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The precise temporal-spatial regulation of the p21-activated serine-threonine kinase PAK at the
plasma membrane is required for proper cytoskeletal reorganization and cell motility. However,
the mechanism by which PAK localizes to focal adhesions has not yet been elucidated. Indirect
binding of PAK to the focal adhesion protein paxillin via the Arf-GAP protein paxillin kinase
linker (PKL) and PIX/Cool suggested a mechanism. In this report, we demonstrate an essential
role for a paxillin-PKL interaction in the recruitment of activated PAK to focal adhesions. Similar
to PAK, expression of activated Cdc42 and Racl, but not RhoA, stimulated the translocation of
PKL from a generally diffuse localization to focal adhesions. Expression of the PAK regulatory
domain (PAK1-329) or the autoinhibitory domain (AID 83-149) induced PKL, PIX, and PAK
localization to focal adhesions, indicating a role for PAK scaffold activation. We show PIX, but not
NCK, binding to PAK is necessary for efficient focal adhesion localization of PAK and PKL,
consistent with a PAK-PIX-PKL linkage. Although PAK activation is required, it is not sufficient
for localization. The PKL amino terminus, containing the PIX-binding site, but lacking paxillin-
binding subdomain 2 (PBS2), was unable to localize to focal adhesions and also abrogated PAK
localization. An identical result was obtained after PKLAPBS2 expression. Finally, neither PAK
nor PKL was capable of localizing to focal adhesions in cells overexpressing paxillinALD4,
confirming a requirement for this motif in recruitment of the PAK-PIX-PKL complex to focal
adhesions. These results suggest a GTP-Cdc42/GTP-Rac triggered multistep activation cascade
leading to the stimulation of the adaptor function of PAK, which through interaction with PIX
provokes a functional PKL PBS2—paxillin LD4 association and consequent recruitment to focal
adhesions. This mechanism is probably critical for the correct subcellular positioning of PAK,
thereby influencing the ability of PAK to coordinate cytoskeletal reorganization associated with

changes in cell shape and motility.

INTRODUCTION

Controlled cell adhesion is a process fundamental to normal
physiological cell, tissue, organ, and organism development;
maintenance; and repair and function, whereas dysregulation
contributes to pathophysiological conditions, including inflam-
mation, hypertrophy, tumorigenesis, and metastasis (Schwartz
et al., 1995; Aplin et al., 1999). Integrins are the primary medi-
ators of cell adhesion to the extracellular matrix and function-
ally couple to and transmit signals bidirectionally through the
actin cytoskeleton via specialized but dynamic assemblies of
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proteins called focal complexes, contacts, or adhesions (Jock-
usch et al., 1995; Sastry and Burridge, 2000).

Growth factor receptors and integrins cooperate to pro-
vide cues that direct and adjust many complex cell behav-
iors, primarily through the regulation of the discrete archi-
tecture of the focal contact (Rozengurt, 1995; Schwartz and
Baron, 1999). This process is governed largely by the precise
temporal and spatial modulation of small GTPases of the
Rho family (Hotchin and Hall, 1995; Nobes and Hall, 1995,
1999; Van Aelst and D’Souza-Schorey, 1997; Hall, 1998).
Several downstream effectors of Rho family members have
been identified and networks of protein interaction charac-
terized, providing insight into the fine control cells have
developed to regulate the fundamental processes of adhe-
sion and motility in response to environmental signals (Bish-
op and Hall, 2000; Schmitz et al., 2000).
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Paxillin is a cytoskeletal adaptor protein that functions as
a molecular scaffold for protein recruitment to focal adhe-
sions and thereby facilitates protein networking and efficient
signal transmission (Turner, 1998, 2000a,b). Through the
multiple SH2- and SH3-binding domains, LIM, and LD mo-
tifs that comprise paxillin, this molecule is known to interact
with the signaling proteins Crk, Src, Csk, FAK, Pyk2, ILK,
and PTP-PEST, as well as the structural proteins vinculin,
actopaxin, and tubulin (Turner, 2000a,b). Cell adhesion, mo-
tility, and differentiation are influenced by the phosphory-
lation status of paxillin (Brown ef al., 1998; Sastry et al., 1999;
Turner et al., 1999; Nikolopoulos and Turner, 2000; Petit et
al., 2000). In addition, we recently identified a GIT2 Arf-GAP
family member, paxillin kinase linker (PKL), that interacts
with the paxillin LD4 motif and is involved in cytoskeletal
remodeling events associated with matrix and growth factor
engagement (Turner et al., 1999). PKL is a member of a large
family of Arf-GAP-containing proteins, including GIT1/
CAT/APP1, ASAP, ACAP, PAP, and the centaurins
(Donaldson and Jackson, 2000; Jackson et al., 2000a,b; Pre-
mont et al., 2000; Turner, 2000a; Turner ef al., 2001). PKL was
originally defined as a functional link between paxillin and
the p2l-activated kinase (PAK) through the intermediary
Cool/PIX Cdc42/Rac guanine nucleotide exchange factor
(GEF) (Turner et al., 1999).

