and
5 mM EDTA. Initially, cells were cultured for 48 h with complete
medium as described above. The medium was changed to serum-
free medium, containing 0.1% bovine serum albumin, 15–20 h be-
fore the actual experiments. Exposure of cells to opioid agonists was
performed as described earlier (Papakonstanti et al., 1998). The PI-3
kinase inhibitor wortmannin was used in a concentration of 100 nM,
and it was added for the last 30 min of the 15- to 20-h preincubation
period, and then cells were stimulated with EKC or �s1-casomor-
phin (10�8 M) for the indicated times. All experiments described
below were performed while cells were still in their logarithmic
growth phase.

Cells grown on 100-mm tissue culture dishes were transiently trans-
fected, using the calcium-phosphate DNA coprecipitation protocol,
with 10 �g of pJ3H vector containing either the HA-tagged kinase-
dead PAK1(K299R) or p21-binding–deficient PAK1(H83,86L) or with
10 �g of pCMV6 M vector containing either the Myc-tagged auto-
inhibitory domain of PAK1(PAK1(83–149)), dominant-negative
Cdc42(T17N), or dominant-negative Rac1(T17N). Cells were allowed
to express the protein for 40 h after transfection and were then washed
in PBS, scraped into lysis buffer, and used for immunoprecipitation
experiments as described below.

Plasmids
pGEX-2T-TRBD, pCMV6 M expression plasmids encoding the
Cdc42(T17N) or PAK1(83–149) and pJ3H expression plasmids en-
coding the PAK1(K299R) or PAK1(H83,86L) were kindly provided
by Dr. A. Moustakas (Ludwing Institute for Cancer Research, Upp-
sala, Sweden) and Dr. G.M. Bokoch (The Scripps Research Institute,
La Jolla, California).

Expression and Purification of Recombinant
Proteins
The pGEX-2T plasmids expressing the glutathione S-transferase
(GST)-fusion proteins were transformed into Escherichia coli DH5�
and induced with isopropyl-�-d-thiogalactopyranoside (IPTG) to
express GST-fusion protein. The bacteria were collected by centrif-
ugation and resuspended in E. coli lysis buffer (50 mM Tris-HCl, pH
7.5, 1% Triton X-100, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10
�g/ml aprotinin, 10 �g/ml leupeptin, 1 mM PMSF). Vigorous
sonication was performed before centrifugation at 14,000 rpm for 30
min, and the resulting supernatants were saved as crude exctracts
containing GST-fusion protein, which was purified with glutathio-
ne-Sepharose beads. pCMV and pJ3H plasmids were transformed
into E. coli DH10B for protein expression. Recombinant proteins
from 250-ml culture were purified by the high-purity plasmid pu-
rification system (Life Technologies-BRL, Rockville, MD) according
to the manufacturer’s instructions.

Triton X-100 Fractionation
The Triton X-100 soluble and insoluble fractions of cells exposed to
opioids, in the absence or in the presence of wortmannin, were
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prepared as previously described (Golenhofen et al., 1995) with
minor modifications. Cells were incubated in 500 �l of Triton-
extraction buffer (0.3% Triton X-100, 5 mM Tris, pH 7.4, 2 mM
EGTA, 300 mM sucrose, 2 �M phalloidin, 1 mM PMSF, 10 �g/ml
leupeptin, 20 �g/ml aprotinin, 1 mM sodium orthovanadate, and 50
mM NaF) for 5 min on ice. After removing the soluble proteins, the
Triton-insoluble fraction remaining on the plate was scraped di-
rectly into 500 �l of RIPA buffer (50 mM Tris.HCl, pH 7.4, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 1 mM
EDTA, 1 mM dithiothreitol, and 1 mM sodium orthovanadate), and
any remaining insoluble material was removed by centrifugation.
Equal volumes of each fraction were subjected to SDS-PAGE and
Western blotting.

Immunoprecipitation, Kinase Assays, and Immuno-
blotting Analysis
Cells were washed three times with ice-cold PBS and suspended in
cold lysis buffer containing 1% Nonidet P-40, 50 mM Tris, pH 7.5,
and 150 mM NaCl supplemented with protease and phosphatase
inhibitors as described (Knaus et al., 1995; Okano et al., 1995).
Cleared lysates were preadsorbed with protein A-Agarose (before
incubation with rabbit anti-PAK1 and anti–PI-3 kinase (p85) and
mouse anti-HA or anti-Myc epitope antibodies) or with protein
G-Agarose (before incubation with goat anti-LIMK1 and antiactin
antibodies) for 1 h at 4°C and centrifuged, and the supernatants
(equal amounts of protein) were subjected to immunoprecipitation
using the indicated antibodies and the respective protein A- or
G-Agarose beads.

PAK1 kinase assays were performed as described (Knaus et al.,
1995) using both autophosphorylation and phosphorylation of the
exogenous substrate myelin basic protein (MBP) to assess activity.
Protein A-Agarose beads containing immunoprecipitated PAK1
were washed twice with lysis buffer and three times with kinase
buffer (50 mM HEPES, pH 7.5, 10 mM MgCl2, 2 mM MnCl2, and 0.2
mM DTT). Kinase activity was measured in 60 �l of kinase buffer
containing 10 �Ci of [�-32P]ATP (5000 Ci/mmol) for 20 min at 30°C.
Reactions were stopped by addition of SDS sample buffer and
loading on a 10% SDS-PAGE. Proteins were transferred onto nitro-
cellulose membranes and 32P-labeled proteins were visualized by
autoradiography.

Protein G-Agarose beads containing immunoprecipitated LIMK1
were washed three times with kinase buffer (50 mM HEPES, pH 7.2,
150 mM NaCl, 5 mM MgCl2, 5 mM MnCl2, 10 mM NaF, 1 mM
Na3VO4), and then kinase activity was measured in 40 �l of kinase
buffer, containing 15 �M ATP and 5 �Ci of [�-32P]ATP (5000 Ci/
mmol), for 20 min at 30°C (Okano et al., 1995). Proteins were
resolved by a 12% SDS-PAGE and transferred onto nitrocellulose
membranes, and 32P-labeled proteins were visualized by autora-
diography.

The lipid kinase activity of PI-3 kinase was measured by the method
of Auger et al. (1989) with minor modifications. Protein A-Agarose
beads containing immunoprecipitated PI-3 kinase or protein com-
plexes that were coprecipitated with GST-PBD (amino acids 67–150)
were washed three times with buffer A (20 mM Tris, pH 7.4, 137 mM
NaCl, 1 mM CaCl2, 1 mM MgCl2, 1% Nonidet P-40, 0.1 mM Na3VO4),
three times with 5 mM LiCl in 0.1 M Tris (pH 7.4) and twice with TNE
(10 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.1 mM Na3VO4).
The immunoprecipitates or protein complexes were then resuspended
in TNE, and the PI-3 kinase activity was assayed using 0.2 mg/ml
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) as a substrate, in the
presence of 58 �M ATP, 10 �Ci of [�-32P]ATP (5000 Ci/mmol), and 14
mM MgCl2, for 10 min at 37°C. The reaction was stopped by the
addition of 1 M HCl and methanol:chloroform (1:1). After mixing
vigorously and centrifuging to separate the phases, the lipids in the
organic lower phase were separated by TLC on oxalated silica gel 60
sheets, as described by Singh et al. (1996). Chromatographed lipids
were also visualized by iodine staining and compared with the migra-
tion of known standards.

For immunoblot analysis, the cell lysates or the immunoprecipi-
tates were suspended in Laemmli’s sample buffer and separated by
SDS-PAGE. Proteins were transferred onto nitrocellulose mem-
brane, and the membrane was blocked with 5% nonfat dry milk in
TBS-T (20 mM Tris, pH 7.6, 137 mM NaCl, 0.05% Tween-20) for 1 h
at room temperature. Antibody solutions (in TBS-T containing 5%
nonfat dry milk) were added overnight at 4°C (first antibody) and
for 1 h (second horseradish peroxidase–coupled antibody). Blots
were developed using the ECL system and the band intensities were
quantitated by PC-based image analysis (Image Analysis Inc., St.
Catherines, Ontario, Canada).

Affinity Precipitation
Affinity precipitation with GST-PBD was performed using an assay
based on the method of Benard et al. (1999). Cells were lysed in
Mg2� lysis buffer (MLB), which was provided by the assay kit (UBI,
Lake Placid, NY), mixed with 8 �g GST-PBD bound to glutathione-
Agarose, and incubated for 1 h at 4°C. For a positive control, cell
lysates were incubated for 15 min at 30°C with 100 �M GTP�S in the
presence of 1 mM EDTA. The loading reaction was stopped by
addition of 60 mM MgCl2. GTP�S loaded lysates were incubated
with GST-PBD for 30 min at 4°C. Finally, precipitates were washed
three times with MLB and suspended in Laemmli’s sample buffer.
Proteins were separated by 12% SDS-PAGE, transferred onto nitro-
cellulose membrane, and blotted with anti-Cdc42 or anti-Rac1 anti-
body.

Affinity precipitation with GST-RBD was performed as described
by Ren et al. (1999). Cells were washed with ice-cold TBS and then
lysed in RIPA buffer (50 mM Tris, pH 7.2, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM MgCl2
supplemented with protease inhibitors). Cleared cell lysates were
incubated with 30 �g GST-RBD attached to glutathione-Sepharose
at 4°C for 1 h. GTP-bound RhoA was detected by immunoblotting
using an mAb.

Immunofluorescence Microscopy
For morphological observations by immunofluorescence microscopy,
cells were cultured onto type IV collagen-covered glass slides (22 � 22
mm), to assure cellular attachment and orientation conditions analo-
gous to those obtaining for renal tubular epithelia in situ. The proce-
dure of cell fixation and direct fluorescence staining of microfilaments
by rhodamine-phalloidin included incubation of cells with 3.7% form-
aldehyde, which was followed by a short incubation with acetone at
�20°C. The cells were then incubated for 40 min at room temperature
with rhodamine-phalloidin to stain the filamentous actin (Koukouri-
taki et al., 1996). Double labeling with additional indirect staining for
fluorescence of HA-tagged kinase-dead PAK1(K299R) or Myc-tagged
dominant-negative Cdc42(T17N) to detect the transfected cells was
performed using monoclonal anti-HA or anti-Myc epitope antibody
and the fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
antibody. Slides were mounted using the Slow Fade Antifade kit. All
specimens were examined with a Olympus BH-2 microscope (Lake
Success, NY) equipped with epifluorescence illumination. Micro-
graphs were photographed with a 35-mm (C-35AD-4) camera and
Kodak P3200 black and white films (Eastman Kodak, Rochester, NY).

RESULTS

Stimulation of PI-3 Kinase by Opioids
First, we examined the effect of opioid agonists, EKC and
�s1-casomorphin, on PI-3 kinase activity. An in vitro kinase
assay was performed on anti–PI-3 kinase(p85) immune com-
plexes isolated from equal amounts of protein of untreated
and opioid treated cells (Figure 1, A and B). We chose the
indicated incubation times because our previous study has
shown that alterations in the polymerization state and the
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distribution of actin were detectable within 15 min and
persisted for 120 min (Papakonstanti et al., 1998). We found
that PI-3 kinase activity was induced to a maximum within
15 min of EKC treatment and within 30 min of �s1-casomor-
phin treatment, and it remained above basal levels for 2 h
(Figure 1A, top panel). Preincubation of cells with the spe-

cific PI-3 kinase inhibitor wortmannin (100 nM) abolished
the formation of phosphatidylinositol-3,4,5-trisphosphate
(PIP3), confirming the presence of PI-3 kinase in the immu-
noprecipitates (Figure 1B, top panel). Immunoblotting of
PI-3 kinase(p85) immunoprecipitates, obtained from the
same cell lysates that were used for the kinase assay, with

Figure 1. Effect of EKC and �s1-casomor-
phin on the lipid kinase activity of PI-3 ki-
nase. (A) Cells were incubated for the indi-
cated times with 10�8 M EKC or �s1-
casomorphin. Equal amounts of proteins of
cell lysates were immunoprecipitated with an
anti–PI-3 kinase(p85) antibody and subjected
to an in vitro PI-3 kinase assay, as described
in MATERIALS AND METHODS, using
phosphatidylinositol-4,5-bisphosphate (PIP2)
as substrate. The reaction products were sep-
arated by TLC and visualized by autoradiog-
raphy (top panel). The amount of PI-3 kinase
protein that was immunoprecipitated in the
kinase assay was assessed by immunoblot-
ting (IB) with anti–PI-3 kinase(p85) antibody
(bottom panel). (B) Cells were pretreated
with the PI-3 kinase inhibitor wortmannin for
30 min and then stimulated with 10�8 M EKC
or �s1-casomorphin. Anti–PI-3 kinase(p85)
immune complexes were assayed for kinase
activity using PIP2 as substrate (top panel).
The amount of PI-3 kinase protein that was
immunoprecipitated in the kinase assay was
assessed by immunoblotting (IB) with anti–
PI-3 kinase(p85) antibody (bottom panel). (C)
Cells were stimulated with EKC or �s1-caso-
morphin for the indicated times and lysed,
and then equal amounts of protein were im-
munoprecipitated (IP) with an anti-p110� an-
tibody. Coimmunoprecipitated G�� was de-
tected by immunoblot (IB) with a specific
anti-G�� antibody (top panel). Reprobing of
the membrane with the anti–PI-3 kinase(p85)
antibody confirms the presence of the regu-
latory subunit in the immunoprecipitates
(bottom panel). Results shown are represen-
tative of four similar experiments. PIP3, phos-
phatidylinositol-3,4,5-trisphosphate.
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the anti–PI-3 kinase(p85) antibody confirms that equal
amounts of PI-3 kinase protein were immunoprecipitated in
the kinase assay (Figure 1, A and B, bottom panels).

Because it has been recently shown that G��, liberated by
G protein couple receptors (GPCRs), significantly stimulates
the lipid kinase activity of PI-3 kinase � (Maier et al., 1999;
Murga et al., 2000), we examined whether the same mecha-
nism was involved in the PI-3 kinase activation observed in
our system. Thus, the cells were exposed to opioid agonists,
and then equal amounts of protein were subjected to immu-
noprecipitation with the anti–PI-3 kinase(p110�) antibody.
Immunoblotting analysis with a specific anti-G�� antibody
revealed that indeed, G�� was coprecipitated with PI-3 ki-
nase � under the experimental conditions used (Figure 1C,
top panel). Reprobing of the nitrocellulose membrane with
the anti–PI-3 kinase(p85) antibody (Figure 1C, bottom pan-
el), which was used for the lipid kinase activity assay, con-
firms that the regulatory subunit was coprecipitated with
the catalytic subunit of PI-3 kinase, which is the target of
G�� (Maier et al., 1999).