PAK has been implicated as a major translation point in
Cdc42 and Rac signaling to the cytoskeleton and nucleus
(Manser and Lim, 1999). Structurally, PAK is comprised of
an amino-terminal scaffold domain containing the hallmark
Cdc42/Rac p21-binding domain (PBD) and several proline-
rich SH3-binding motifs that mediate binding to the SH3-
SH2 adaptor NCK (Bokoch et al., 1996; Galisteo et al., 1996) as
well as the Cool/PIX family (Bagrodia et al., 1998; Manser et
al., 1998). The PAK carboxyl terminus contains the serine/
threonine kinase domain (Knaus and Bokoch, 1998; Bagro-
dia and Cerione, 1999). Functionally, constitutive PAK ki-
nase activity causes disassembly of RhoA focal adhesions
and actin stress fibers (Manser et al., 1997; Frost et al., 1998;
Zhao et al., 1998), whereas the amino-terminal scaffold re-
gion is involved in focal complex formation and membrane
ruffling (Sells et al., 1997; Daniels et al., 1998; Obermeier et al.,
1998). Recent crystallographic data reveal that PAK proba-
bly exists as an autoinhibited inactive dimer with a kinase
inhibitory segment obscuring the catalytic domain (Lei et al.,
2000; Buchwald et al., 2001). On GTP-Cdc42 or Rac binding
to the PBD, a multistage activation switch is triggered, re-
sulting in dimer dissociation, conformational opening of the
molecule, autophosphorylation, and full kinase activation
(Lei et al., 2000; Buchwald et al., 2001).

Proper regulation of PAK activity and compartmentaliza-
tion are essential to effect appropriate signaling in response
to cell activation, thus it is not surprising that PAK activa-
tion is complex (Manser and Lim, 1999). NCK and PIX
binding have been shown to regulate transient PAK local-
ization to the membrane (Lu et al., 1997; Sells et al., 1997),
with PIX binding being necessary for PAK localization to
Cdc42 focal complexes (Manser et al., 1998). The PKL-related
protein GIT1 has recently been suggested to participate in
PAK recruitment to focal complexes to facilitate focal adhe-
sion disassembly (Zhao et al., 2000b). However, the precise
mode of PAK delivery to focal adhesions is as-yet unknown.
The identification of PKL suggested a mechanism for the
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recruitment of PAK and PIX to focal adhesions (Turner et al.,
1999). We have observed that expression of paxillin lacking
the LD4 motif, and thereby unable to recruit a PAK-PIX-
PKL complex to focal contacts, results in increased mem-
brane protrusion, cell spreading, and random motility asso-
ciated with persistent Rac activation (West ef al., 2001). In the
present study, we identify and characterize a paxillin-de-
pendent mechanism of PKL and PAK localization to focal
adhesions. Furthermore, this localization is dependent upon
Cdc42/Rac activation of the adaptor function of PAK, which
through PIX interaction leads to an “unmasking” of the PKL
paxillin-binding subdomain 2 (PBS2) and consequent re-
cruitment of the PAK-PIX-PKL complex to focal adhesions
through a paxillin LD4 motif association. The recruitment of
this complex to focal adhesions may be required for both the
PAK kinase-dependent role in directional motility as well as
a transition from a Rac to a Rho phenotype that is associated
with normal cell spreading.

MATERIALS AND METHODS

Plasmids and Antibodies

Plasmids encoding avian PKL WT (aa 1-757), N-term (aa 1-576),
C-term (aa 448-757), APBS2 (aa 643-679) cloned into pEGFPC1
(CLONTECH, Palo Alto, CA), and pcDNA3 WT avian paxillin-a
were generated as described previously (Turner and Miller, 1994;
Turner et al., 1999). Murine WT Pak3 subcloned into pJ3H and
myc-tagged human Cool-1 (B-PIX) and Cool-2 (a-PIX) pcDNA3
vectors were generous gifts from Rick Cerione (Cornell University,
Ithaca, NY). The myc-tagged human Pakl WT and Pakl T423E in
pCMV6 M, pEGFPC1-Pakl 83-149 (autoinhibitory domain, AID)
and pEGFPC1-Pakl 83-149 L107F were generous gifts of Jonathan
Chernoff (Fox Chase Cancer Center, Philadelphia, PA). pPCMV6 M
Pakl 1-329, 1-329 P13A, and 1-329 P191G/R192A were generated
using the QuikChange mutagenesis kit and sequenced in their
entirety at the Cornell BioResource Center (Ithaca, NY). The myc-
tagged V12 Cdc42hs pCMV, WT and V12 Racl and V14 RhoA pEXV
vectors were provided by Marc Symons (Picower Institute for Med-
ical Research, Manhasset, NY) and subcloned into pcDNA3.

Primary antibodies used in this study include paxillin-specific
monoclonal antibody 165 and polyclonal avian-specific paxillin an-
tiserum Pax1l (Turner and Miller, 1994); anti-PKL (developed in
collaboration with Transduction Laboratories, Lexington KY); anti-
Crk (Transduction Laboratories); and anti-myc 9E10 (developed by
J. Michael Bishop and maintained at the Developmental Studies
Hybridoma Bank, Department of Biological Sciences, University of
Iowa, Iowa City, IA) monoclonal antibodies; goat polyclonal anti-
B-PIX (L-17; Santa Cruz Biotechnology, Santa Cruz, CA); and anti-
green fluorescent protein (GFP) generously provided by Pam Silver
(Dana-Farber Cancer Institute, Boston, MA).