Opioids Stimulate PAK1 Kinase Activity through a
PI-3 Kinase–dependent but Cdc42/Rac1-independent
Mechanism
Because the downstream effectors of PI-3 kinase, Cdc42, and
Rac1 have been implicated in morphological changes (Hall,
1998), we tested whether these small GTPases are activated
by opioids. We performed affinity precipitation experiments
with a GST-fusion protein corresponding to the p21-binding
domain of PAK1 (GST-PBD) that specifically binds to and
precipitates Cdc42-GTP and Rac-GTP from cell lysates (Be-
nard et al., 1999). The presence of each GTPase was assessed
with specific antibodies. As shown in Figure 2A (top two
panels), GST-PBD effectively interacted with the active
GTP�S-bound form of Cdc42 and Rac1 as well as with the
GTP-Cdc42 and GTP-Rac1 in cell lysates obtained from
TNF-�–treated cells that were used as positive controls.
However, no interaction was observed between GST-PBD
and GTP-Cdc42 or GTP-Rac1 in cells exposed to opioids,
indicating that these small GTPases were not activated un-
der the experimental conditions used. In addition, immuno-
blotting analysis of total lysates revealed no changes in the
expression levels of both proteins (Figure 2A, bottom two
panels). Surprisingly, opioids induced a strong activation of
PAK1 kinase activity, as was determined by its autophos-
phorylation and its activity toward myelin basic protein
(MBP; Figure 2B), indicating that the GTPase’s activation
was not required for PAK1 activation. To confirm further
that PAK1 was activated independently of the small
GTPases and to exclude the possibility that it was due to
undetectable amounts of the GTP-Cdc42 or -Rac, the cells
were transfected with inactive Cdc42(T17N) and exposed to
opioid agonists, and then equal amounts of protein were
subjected to immunoprecipitation for PAK1 kinase assay. As
shown in Figure 2C, instead of being attenuated, PAK1 was
activated by opioids, following the same kinetics as in un-
transfected cells (Figure 2B). Similar results were obtained
when cells were transfected with inactive Rac1(T17N) (our
unpublished results). Because the transfection efficiency was
�40%, as determined by immunofluorescence microscopy
from three independent experiments (our unpublished re-

sults), we consider the above result meaningful. Comparison
of Figure 2B with Figure 1A revealed that opioid-induced
activation of PAK1 followed the kinetics of PI-3 kinase acti-
vation, with a maximum 6.7-fold activation by 30 min of
treatment with EKC and 11-fold activation by 60 min of
�s1-casomorphin treatment. This may suggest that PAK1
activation is a relatively proximal consequence of PI-3 kinase
activation.

Recently, it has been shown that activated Akt stimulates
PAK1 through a GTPase-independent mechanism (Tang et
al., 2000). Accordingly, we examined whether Akt was acti-
vated in our system, thus mediating the signal from opioid-
induced PI-3 kinase activation to PAK1. Cell extracts, from
untreated and opioid-treated cells as well as from PDGF-
treated cells, which were used as positive control, were
analyzed by immunoblotting using a phospho-specific anti-
Akt antibody. As shown in Figure 3A (top panel), Akt phos-
phorylation was strongly induced by PDGF but not by opi-
oids. Reprobing of the nitrocellulose membrane with an
anti-Akt antibody confirms that the amounts of Akt protein
were equal in each sample (Figure 3A, bottom panel). These
data suggest that Akt is not involved in PAK1 activation
observed in our system.

Recently, it was also reported that PAK1 is activated by
PDK1 and that this activation is not blocked by pretreatment
with wortmannin (King et al., 2000). Thus, we examined
whether PAK1 activation observed here is dependent on
PI-3 kinase activity. It was noteworthy, that the PI-3 kinase
inhibitor wortmannin abolished PAK1 kinase activity (Fig-
ure 3B), suggesting a close correlation between PI-3 kinase
and PAK1 activity, independently of guanine nucleotide
exchange factors (GNEFs) and Akt. In addition, preincuba-
tion of opioid treated cells with wortmannin was accompa-
nied by suppression of opioid-induced actin reorganization.
Indeed, as shown in Figure 3C, in cells exposed to EKC or
�s1-casomorphin a clear redistribution of actin filaments was
observed, including the formation of peripheral filopodia
and membrane ruffles and loss of stress fibers. However,
when cells were preincubated with wortmannin, opioid ago-
nists failed to induce reorganization or disassembly of the
actin microfilaments (Figure 3C). These findings were fur-
ther corroborated by quantitative immunoblot analysis of
the Triton X-100 soluble (TS) and insoluble (TI) actin cy-
toskeleton fractions of cells exposed to opioids (Table 1).
Because the Triton X-100 insoluble fraction has been used to
isolate cytoskeletal-associated proteins, it is widely accepted
that Triton X-100 insoluble actin is primarily filamentous (F-)
actin and Triton soluble actin is composed primarily of
monomeric (G-) actin (Golenhofen et al., 1995). As calculated
from the relative band intensities, the TS/TI actin ratio in-
creased significantly in cells incubated with opioids for 15
min to 2 h, consistent with a decrease in the proportion of
filamentous actin. Instead, no quantitative difference was
observed between opioid treated and control cells that pre-
incubated with wortmannin (Table 1).

To determine whether the opioid-induced actin reorgani-
zation was dependent on PAK1 activation, cells were trans-
fected with the kinase-dead PAK1(K299R), and opioid ago-
nists were added for 30 min. As shown in Figure 4A, in cells
expressing the kinase-dead PAK1(K299R) the dissolution of
stress fibers as well as the reorganization of actin, including
peripheral actin accumulation and the formation of mem-
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brane ruffles or filopodia, were completely blocked (arrow-
heads). On the contrary, these cytoskeletal changes were still
observed in untransfected cells (arrows). On the other hand,
Figure 4B shows that actin redistribution was induced by
opioids in untransfected cells (arrows) as well as in cells
expressing the dominant-negative Cdc42(T17N) (arrow-
heads). These results further support our findings that opi-
oid-induced actin remodeling occurs through a PAK1-de-
pendent but GTPase-independent mechanism.

PAK1 Associates with PI-3 Kinase
The above results revealed that, even though Cdc42/Rac1
and Akt were not activated, PAK1 kinase activity as well as
actin alterations were directly dependent on PI-3 kinase

activation. Thus, we explored the potential interaction be-
tween PI-3 kinase and PAK1 by immunoblotting PAK1 im-
munoprecipitates with an anti–PI-3 kinase(p85) antibody
(Figure 5). We found that PI-3 kinase weakly associates with
PAK1 under control conditions, but this association in-
creased strongly in opioid-stimulated cells (Figure 5A, top
panel). Furthermore, the kinetics of PI-3 kinase activation,
which reached a maximum within 15 min of EKC treatment
and within 30 min of �s1-casomorphin treatment (Figure
1A), was shown to correlate with the increase in the amount
of PI-3 kinase that coimmunoprecipitated with PAK1. In-
deed, the interaction between PI-3 kinase and PAK1 was
induced to a maximum 6.2-fold within 15 min of EKC treat-
ment and 5.1-fold within 30 min of �s1-casomorphin treat-
ment, compared with control cells (Figure 5A, top panel).

Figure 2. Stimulation of PAK1 ki-
nase activity through a Cdc42/
Rac1-independent mechanism. (A)
GTP�S loaded lysates and lysates
from untreated, EKC-, �s1-caso-
morphin-, or TNF-� (100 ng/ml,
positive control)-treated cells were
affinity precipitated (AP) with
GTP-PBD bound to glutathione-
Agarose beads. Precipitated GTP-
Cdc42 or GTP-Rac1 was detected
by immunoblot (IB) with anti-
Cdc42 or anti-Rac1 antibody re-
spectively (top two panels). Equal
amount of proteins (100 �g) of un-
treated and opioid-treated or TNF-
�–treated cells were subjected to
SDS-PAGE, transferred to nitrocel-
lulose membrane and immuno-
blotted (IB) with monoclonal anti-
Cdc42 or anti-Rac1 antibody,
respectively (bottom two panels).
(B) Cells were stimulated with EKC
or �s1-casomorphin for the indi-
cated times and lysed, and anti-
PAK1 immune complexes were as-
sayed for kinase activity, including
autophosphorylation and phos-
phorylation of the exogenous sub-
strate MBP, by an in vitro kinase
assay as described in MATERIALS
AND METHODS. The reaction
products were separated by SDS-
PAGE and transferred to nitrocel-
lulose membrane, and phosphory-
lation was visualized by
autoradiography. (C) Cells were
transfected with the inactive
Cdc42(T17N) and then stimulated
with opioid agonists for the indi-
cated times. Anti-PAK1 immune
complexes were assayed for kinase
activity, including autophosphory-
lation and phosphorylation of the
exogenous substrate MBP, by an in
vitro kinase assay as described in
MATERIALS AND METHODS.
The number below each lane indi-cates the -fold autophosphorylation of PAK1, with that of untreated cells taken as 1. Results shown are
representative of three independent experiments with similar results. MBP, myelin basic protein.
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Reprobing of the membrane with the anti-PAK1 antibody
confirmed that equal amounts of PAK1 protein were immu-
noprecipitated (Figure 5A, bottom panel). To exclude the
possibility that the PI-3 kinase-PAK1 interaction occurred
secondary to GTPase association, cells were transfected with
an hemagglutinin (HA)-tagged PAK1(H83,86L) mutant that
is unable to bind to Cdc42 or Rac1 (Sells et al., 1997). Immu-
noblotting of anti-HA immunoprecipitates with an anti–PI-3
kinase(p85) antibody revealed that the PI-3 kinase was as-
sociated with PAK1(H83,86L) (Figure 5B, top panel), indi-

cating that the small GTPases are not involved in the PAK1-
PI-3 kinase interaction. Immunoblotting of anti-HA
immunoprecipitates with an anti-HA antibody confirmed
the presence of PAK1(H83,86L) in the immunoprecipitates
(Figure 5B, top panel). The observed interaction between
PI-3 kinase and PAK1, both under control conditions and in
opioid-treated cells, was dependent on the PI-3 kinase ac-
tivity. Figure 5C (top panel) shows that preincubation of
cells with the PI-3 kinase inhibitor wortmannin blocked the
association of PI-3 kinase with PAK1. Immunoblotting of

Figure 3. PAK1 activation and
the redistribution of actin fila-
ments induced by opioids de-
pend on PI-3 kinase activity. (A)
Equal amount of proteins (50 �g)
of untreated and opioid-treated
or PDGF(40 ng/ml)-treated cells
were subjected to SDS-PAGE,
transferred to nitrocellulose
membrane, and immunoblotted
(IB) with an anti–phospho-Akt
(top panel) or anti-Akt (bottom
panel) antibody. (B) Cells were
pretreated with wortmannin for
30 min and then stimulated with
10�8 M EKC or �s1-casomorphin
for the indicated times. PAK1 ac-
tivity was determined in immu-
noprecipitates by an in vitro ki-
nase assay. The reaction products
were separated by SDS-PAGE
and transferred to nitrocellulose
membrane, and phosphorylation
was visualized by autoradiogra-
phy. (C) Cells were grown on
type IV collagen-coated glass
coverslips, pretreated with Wor-
mannin or with its vehicle
(DMSO), and then incubated for
the indicated times with 10�8 M
EKC or �s1-casomorphin. The re-
distribution of filamentous actin
was determined with rhoda-
mine-phalloidin staining by im-
munofluorescence microscopy.
Magnification, �1000. Similar re-
sults were obtained in three inde-
pendent experiments.
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PAK1 immunoprecipitates with an anti-PAK1 antibody con-
firmed the presence of PAK1 in the immunoprecipitates
(Figure 5C, top panel). These results indicate that PAK1
associates with PI-3 kinase only when the latter is activated
and that this association could be an essential step for the
stimulation of PAK1 kinase activity. To control this hypoth-
esis, we examined whether �PIX may be involved in this
interaction. First, we investigated whether opioids induce an
interaction between PAK1 and �PIX. For this, equal
amounts of protein from untreated, opioid-treated, and
PDGF-treated (positive control) cells were subjected to im-
munoprecipitation with the anti-PAK1 antibody. Immuno-
blotting of PAK1-immunoprecipitates with anti-�PIX anti-
body revealed that PAK1–�PIX interaction was induced by
PDGF. Any interaction between these proteins was not de-
tected in opioid-treated cells (Figure 6A, top panel). Reprob-
ing of the membrane with anti-PAK1 antibody confirms the
presence of PAK1 in the immunoprecipitates (Figure 6A,
middle panel). Furthermore, �PIX was immunodepleted,
and PAK1 was immunoprecipitated from the remaining cell
lysates. Immunoblot analysis with the anti–PI-3 kinase(p85)
antibody revealed that PAK1 associates with the PI-3 kinase
in the absence of �PIX (Figure 6A, bottom panel), implying
that the PAK1-PI-3 kinase association is not mediated by
�PIX.