Secondary antibodies for immunofluorescence were rhodamine
(tetramethylrhodamine B isothiocyanate)-conjugated AffiniPure
donkey anti-rabbit (711-025-152) or anti-mouse (715-025-150) IgG
(H+L) (Jackson Immunoresearch Laboratories, West Grove, PA); or
for triple labeling, Alexa Fluor 350 goat anti-mouse IgG (H+L)
(A-21049; Molecular Probes, Eugene, OR). For Western immuno-
blotting, affinity-isolated horseradish peroxidase-conjugated goat
anti-rabbit IgG whole molecule (A6154) or goat anti-mouse IgG
whole molecule (A4416) was from Sigma-Aldrich (St. Louis, MO),
and donkey anti-goat IgG horseradish peroxidase was from Santa
Cruz Biotechnology.

Cell Culture and Transfection

CHO.K1 cells were cultured in modified Ham’s F-12 (Mediatech,
Herndon, VA) supplemented with 10% (vol/vol) heat-inactivated,
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certified fetal bovine serum (Atlanta Biologicals, Norcross, GA), 50
U/ml penicillin, and 50 pg/ml streptomycin (complete medium) at
37°C in a humidified chamber with 5% CO,. CHO.K1 paxillinALD4
cell cultures were supplemented with 500 ng/ml G418 (Mediatech).
Cells were transfected using FUuGENE 6 (Roche Applied Science,
Indianapolis, IN). Briefly, cells at a density of 4 X 10° cells/100-mm
dish were plated in complete medium on ethanol-washed glass
coverslips coated with 10 ug/ml fibronectin and bovine serum
albumin blocked (Brown et al., 1996). After 12-15 h, a 100-ul mixture
of 5 ul of FUuGENE 6 and 2 ug of total plasmid DNA (when
necessary, p)cDNA3.1 HisLacZ was used to bring total DNA to 2 pg)
in antibiotic-free /serum-free Ham’s F-12 was added to coverslips in
six-well dishes containing 2 ml of complete medium. After a 12-15-h
incubation coverslips were removed and processed for microscopy.

Immunofluorescence Microscopy

Cells on glass coverslips (Assistant-brand 12 mm; Carolina Biolog-
ical Supply, Burlington, NC) were fixed for 8 min with 3.7% form-
aldehyde in phosphate-buffered saline, washed for 10 min with
Tris-buffered saline (TBS), and permeablized for 2 min in 0.2%
Triton X-100 in TBS followed by washing for 10 min in TBS. Cov-
erslips were incubated for 2 h at 37°C with primary antibody that
had been diluted in TBS containing 3% bovine serum albumin and
0.05% Tween 20. After a 10-min wash in TBS, coverslips were
incubated for 45 min with secondary antibody or rhoda-
mine-phalloidin diluted into TBS.

Indirect immunofluorescence photomicrographs were generated
with a Spot RT-slider charge-coupled device camera (Diagnostic
Imaging, Livingston, Scotland) attached to a Zeiss Axiophot micro-
scope (Carl Zeiss, Thornwood, NY) fitted with a 63X Neo-fluar oil
immersion objective and a 50-W mercury lamp. Images were pro-
cessed using Spot V3.0 software and Adobe Photoshop (Adobe
Systems, San Jose, CA). For quantitation of PKL and PAK focal
contact localization, 150-200 cotransfected cells were counted in at
least three independent experiments.

Western Immunoblotting

CHOK1 transfectants, grown on 100-mm dishes in complete me-
dium, were lysed in 1 ml of lysis buffer (10 mM Tris-HCl pH 7.6, 100
mM NaCl, 1% Triton X-100, 0.1% deoxycholate, 1 mM EDTA). After
a4°C 14,500 X g centrifugation step, ectopically expressed GFP-PKL
was immunoprecipitated on a Labquake rotator for 1 h at 4°C from
400 pg of protein by using anti-GFP antibody and protein A-G
agarose (Santa Cruz Biotechnology). The immunoprecipitates were
boiled in dithiothreitol-based 2X SDS-PAGE buffer, the proteins
separated on 12.5% SDS-PAGE mini-gels, transferred to 0.45-um
Immobilon-NC (Millipore, Bedford, MA), and blotted with appro-
priate antibodies and protein signals detected using the ECL system
(Amersham Biosciences, Piscataway, NJ). To characterize partition-
ing between Triton X-100-soluble and —insoluble fractions, lysates
were prepared as described above in a volume of 500 ul. For the
soluble fraction, 50 ul of the supernatant was made to 1X SDS-
PAGE sample buffer. The pellet was resuspended in 500 ul of 1X
SDS-PAGE and sheared with a 22-gauge needle to generate the
insoluble fraction. Equivalent proportions of the soluble and insol-
uble fractions were processed for immunoblotting as described
above.