From the above presented results it was obvious that
PAK1-PI-3 kinase interaction is not mediated by the small
GTPases or by �PIX. Accordingly, we explored the potential
direct association of PI-3 kinase with the N terminal regula-
tory domain of PAK1. We performed an in vitro PI-3 kinase
assay on protein(s) that coprecipitated with the PAK1 frag-
ment (amino acids 67–150) expressed as a GST fusion pro-
tein bound to glutathione agarose. Figure 6B shows that PI-3
kinase activity associated with GST-PBD (amino acids 67–
150), as was indicated by the synthesis of PIP3 in the phos-
phoinositide kinase assay. Negligible activity was found in
the GST control. Additionally, the pattern of PIP3 synthesis
was similar to that observed when the in vitro kinase assay
was performed on anti–PI-3 kinase immune complex (Figure
1A, top panel). The same pattern of PIP3 synthesis was

obtained by the in vitro kinase assay that was performed on
anti-PAK1 immune complex (our unpublished results). To
examine further the specificity of the PI-3 kinase-PBD (ami-
no acids 67–150) interaction, PAK1 was immunoprecipitated
from the remaining cell lysates, obtained after removal of
the GST-PBD, and the nitrocellulose membrane was probed
with an anti–PI-3 kinase(p85) antibody. As shown in Figure
6C (top panel), no association of PI-3 kinase with PAK1 was
observed, indicating that the PI-3 kinase preferentially asso-
ciates with the N terminal regulatory domain of PAK1 to the
region between amino acids 67 and 150. Stripping and rep-
robing of the membrane with an anti-PAK1 antibody con-
firmed the presence of PAK1 in the immunoprecipitates
(Figure 6C, bottom panel). The association of PI-3 kinase
with the PAK1 fragment (amino acids 67–150) confirms that
this association is not mediated by �PIX, because PIX binds
to the fourth PH domain of PAK1 (Manser et al., 1998).

PAK1 Phosphorylates Actin
When PAK1 was immunoprecipitated from cell lysates
(equal amounts of protein) and subjected to immune com-
plex kinase assay, visualization of phosphorylated proteins
by autoradiography revealed that an endogenous phosphor-
ylated protein of 42 kDa coprecipitated with PAK1. Notably,
the phosphorylation of this protein, in response to stimula-
tion with opioids, followed similar kinetics to PAK1 auto-
phosphorylation (Figure 7A). The PAK1-associated protein
Nck was excluded to be the observed phosphorylated pro-
tein because it was recognized by a monoclonal anti-Nck
antibody but in a different position on the nitrocellulose
membrane (our unpublished results). Moreover, Nck was
not phosphorylated under the experimental conditions
used. The 42-kDa protein was identified as actin by immu-
noblotting analysis of the same nitrocellulose membrane in
which the phosphorylated proteins, obtained from PAK1
kinase assay, had been transferred (Figure 7B). It is also
noteworthy that the increase in phosphorylation of actin is
associated with the increase in the amount of actin that
associates with PAK1 (Figure 7, compare A and B). Figure

Table 1. Effect of EKC and �s1-casomorphin on the polymerization state of actin, in the absence or in the presence of the PI-3 kinase inhibitor
wortmannin

Incubation time
(min)

TS/TI actin ratio(fold)

EKC
EKC �
Wortm. �s1-casomorphin

�s1-
casomorphin �

Wortm.

0 1 1 1 1
15 1.64 0.97 2.28 0.98
30 1.94 0.97 2.54 1.03
60 1.58 1.02 2.76 1.04
120 1.53 1.06 1.82 1.02
240 1.25 — 1.36 —
360 1.14 — 1.12 —

Cells were pretreated with wortmannin for 30 min and then stimulated with 10�8 M of either of the two opioids for the indicated times.
Triton-soluble (TS) and Triton-insoluble (TI) actin cytoskeleton fractions were prepared as described in MATERIALS AND METHODS and
analyzed for their content of actin by immunoblotting. Data presented correspond to the -fold TS/TI actin ratio with that of untreated cells,
in each condition, taken as 1. These data are representative of two independent experiments.
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7C shows that preincubation of cells with the PI-3 kinase
inhibitor wortmannin resulted in blockage of the phosphor-
ylation of actin and supports the hypothesis that the later
could serve as a substrate for phosphorylation by PAK1. To
confirm this suggestion, actin was immunoprecipitated from
untransfected cells (Figure 8A) and cells that were trans-
fected either with kinase-dead PAK1(K299R) (Figure 8B) or
with the autoinhibitory domain of PAK1 (PAK1(83–149))
(Figure 8C) and subjected to PAK1 kinase assay. Actin was
also immunoprecipitated from untransfected cells ,and the
autoinhibitory domain of PAK1 (PAK1(83–149)) was added
to the in vitro kinase assay (Figure 8D). In each of the above
conditions cells were incubated for 15 min with either opi-
oid. As shown in Figure 8A (left panel) the increase in the
phosphorylation of actin in untransfected cells was almost
equal to that observed when actin coprecipitated with PAK1
(Figure 7A). Interestingly, opioid agonists failed to enhance
actin phosphorylation in cells expressing the PAK1(K299R)
or PAK1(83–149) as well as when PAK(83–149) was added to
the in vitro kinase assay. These results strongly suggest that
actin served as a substrate for phosphorylation by PAK1 and
not coprecipitated with other kinases.

Long-term Exposure of Cells to Opioids Resulted in
RhoA and LIMK1 Activation

To examine whether the observed microfilament redistribu-
tion was a consequence of the PI-3 kinase-PAK1 interaction
and actin phosphorylation, we further analyzed the actin
repolymerization during the late-phase response of cells to
opioids. As shown in Figure 9, neither membrane ruffles nor
filopodia was observed 4 h after treatment of cells with
opioid agonists. In contrast, the repolymerization of stress
fibers was obvious, and it was almost complete 6 h later.
These morphological observations were further supported
by quantitative immunoblot experiments summarized in
Table 1. Interestingly, opioids failed to enhance the associa-
tion of PI-3 kinase with PAK1 (Figure 10Aa) as well as the
phosphorylation of actin by PAK1 (Figure 10Ab) during the
same time period. In addition, the long-term exposure of
cells to opioids revealed neither Cdc42 or Rac1 activation
nor induction of their expression levels (Figure 10Ac). These
results suggest that the activation of PAK1 via its association
with PI-3 kinase and the consequent actin phosphorylation

Figure 4. The opioid-induced actin
remodeling occurs through a PAK1-
dependent but GTPase-independent
mechanism. (A) Cells were trans-
fected with HA-tagged kinase-dead
PAK1(K299R) and then incubated
with either opioid for 30 min. Trans-
fected cells were identified by dou-
ble immunofluorescence as de-
scribed in MATERIALS AND
METHODS. Cells expressing HA-
tagged PAK1(K299R) are indicated
by an arrowhead; arrows show un-
transfected cells. (B) Cells were
transfected with Myc-tagged domi-
nant-negative Cdc42(T17N) and
then incubated with either opioid for
30 min. Transfected cells were iden-
tified by double immunofluores-
cence as described in MATERIALS
AND METHODS. Cells expressing
Myc-tagged Cdc42(T17N) are indi-
cated by an arrowhead; arrows show
untransfected cells. Magnification,
�400. Similar results were obtained
in three independent experiments.
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may be essential for actin depolymerization and microfila-
ment redistribution.