RESULTS

Cdc42 and Racl, but Not RhoA, Stimulate PKL
Focal Adhesion Localization

We have previously suggested that PKL may mediate the
localization of PAK and PIX to focal adhesions through PIX
binding to PKL and subsequent PKL binding to paxillin LD4
(Turner et al., 1999; West et al., 2001). However, in contrast to
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paxillin, which is generally considered to be a resident focal
adhesion protein, PAK is enriched in Cdc42 focal complexes
and Rac focal contacts, but is absent from Rho focal adhe-
sions (Manser et al., 1997). We examined the capacity of PKL
localization to focal adhesions to be similarly regulated at
the level of Rho family p21 activity. Nontransfected CHO.K1
cells showed primarily a diffuse cytoplasmic PKL staining,
whereas cotransfection of constitutively active myc-
Cdc42Hs with GFP (to identify transfectants) resulted in
robust localization of endogenous PKL to peripheral focal
complexes (Figure 1, top). In contrast, paxillin was localized
to focal adhesions in all cells, as well as enriched at Cdc42-
stimulated peripheral complexes (Figure 1, top). Rhodamine
phalloidin and myc staining of active Cdc42/GFP transfec-
tants confirmed phenotypic effects on the organization of the
actin cytoskeleton and expression of the active p21 GTPases,
respectively (Figure 1, top). Expression of constitutively ac-
tive myc-Racl caused significant membrane ruffling and
translocation of endogenous PKL to focal adhesions (Figure
1, middle). However, constitutively active myc-RhoA was
unable to support the localization of PKL to focal adhesions,
whereas paxillin was clearly enriched in the more numerous
and larger focal adhesions at the ends of robust actin stress
fibers generated in the active RhoA transfectants (Figure 1,
bottom). Examination of Triton X-100-soluble vs. —insoluble
CHOK1 fractions revealed that expression of active Racl
and to a lesser extent active Cdc42, but not RhoA or B-gal
control, increased the amount of endogenous PKL, ectopic
GFP-PKL, and paxillin in the insoluble fraction (Figure 2).
Crk distribution served as a negative control. These data are
consistent with PKL translocation to focal adhesions as
shown by immunofluorescence (Figure 1). We conclude that
the temporal and spatial localization of PKL to focal adhe-
sions requires an identical pattern of p21 GTPase activation
as described previously for PAK (Manser ef al., 1997).

Regulation of PKL Focal Adhesion Localization
by PAK

PAK is a primary downstream effector of Cdc42 and Rac;
thus, the capacity of PKL localization to be regulated by
PAK was examined. CHO.K1 cells were transfected with
GFP. PKL was diffusely distributed within both GFP-trans-
fected cells and nontransfectants (Figure 3A, a). Expression
of myc-tagged-WT PAK1 or WT PAK3 in CHO.K1 cells
resulted in only a very modest stimulation (2-3% of trans-
fectants) of endogenous PKL focal adhesion localization
(Figure 3A, c), perhaps due to a lack of PAK activation (Sells
et al., 1997,1999). To determine whether the catalytic activity
or the amino-terminal regulatory/scaffold domain of PAK
regulated PKL focal adhesion localization, CHO.K1 cells
were transfected with myc-PAK1 T423E, a constitutively
active form, or with GFP-PAK1 83-149, the kinase AID of
PAK, that eliminates PAK autophosphorylation and full
activation (Frost et al., 1998; Zhao et al., 1998; Zenke et al.,
1999). Expression of PAK1 T423E was ineffective at inducing
PKL focal adhesion localization (Figure 3A, e). However,
expression of GFP-AID in CHOX1 cells resulted in the
induction of endogenous PKL localization to focal adhesions
in 90% of transfectants (Figure 3A, g). A similar effect of AID
expression has been described for the PKL-related Arf-GAP
family member GIT1 in HeLa cells (Zhao et al., 2000b),
suggesting a generalized mechanism for the regulation of
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Figure 1.

PAK and PKL Focal Adhesion Localization

Paxillin Actin

Myc-p21

Induction of PKL focal adhesion localization by activated Cdc42 and Racl, but not RhoA. CHO.K1 cells were cotransfected with

myc-tagged V12Cdc42 (top), V12Racl (middle), or V14RhoA (bottom) and GFP. Immunofluorescence analysis was performed to examine the
effects of active p21 expression on endogenous PKL subcellular localization. GFP was cotransfected to identify transfectants. In addition,
paxillin localization, actin organization, and ectopic myc-p21 expression was examined in GFP and p21 cotransfectants; 75 = 8% (n = 3) of
active Cdc42 and 90 = 6% (n = 3) of active Racl transfected cells revealed PKL in focal adhesions, whereas PKL within active RhoA
transfected cells was primarily diffuse. Transfectants were determined by GFP expression; colabeling is only shown for PKL immunostaining.

PKL/GIT family Arf-GAP localization. Expression of GFP-
AID L107F, which is inactive, failed to induce PKL localiza-
tion to focal adhesions (Figure 34, i).

If PAK is mediating the localization of PKL to focal adhe-
sions, the intermediary PIX/Cool should show a similar
localization. Currently available PIX antibodies were unsuit-
able for immunofluorescence analysis of endogenous PIX,
thus myc-tagged Cool-1/B-PIX or myc-Cool-2/a-PIX was
used. Neither myc-Cool-1/B-PIX or myc-Cool-2/a-PIX was
found to localize to focal adhesions in spread CHO.K1 cells
as examined by cotransfection with GFP (Figure 3B, a and e).
However, cotransfection with GFP-AID triggered focal ad-
hesion localization of these PAK- and PKL-binding proteins
(Figure 3B, c and g), similar to PKL (Figure 3A, g). These
data implicate the amino-terminal regulatory /scaffold func-
tion of PAK, rather than the catalytic activity, in controlling
PKL focal adhesion localization.

Role for PAK Scaffold Domain in PKL Localization

Previous studies have demonstrated that expression of the
amino-terminal regulatory domain of PAK, in the absence of
the catalytic domain and thus conformational repression,
results in constitutive focal adhesion localization of this
region of PAK (Manser et al., 1997). To confirm a role for the
amino-terminal scaffold function of PAK in PKL targeting to
focal adhesions we transfected CHO.K1 cells with a myc-
PAK1 construct encompassing aa 1-329 (PAK1-329) con-
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Figure 2. Cdc42 and Racl stimulate PKL transition to a Triton
X-100-insoluble fraction. The subcellular distribution of PKL was
examined in cells expressing active Cdc42, Racl, or RhoA. Overex-
pression of Cdc42 and Racl but not RhoA stimulated an increase in
both endogenous PKL and ectopic GFP-PKL detected within Triton
X-100 detergent-insoluble (I) cell fractions consistent with a trans-
location of PKL to focal adhesions in these cells (Figure 1). Similarly,
a shift in paxillin, Cdc42, and Racl, but not RhoA or the SH2-SH3
adaptor protein Crk, to the detergent insoluble fraction was de-
tected.

1553



M.C. Brown et al.

Myc-Cool/PIX

Cool2 Cool1+AID Cool1

Cool2+AID

[V
~
(@]
O
a
<C

Figure 3. Role for PAK scaffold function in the stimulation of PKL focal adhesion localization. (A) CHO.K1 cells were transfected with GFP
only (a and b) or WT PAKI1 and GFP (to identify cotransfectants, ¢ and d) followed by examination of endogenous PKL (a and c) by
immunofluorescence microscopy; 2 = 1% (n = 3) of WT PAK1 (c) and 3.75 + 2.5% (n = 3) of WT PAKS3 (our unpublished data) transfectants
showed PKL in focal adhesions vs. none with GFP alone (a). Constitutively active PAK1 T423E expression did not stimulate PKL focal
adhesion localization (e). However, expression of GFP-AID (g and h) but not inactive GFP-AID L107F (i and j) resulted in the induction of
endogenous PKL localization to focal adhesions (g) in 90 * 6.5% (n = 5) of transfectants. (B) Cool1-2/Ba-PIX localize to focal adhesions upon
GFP-AID expression. CHO.K1 cells were cotransfected with myc-Cool-1/p-PIX and GFP (a and b), myc-Cool-2/a-PIX and GFP (e and f),
myc-Cool-1/B-PIX and GFP-AID (c and d), or myc-Cool-2/a-PIX and GFP-AID (h and i) followed by immunofluorescence examination of
myc-Cool localization.
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Figure 4. Scaffold domain of PAK trig-
gers PKL and PAK focal adhesion local-
ization. (A) GFP-WT PKL (a) and myc-
PAK1-329 (b) were cotransfected into
CHOK1 cells and focal adhesion local-
ization observed by immunofluores-
cence microscopy; 86 * 9% (n = 5) of
transfectants showed PAK and PKL in
focal adhesions. GFP-WT PKL (c) colo-
calizes with paxillin within focal adhe-
sions (d) when coexpressed with
PAK1-329. (B) GFP-WT PKL and myc-
PAK1-329 colocalize (white) with pax-
illin within focal adhesions in CHO.K1
(a and b). The cell at the bottom right
with red focal adhesion staining (a) is
expressing only WT avian paxillin.

taining the NCK- and PIX-binding sites but lacking the
kinase domain. Cells were cotransfected with PAK1-329 and
GFP full-length wild-type PKL (GFP-PKL) to allow for co-
incident examination of subcellular localization (Figure 4A).
WT PKL and PAK1-329 colocalized to focal adhesions in
86% of cotransfectants (Figure 4A, a and b) confirming the
importance of the PAK amino-terminal scaffold function in
mediating PKL focal adhesion localization. GFP-PKL (Figure
3A, ¢) also colocalized with paxillin (Figure 4A, d) when
cotransfected with PAK1-329. That these three proteins co-
localize was substantiated as evidenced by the white focal
adhesions generated by colocalization visualized through
three-channel microscopy performed by cotransfecting
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GFP-PKL

MYC-PAK 1-329

GFP-PKL ik PAXILLIN

CHOKT1 cells with GFP-PKL (green), PAK1-329 (blue), and
WT avian paxillin (red) (Figure 4B, a and b).