Because RhoA is a well-characterized Rho GTPase that
triggers the formation of stress fibers (Aspenstrom, 1999),
we performed affinity precipitation experiments with a GST-
fusion protein corresponding to the Rho-binding domain

(RBD) of Rhotekin that specifically binds to and precipitates
the GTP-RhoA from cell lysates (Ren et al., 1999). The pres-
ence of RhoA was assessed with a specific antibody. As
shown in Figure 10B (top panel) no increase of RhoA activity
was observed in cells exposed to opioids for 15 min to 2 h
compared with the control cells. In contrast, RhoA activation

Figure 5. Association of endogenous
PAK1 with PI-3 kinase. (A) Cells were
stimulated with EKC or �s1-casomorphin
for the indicated times and lysed, and
PAK1 was immunoprecipitated (IP) with
rabbit polyclonal anti-PAK1 antibody.
Coimmunoprecipitated PI-3 kinase was
detected by immunoblot (IB) with rabbit
polyclonal anti–PI-3 kinase(p85) antibody
(top panel). Stripping and reprobing of
the nitrocellulose membrane confirmed
that equal amounts of PAK1 protein were
immunoprecipitated in each sample (bot-
tom panel). (B) Cells were transfected
with the Cdc42/Rac1 binding–deficient
PAK1(H83,86L) and then stimulated with
EKC or �s1-casomorphin for the indicated
times. HA-tagged PAK1(H83,86L) was
immunoprecipitated (IP) with mouse
monoclonal anti-HA epitope antibody
and Western blot of immunoprecipitates
was probed (IB) with rabbit polyclonal
anti–PI-3 kinase(p85) antibody (top pan-
el). The blot was stripped and reprobed
with anti-HA antibody to confirm the
presence of PAK1(H83,86L) in the immu-
noprecipitates (bottom panel). (C) Re-
quirement of PI-3 kinase activity for PI-3
kinase–PAK1 interaction. Cells were pre-
treated with Wormannin for 30 min and
then stimulated with 10�8 M EKC or �s1-
casomorphin for the indicated times. Cell
lysates were immunoprecipitated (IP)
with anti-PAK1 antibody, and precipi-
tates were separated by SDS-PAGE, fol-
lowed by transfer to nitrocellulose mem-
brane and immunoblot (IB) with anti–PI-3
kinase(p85) antibody (top panel). The blot
was stripped and reprobed with anti-
PAK1 antibody to confirm the presence of
PAK1 in the immunoprecipitates (bottom
panel). The number below each lane indi-
cates the -fold amount of PI-3 kinase co-
immunoprecipitated with PAK1, with
that of untreated cells taken as 1. The
experiments were repeated five times
with similar results. IgG(H), immuno-
globulin G (heavy chain).
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was triggered by long-term (4 or 6 h) exposure of cells to
opioids. Additionally, RhoA expression was induced during
the late-phase response, whereas at early phase response no
change of RhoA protein expression levels was observed.
(Figure 10B, bottom panel).

To examine whether LIMK1 is activated, we performed an
in vitro kinase assay on anti-LIMK1 immune complexes,

isolated from cells exposed to opioids for the indicated
times, and then the phosphoproteins were visualized by
autoradiography. We observed that, only in cells exposed to
opioids for 4 or 6 h, an endogenous phosphorylated protein
of molecular mass close to that corresponding to cofilin
coprecipitated with LIMK1 (Figure 10C, top panel). Indeed,
this protein was identified as cofilin by immunoblotting

Figure 6. PI-3 kinase preferen-
tially associates with the PAK1-
PBD (amino acids 67–150). (A)
Cells were incubated for the in-
dicated times with EKC, �s1-ca-
somorphin, or PDGF and lysed,
and PAK1 was immunoprecipi-
tated (IP) with the anti-PAK1 an-
tibody. Coimmunoprecipitated
�PIX was detected by immuno-
blotting (IB) with an anti-�PIX
antibody (top panel). The blot
was stripped and reprobed with
anti-PAK1 antibody to confirm
the presence of PAK1 in the im-
munoprecipitates (middle panel).
�PIX was immunodepleted, and
PAK1 was immunoprecipitated
from the remaining cell lysates.
The presence of PI-3 kinase in
PAK1 immunoprecipitates was
assessed by immunoblotting
with the anti–PI-3 kinase(p85)
antibody (bottom panel). (B)
Cells were stimulated with EKC
or �s1-casomorphin for the indi-
cated times. Lysates from un-
treated and opioid-treated cells
were incubated with GST-PBD
(amino acids 67–150), whereas
control lysates were incubated
with GST only bound to glutathi-
one-Agarose beads. Precipitates
were assayed for PI-3 kinase ac-
tivity, as described in MATERI-
ALS AND METHODS, using
PIP2 as substrate. The reaction
products were separated by TLC
and visualized by autoradiogra-
phy. (C) The remaining cell exc-
tracts were reprecipitated (IP)
with anti-PAK1 antibody, and
immunoprecipitates were ana-
lyzed by immunoblotting (IB)
with anti–PI-3 kinase(p85) anti-
body (top panel). The blot was
stripped and reprobed with anti-
PAK1 antibody to confirm the
presence of PAK1 in the immu-
noprecipitates (bottom panel).
The experiments were repeated
four times with similar results.
PIP3, phosphatidylinositol-3,4,5-
trisphosphate; IgG(H), immuno-
globulin G (heavy chain).
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analysis of the same nitrocellulose membrane in which the
phosphorylated proteins, obtained from LIMK1 assay, had
been transferred (Figure 10C, second panel). The presence of
LIMK1 in the immunoprecipitates was confirmed by strip-
ping and reprobing of the nitrocellulose membrane with an
anti-LIMK1 antibody (Figure 10C, bottom panel). It is note-
worthy that we were unable to document an in vivo inter-
action between LIMK1 and PAK1 by coimmunoprecipita-
tion experiments (our unpublished results). These results
confirm that the cytoskeletal changes observed during the
early phase response of cells to opioids depend on actin
phosphorylation by PAK1 because the discontinuance of
actin phosphorylation occurred concomitantly with the be-
ginning of its repolymerization through a distinct signaling
cascade involving RhoA and LIMK1 activation.

DISCUSSION

Previous work has shown that exposure of cells to opioids,
EKC, and �s1-casomorphin results in important modifica-
tions of the actin cytoskeleton (Papakonstanti et al., 1998).
However, it is not known how opioids transmit their signal
leading to alterations in actin cytoskeleton dynamics and cell
morphology. The results of the present study provide an
outline of novel signal transduction events, causing the de-
polymerization of stress fibers and peripheral actin reorga-
nization.

We found that treatment of cells, for 15 min to 2 h, with
two opioid agonists resulted in PI-3 kinase activation, but it
was not followed by Cdc42/Rac or Akt activation. Instead,
the activation of opioid receptors appeared to trigger a

Figure 7. The phosphorylated pro-
tein that was coprecipitated with
PAK1 identified as actin. (A) Cells
were stimulated with EKC or �s1-caso-
morphin for the indicated times and
lysed, and anti-PAK1 immune com-
plexes were assayed for kinase activity
by an in vitro kinase assay as de-
scribed in MATERIALS AND METH-
ODS. The reaction products were sep-
arated by SDS-PAGE and transferred
to nitrocellulose membrane, and phos-
phorylated proteins were visualized
by autoradiography. The number be-
low each lane indicates the -fold auto-
phosphorylation of PAK1 (fold
(PAK1)) or the -fold phosphorylation
of the protein of 42 kDa (fold (42KD)),
with that of untreated cells taken as 1.
(B) The nitrocellulose membrane de-
scribed in the previous panel was im-
munoblotted (IB) with antiactin mAb.
The number below each lane indicates
the -fold amount of actin coimmuno-
precipitated with PAK1, with that of
untreated cells taken as 1. (C) The
phosphorylation of actin by PAK1 was
examined in cells that were pretreated
with wortmannin and then stimulated
with 10�8 M EKC or �s1-casomorphin.
The number below each lane indicates
the -fold phosphorylation of actin,
with that of untreated cells taken as 1.
The experiments were repeated three
to four times with similar results.
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strong kinase activity to exogenous substrates and auto-
phosphorylation of PAK1. This was unexpected because, at
least in the case of G-protein–coupled receptors activation,
PAKs have been shown to be activated by the GTP-bound
forms of Cdc42 or Rac (Daniels and Bokoch, 1999). The
Cdc42/Rac1-independent activation of PAK1 was con-
firmed by the fact that, instead of being attenuated or abol-
ished, PAK1 kinase activity was increased by opioids in cells

expressing the dominant-negative Cdc42(T17N) or
Rac1(T17N) to the same extend as in untransfected cells.
Additionally, our results obtained by immunofluorescence
experiments using the kinase-dead PAK1(K299R) or the
dominant-negative Cdc42(T17N) support the notion that
PAK1 solely was responsible for actin cytoskeleton redistri-
bution induced by opioids. Further support was provided
by the inhibition of PI-3 kinase activity with the specific