PIX, but Not NCK Binding to PAK, Is Required for
PKL and PAK Localization to Focal Adhesions

NCK-PAK-PIX-PKL interact in a linear array (Turner et al.,
1999). The capacity of the PAK amino terminus to stimulate
de novo localization of PKL to focal adhesions raises the
question as to whether NCK or PIX binding to PAK are
necessary for this effect. A role for NCK binding in the
localization of PAK1-329 and PKL to focal adhesions was
examined after cotransfection of GFP-WT PKL with a myc-
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GFP-PKL +
MYC-PAK 1-329 (NCK-)

GFP-PKL

GFP-PKL +
MYC-PAK 1-329 (PIX-)

GFP-PKL

GFP-PKL +
MYC-PAK 1-329 (PIX-)

PAK1-329/P13A (NCK—) mutant, a mutation that has been
shown previously to eliminate NCK binding (Bokoch et al.,
1996; Galisteo et al., 1996). No significant change in PAK or
PKL focal adhesion localization was observed relative to
PAK1-329 and WT PKL, indicating NCK binding to PAK
was not essential (Figure 5, a and b).

We generated a P191G/R192A myc-PAK1-329 (PIX—)
mutant defective in PIX binding (Manser et al., 1998) to
characterize the effect of perturbation of the PAK-PIX asso-
ciation on PAK and GFP-PKL focal adhesion localization.
Consistent with previous reports, mutation of the PIX bind-
ing site significantly attenuated PIX binding to PAK1-329 as
tested by coimmunoprecipitation (our unpublished data),
and also resulted in an inhibition of the capacity of both PKL
and PAK to colocalize to focal adhesions, with 28% of
PAK1-329 (PIX—) transfectants vs. 86% for PAK1-329 (Fig-
ure 5, ¢ and d) showing localization. The presence of paxil-
lin-containing focal adhesions in GFP-PKL/MYC-PAK1-329
(PIX—) cotransfectants was confirmed (Figure 5e,f). Note the
weak localization of PKL to focal adhesions in the cell on the
right (e). Thus, efficient localization of PAK and PKL to focal
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MYC-PAK 1-329 (NCK-)

Figure 5. PIX- but not NCK-binding is
required for PAK1-329 or PKL localiza-
tion to focal adhesions. CHO.K1 cells
were cotransfected with GFP-WT PKL
(a) and myc-PAK1-329/P13A (NCK-
binding defective, NCK—) (b), followed
by immunofluorescence microscopy
that confirmed focal adhesion localiza-
tion (84 = 6.9%, n = 4). However, ex-
pression of myc-PAK1-329 P191G/
R192A (PIX binding defective, PIX—)
with GFP-WT PKL resulted in an atten-
uation in the capacity of PKL (c) and
PAK (d) to localize efficiently to focal
adhesions, 28% (myc-PAK1-329
P191G/R192A) vs. 86% (myc-PAKI1-
329, n = 5. e shows the weak capacity of
GFP-PKL to localize to focal adhesions
when cotransfected with myc-PAK1-
329 (PIX—). The presence of paxillin-
containing focal adhesions in these co-
transfectants was confirmed (f).

PAXILLIN

adhesions requires productive binding of the intermediary
PIX to PAK.

PKL Is Necessary for PAK Localization to
Focal Adhesions

PKL is comprised of several putative functional domains,
including an amino-terminal PIX-binding site and two po-
tential paxillin-binding subdomains, PBS1 (aa 119-155)
within the amino terminus and PBS2 (aa 643-679) within the
carboxyl terminus (Turner et al., 1999). We have recently
identified PBS2 as the principal paxillin-binding site (West et
al., 2001). Consistent with this, full-length wild-type PKL
coimmunoprecipitated PAK1-329, B-PIX, and paxillin (Fig-
ure 6), demonstrating the in vivo formation of this complex,
whereas the PKL amino terminus (aa 1-576, GFP-PKL NT)
only associated with PAK1-329 and B-PIX, and the PKL
carboxyl terminus (aa 448-757, GFP-PKL CT) coimmuno-
precipitated paxillin, but not B-PIX or PAKI1-329. This
agrees with our previous findings (Turner et al., 1999), but
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Figure 6. In vivo formation of a PAK-PIX-PKL—-paxillin complex.
CHO.K1 cells were cotransfected with GFP, GFP-PKL, GFP-PKL
NT, or GFP-PKL CT and myc-PAK1-329 followed by immunopre-
cipitation with anti-GFP and blotting for GFP, B-PIX, paxillin, and
myc. Full-length PKL associates with B-PIX, paxillin, and PAK,
whereas the amino terminus binds efficiently to 8-PIX and PAK, and
the carboxyl terminus binds to paxillin but not B-PIX or PAK.

differs from a recent assertion that PAK can bind directly to
paxillin (Hashimoto et al., 2001).

Thus, to determine whether PAK recruits PKL, or PKL
recruits PAK to focal adhesions through a paxillin interac-
tion we examined the capacity of GFP-PKL NT, containing
PBS1 and the PIX-binding site, to localize to focal adhesions
when coexpressed with PAK1-329 (Figure 7). Not only was
the PKL amino terminus unable to localize to focal adhe-
sions (Figure 7a) but also coexpressed PAK1-329 was pre-
vented from localizing to focal adhesions in the presence of
this PKL mutant (Figure 7b). These molecules, although
unable to localize to focal adhesions, exhibited some local-
ization to the membrane. In contrast, expression of the GFP-
PKL CT, containing only PBS2, constitutively localized to
paxillin-containing focal adhesions (Figure 7, e and f), sug-
gesting that PBS2 is necessary and sufficient for PKL focal
adhesion localization. In addition, this result may indicate
that PKL, as with PAK (Manser et al., 1997), is conformation-
ally constrained and requires an activation event to expose a
functional PBS domain. Notably, the PKL CT was not only
restricted to the points of paxillin localization but also ex-
hibited additional localization, perhaps along stress fibers at
those paxillin-containing focal adhesions. Interestingly, ex-
pression of the PKL carboxyl terminus (Figure 7g) also
blocked the ability of PAK1-329 (Figure 7h) to localize to
focal adhesions.

Finally, further evidence for the importance of the PKL
PBS2 domain in mediating PAK-PIX-PKL localization to
focal adhesions was provided by the demonstration that
expression of a PBS2 deletion mutant of PKL abrogated the
ability of both PKL and PAK1-329 to localize to focal adhe-
sions (Figure 8, a and b). Notably, although a majority of
PKL and PAK showed a diffuse localization, a small per-
centage of cells (25%) exhibited a striking peripheral plasma
membrane concentration (Figure 8, e and f). Interestingly,
this membranous localization was not observed upon coex-
pression of GFP-PKLAPBS2 and myc-PAK1-329/P13A (Fig-

Vol. 13, May 2002

PAK and PKL Focal Adhesion Localization

ure 8, g and h), suggesting NCK binding to PAK may
mediate this phenotype.

Paxillin Is Essential for PAK and PKL Focal
Adhesion Localization

Final confirmation of a requirement for a paxillin LD4-PKL
PBS2 interaction in the localization of PKL and PAK to focal
adhesions was tested by cotransfecting myc-PAK1-329 with
GFP (to identify transfectants; Figure 9, a, ¢, and e) into
CHO.K1ALD4 clones stably expressing paxillin lacking LD4.
These cells have been previously characterized and seem to
have down-regulated endogenous paxillin (West et al., 2001).
The distribution of endogenous PKL and myc-tagged
PAK1-329 in CHO.K1ALD4 cells was examined (Figure 9).
The inability of PKL to bind paxillin LD4 motif resulted in
the exclusion of both PKL (d) and PAK (b) from focal adhe-
sions (f), although colocalization of PKL and PAK to a
distinct membranous compartment was observed. No im-
munoreactive paxillin was apparent in such a compartment
(f). Thus, an interaction between PKL PBS2 and paxillin LD4
motif is essential for the recruitment of PAK, as well as PKL
to focal adhesions.

In total, these data suggest a complex, multistage activa-
tion process to induce the localization of the NCK-PAK-
PIX-PKL complex to focal adhesions. We propose the trig-
ger is Cdc42/Rac activation of PAK scaffold function to
transmit a signal through PIX to PKL, allowing the PKL
PBS2 domain to interact productively with paxillin LD4,
thereby facilitating recruitment of the complex to focal ad-
hesions.

DISCUSSION

The p21-activated serine-threonine kinase PAK is a principal
mediator of Cdc42- and Rac-dependent signaling to the
cytoskeleton and nucleus. Regulation of PAK function is
complex, consistent with the importance of maintaining pre-
cise temporal and spatial control of this signal transduction
effector. Binding of PAK to the SH2-SH3 adaptor protein
NCK has been implicated in PAK membrane compartmen-
talization, whereas binding to the Rac guanine nucleotide
exchange factor PIX/Cool is necessary for localization to
focal complexes. We previously identified a paxillin- and
PIX/Cool-binding protein named PKL, a GIT2 Arf-GAP
family member, and hypothesized that this protein may
mediate PAK focal adhesion localization (Turner et al., 1999).
In this report, we provide evidence for a GTP-Cdc42/GTP-
Rac-triggered multistep activation cascade leading to the
activation of the adaptor function of PAK, which through
PIX binding leads to a conformational unmasking of the PKL
PBS2 and consequent recruitment of the PAK-PIX-PKL
complex to focal adhesions through the paxillin LD4 motif.
Expression of the PAK amino-terminal regulatory domain
(PAK1-329) or the PAK AID is sufficient for the localization
of PAK and PKL to focal adhesions, demonstrating active
scaffold but not catalytic function of PAK is required. In
addition, PAK binding to PIX but not NCK is required for
focal adhesion targeting. Importantly, although PAK activa-
tion is required, we show PKL recruits PAK to focal adhe-
sions. The PKL amino terminus, containing PBS1 and the
PIX-binding site but lacking PBS2, cannot localize to focal
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adhesions and blocks PAK focal adhesion localization.
Furthermore, the PKL carboxyl terminus, containing PBS2
but not the PIX-binding site, localizes constitutively to
focal adhesions and effectively blocks PAK targeting. Sim-
ilar inhibition was observed after expression of a nontar-
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Figure 7. PKL amino terminus cannot
support PKL or PAK localization to focal
adhesions, whereas the PKL carboxyl ter-
minus is unmasked and is constitutively in
focal adhesions. CHO.K1 cells were co-
transfected with GFP-PKL NT and myc-
PAK1-329 followed by immunofluores-
cence analysis of GFP-PKL (a) and myc-
PAK1-329 (b). Both PKL and PAK were
diffusely distributed. Paxillin localization
(d) to focal adhesions in cotransfected cells
(GFP-PKL NT, ¢) was confirmed. PKL CT
is constitutively localized (e) to paxillin-
containing (f) focal adhesions; further, co-
expression (g) prevents PAK1-329 local-
ization to focal adhesions (h).