Figure 8. In vivo phosphorylation of actin by
PAK1. Cells were incubated for 15 min with
EKC or �s1-casomorphin and lysed, and actin
was immunoprecipitated (IP) with an anti-ac-
tin antibody. The anti-actin immune-com-
plexes were subjected to PAK1 kinase assay,
resolved on SDS-PAGE and transferred to ni-
trocellulose membrane, and the phosphory-
lated actin was visualized by autoradiography
(left panels). The membrane was then immu-
noblotted (IB) with anti-actin mAb (right
panels). The phosphorylation of actin was
examined in untransfected cells (A), in cells
that were transfected with kinase-dead
PAK1(K299R) (B), or with the autoinhibitory
domain of PAK1 (PAK1(83–149)) (C) as well as
in untransfected cells in which the autoinhibi-
tory domain of PAK1 was added directly to the
in vitro kinase assay (D). The number below
each lane indicates the -fold phosphorylation
of actin with that of untreated cells taken as 1.
The experiments were repeated three to four
times with similar results.

Figure 9. Repolymerization of
actin during the late-phase re-
sponse of cells to opioids. Cells
grown on type IV collagen-coated
glass coverslips were incubated for
the indicated times with 10�8 M
EKC or �s1-casomorphin. The re-
organization of filamentous actin
was determined with rhodamine-
phalloidin staining by immunoflu-
orescence microscopy. Magnifica-
tion, �400. Similar results were
obtained in three independent ex-
periments.
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inhibitor wortmannin, which blocked both the activation of
PAK1 kinase and the actin cytoskeleton alterations, includ-
ing depolymerization of stress fibers and cortical actin reor-
ganization. It is well documented that PI-3 kinase can stim-
ulate the small GTPases, which have been implicated in
actin redistribution and PAK1 activation (Hall, 1998) as well

as the serine-threonine kinase Akt, which also promotes the
activation of PAK1 (Tang et al., 2000). Because we found that
neither Cdc42/Rac1 nor Akt were activated under the ex-
perimental conditions used, our data indicate that, actin
alterations should be dependent on PAK1 activation directly
via PI-3 kinase. This suggests a close correlation between

Figure 10. Long-term exposure
of cells to opioids resulted in
RhoA and LIMK1 activation. (A)
Discontinuance of PAK1-PI-3 ki-
nase interaction and actin phos-
phorylation during the late-
phase response of cells to
opioids. (a) Cells were incubated
for the indicated times with EKC
or �s1-casomorphin and lysed,
and PAK1 was immunoprecipi-
tated (IP) with rabbit polyclonal
anti-PAK1 antibody. Coimmuno-
precipitated PI-3 kinase was de-
tected by immunoblotting (IB)
with rabbit polyclonal anti–PI-3
kinase(p85) antibody. (b) Anti-
PAK1 immune complexes were
subjected to an in vitro kinase
assay, resolved on SDS-PAGE
and transferred to nitrocellulose
membrane, and the phosphory-
lated actin was visualized by au-
toradiography. (c) Lysates from
TNF-� (100 ng/ml, 10 min)-
treated cells, and lysates from
untreated, EKC-, or �s1-casomor-
phin–treated cells were affinity
precipitated (AP) with GTP-PBD
bound to glutathione-Agarose
beads. Precipitated GTP-Cdc42
or GTP-Rac1 was detected by im-
munoblotting (IB) with anti-
Cdc42 or anti-Rac1 antibody, re-
spectively (top two panels).
Equal amount of proteins (100
�g) of TNF-�–treated or un-
treated and opioid-treated cells
were subjected to SDS-PAGE,
transferred to nitrocellulose
membrane, and immunoblotted
(IB) with monoclonal anti-Cdc42
or anti-Rac1 antibody, respec-
tively (bottom two panels). (B)
Lysates from EKC- or �s1-caso-
morphin–treated cells were affin-
ity precipitated (AP) with GTP-
RBD bound to glutathione-
Sepharose beads. Precipitated
GTP-RhoA was detected by im-
munoblotting (IB) with anti-
RhoA antibody (top panel).
Equal amount of proteins (100
�g) of untreated and opioid-treated cells were subjected to SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted (IB) with
monoclonal anti-RhoA antibody (bottom panel). (C) Phosphorylation of endogenous cofilin by LIMK1. Cells were stimulated with EKC or
�s1-casomorphin for the indicated times and lysed, and anti-LIMK1 immune complexes were assayed for kinase activity by an in vitro kinase
assay as described in MATERIALS AND METHODS. The reaction products were separated by SDS-PAGE and transferred to nitrocellulose
membrane, and a phosphorylated protein that coimmunoprecipitated with LIMK1 was visualized by autoradiography (top panel). The
membrane was then immunoblotted (IB) with a rabbit polyclonal anticofilin antibody (second panel) or stripped and reprobed with a goat
polyclonal anti-LIMK1 antibody (bottom panel). The experiments were repeated three times with similar results. IgG(H), immunoglobulin
G (heavy chain).
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PI-3 kinase and PAK1 activity and provides evidence for an
alternative pathway for PAK1 activation that bypasses
Cdc42/Rac1 and Akt. Indeed, we showed a PI-3 kinase-
PAK1 interaction that is localized in the PAK1 N terminus to
the region between amino acids 67 and 150, which contains
the p21-binding domain (amino acids 67–86) and the auto-
inhibitory regulatory domain (amino acids 83–149). The as-
sociation of PI-3 kinase with the PAK1(H83,86L) mutant,
which is defective in Cdc42 and Rac1 binding (Sells et al.,
1997), excludes the possibility that this association occurs
indirectly by the concomitant association of undetectable
amounts of the small GTPases. The increase in PI-3 kinase
activity was found to associate with an increase in the
amount of PI-3 kinase that coprecipitates with PAK1. More-
over, the observed interaction between PI-3 kinase and
PAK1 was dependent on the PI-3 kinase activity, because
pretreatment of cells with the PI-3 kinase inhibitor wortman-
nin disrupted the interaction between PAK1 and PI-3 kinase
as well as abolished the activation of PAK1. Thus, the results
described above could mean one of the following: first,
PAK1 kinase activity is directly dependent on the PAK1-PI-3
kinase interaction, although the mechanism by which this
could occur is not yet understood. Second, PI-3 kinase
through its association with PAK1 regulatory domain (ami-
no acids 67–150) regulates PAK1 activity and the consequent
effects of the latter on microfilament distribution. Experi-
mental evidence consistent with this hypothesis is provided
by our results obtained during the long-term exposure of
cells to opioids. The association of PI-3 kinase with PAK1 as
well as PAK1 activity was abolished after 4- and 6-h incu-
bation of cells with opioids remaining at basal levels. Addi-
tionally, at this time frame the actin microfilaments and cell
morphology had been almost restored to control levels, in-
dicating that the interaction of PI-3 kinase with PAK1 (ami-
no acids 67–150) could account for the regulation of PAK1
activity and its effects on actin. This means that the associ-
ation of PI-3 kinase with PAK1 may be the signal for PAK1
activation, and consequently, the dissociation of PI-3 kinase
from PAK1 may be the signal for inactivation of PAK1. A
third hypothesis is that the association of PI-3 kinase with
PAK1 could facilitate the interaction of PI-3 kinase or PAK1
with other molecules that subsequently promote PAK1 ac-
tivity. Recently, it was demonstrated that PAK-interacting
exchange factor (PIX), which binds to the fourth proline-rich
domain in the N-terminus of PAK (Manser et al., 1998), can
regulate PAK activity both, by catalyzing GTP exchange on
Cdc42/Rac and by direct binding to PAK independently of
GTPase activity (Daniels et al., 1999). alphaPIX (�PIX) has
been also shown to be activated upon binding of the lipid
product (PI-3,4,5-P3) of PI-3 kinase to the PH domain of
�PIX, leading to Cdc42/Rac1 activation, which then activate
PAK (Yoshii et al., 1999). In the present study we found that
PAK1 does not associate with �PIX, under the experimental
conditions used, indicating that �PIX is not involved in
PAK1 activation. However, the association of PI-3 kinase
with PAK1 could facilitate the interaction of PAK1 with
other signaling molecules or with lipid species in the cell
membrane that has been shown to increase PAK1 activity
(Daniels and Bokoch, 1999).

Our findings also provide evidence that actin is a novel
downstream target of PAK1. Treatment of cells, for 15 min to
2 h, with either opioid agonists resulted in phosphorylation

of actin that was coprecipitated with PAK1. Actin phosphor-
ylation was not observed when actin was immunoprecipi-
tated from cells that had been transfected with the kinase-
dead PAK1(K299R) or with the autoinhibitory domain of
PAK1 (PAK1(83–149)), providing strong evidence that other
kinases than PAK1 in actin phosphorylation could not be
expected. Moreover, the phosphorylation of actin was com-
pletely blocked when actin was immunoprecipitated from
untransfected cells and the autoinhibitory domain of PAK1
(PAK1(83–149)) was added to the kinase assay. Finally, the
phosphorylation of actin by kinases that were activated
downstream of PAK1 cannot be supported by our experi-
mental findings because such kinases were not detected in
autoradiography of PAK1 immunoprecipitates. The obser-
vation that expression of kinase-dead PAK1(K299R) resulted
in the inhibition of both actin phosphorylation and micro-
filament redistribution support a physiological role of
PAK1-induced actin phosphorylation to actin fiber disas-
sembly. Moreover, exposure of cells for 4–6 h to opioids
resulted in the reformation of stress fibers and restoration of
actin microfilaments to control levels while concomitantly,
at these time intervals PAK1 activation as well as actin
phosphorylation were discontinued. These findings suggest
that the phosphorylation of actin by PAK1 is a physiologi-
cally relevant event and support the notion that PAK1 could
directly induce the disassembly of stress fibers and reorga-
nization of peripheral actin by phosphorylation of actin
itself. Although the serine residue(s) that is phosphorylated
in actin molecule remains to be localized in future studies,
the above findings suggest that the association of PAK1 with
actin is a dynamic process. Because actin phosphorylation is
involved in the actin filament dynamics and actin polymer-
izability and reorganization (Ohta et al., 1987; Carlier, 1993;
Jungbluth et al., 1995), our findings concerning actin phos-
phorylation by PAK1 may be of functional significance.
Indeed, phosphorylated actin could function as a specific
binding site for other proteins that are present in membrane
ruffles and could also become phosphorylated on both
serine/threonine and tyrosine residues. On the other hand,
there is evidence that PAK1 can regulate the actin-myosin
cytoskeleton by phosphorylating specific substrates. Thus, it
can modulate cell contractility through phosphorylation and
inhibition of myosin-light-chain kinase (Sanders et al., 1999).
Our findings could also explain the effect of EGF on actin
cytoskeleton. EGF-receptor tyrosine kinase activation has
been shown to induce actin phosphorylation on serine res-
idues, suggesting that actin is not a direct substrate of the
EGF-receptor but more likely of a downstream kinase (Van
Delft et al., 1995), because it is well known that EGF stimu-
lation leads to activation of PAK1 kinase and redistribution
of actin (Tanaka et al., 1995).

Exposure of cells for 4–6 h to opioid agonists resulted in
RhoA activation and LIM-kinase 1 (LIMK1) stimulation,
because it was documented by phosphorylation of cofilin.
Instead, we were unable to document a direct interaction of
LIMK1 with PAK1, which indicates that LIMK1 phosphor-
ylates cofilin under the control of Rho. It is well known that
LIMKs specifically phosphorylate cofilin, an actin-binding
protein that promotes the disassembly of actin filaments, but
there are contradictory data with respect to upstream sig-
naling events. According to a proposed mechanism the ac-
tivity of LIMK1 is regulated by Rac, whereas that of LIMK2
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is regulated by Rho and Cdc42 (Arber et al., 1998; Yang et al.,
1998; Sumi et al., 1999). According to another mechanism
PAK1 binds to and phosphorylates LIMK1, and this associ-
ation is enhanced by activated Rac or Cdc42 (Edwards et al.,
1999). Our data seem to agree with a third proposed mech-
anism according to which LIMK1 and LIMK2 are phosphor-
ylated and activated by the Rho-dependent protein kinase
(Maekawa et al., 1999). However, the reformation of actin
stress fibers and microfilament reorganization could be the
combined result of the inhibition of actin phosphorylation
by PAK1; the activation of RhoA, which mediates the for-
mation of cytoskeletal stress fibers; and the cofilin phosphor-
ylation, which thus becomes inactivated and inhibits its
actin-depolymerizing and severing activity.

To conclude, our results define a signal transduction path-
way for transmission of extracellular signals to the actin
cytoskeleton through PAK1 activation by a Cdc42/Rac1-
independent mechanism: PAK1 associates with the acti-
vated PI-3 kinase and subsequently autophosphorylates and
increases its kinase activity to exogenous substrates. PAK1
might be activated, directly or indirectly, via its binding to
PI-3 kinase, and in turn it phosphorylates actin, causing
dissolution of stress fibers and redistribution of microfila-
ments. In a second phase, which represents an essential
control point, the association of PAK1 with PI-3 kinase as
well as the phosphorylation of actin are discontinued while
concomitantly, RhoA is activated and LIMK1 catalyzes the
phosphorylation and consequent inactivation of cofilin, re-
sulting in reformation of stress fibers and decreased depo-
lymerization of F-actin.
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