geting PKL molecule containing a deletion of PBS2. Fi-
nally, we demonstrate that neither PAK nor PKL can
localize to focal adhesions in cells overexpressing a pax-
illin molecule lacking the PKL binding site (LD4). This
provides confirmation of a requirement for a paxillin
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Figure 8. Deletion of PKL PBS2 abrogates local-
ization of PKL and PAK to focal adhesions.
CHO. K1 cells cotransfected with GFP-
PKLAPBS2 (a) and myc-PAK1-329 (b) were ex-
amined by immunofluorescence, demonstrating
a diffuse as well as discrete dorsal peripheral
membrane localization. Paxillin localization (d)
to focal adhesions in cotransfected cells (GFP-
PKLAPBS2, c) was confirmed. A striking dorsal
peripheral membrane localization of GFP-PKL
APBS2 (e) and myc-PAK1-329 (f) was observed
in 25% of cotransfected cells. Mutation of the
NCK-binding site (NCK—) on PAK (myc-PAK1-
329 P13A) abrogated this membranous localiza-
tion of GFP-PKL APBS2 (g). Normal paxillin
staining was observed as is shown in h.

LD4-PKL PBS2 interaction in the localization of PKL and

PAK to focal adhesions.

Analysis of PKL localization in asynchronously growing,
basal state cells revealed primarily a diffuse compartmental-
ization (Figures 1 and 3) similar to that described for PAK
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(Manser et al., 1997, 1998). However, PKL targeted to Cdc42
complexes and Racl adhesions but was excluded from RhoA
focal adhesions (Figure 1) and thus exhibited an identical
small p21 GTPase bias as described for PAK (Manser et al.,
1997). We have found that PKL localization to focal adhe-
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sions is similarly regulated by physiological mediators of
Cdc42 and Rac activation. Accordingly, Rac activation asso-
ciated with respreading on fibronectin-coated coverslips
stimulates PKL focal adhesion localization (Price ef al., 1998;
Turner et al., 1999; Cox et al., 2001; West ef al., 2001), as does
stimulation of CHO.K1 cells expressing bradykinin B2, epi-
dermal growth factor, or AT1 receptors with their respective
agonists (Kozma et al., 1995; Mackay and Hall, 1998; Schmitz
et al., 1998; Boshans et al., 2000) (Brown, Turner, and Fauss-
ner, unpublished observations).

PAK is a primary effector of Cdc42 and Rac. Although we
found expression of either WT PAK1 or WT PAK3 only
modestly induced the capacity of endogenous PKL to local-
ize to focal adhesions (Figure 3), cells with “scaffold-active”
PAK (AID or 1-329 transfectants) but not kinase active PAK
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MYC-PAK 1-329

Figure 9. PKL and PAK cannot local-
ize to focal adhesions in cells expressing
paxillin lacking the LD4 motif confirm-
ing paxillin-dependent recruitment of
the complex to focal adhesions. CHO.K1
paxilinALD4 cells were cotransfected
with GFP (to identify transfectants; a, c,
and e) and myc-PAK1-329 followed by
immunofluorescence microscopy  to
characterize endogenous PKL (d) and
myc-PAK1-329 (b) localization. Both
PKL and PAK demonstrated a diffuse as
well as peripheral membrane compart-
mentalization distinct from the focal ad-
hesion localization of paxillin (f).

PAXILLIN

T423E induced efficient and robust accumulation of PKL in
focal adhesions (Figures 3 and 4). Full-length PAK is gener-
ally conformationally constrained and the focal adhesion
localization capacity is masked (Manser et al., 1997). Active
Cdc42 or Rac binding to the PAK PBD dissociates the PAK
dimer, resulting in a conformational opening and elimina-
tion of autoinhibition of PAK, in effect permitting stepwise
activation and ultimately full kinase activation (Lei et al.,
2000). The cycle closes upon PAK autophosphorylation,
causing loss of NCK and PIX binding and a return of PAK to
an inactive state (Zhao ef al., 2000a; Howe, 2001). PAK func-
tions upstream of Rac as well as downstream, presumably
through stimulation of the GEF activity of PIX (Manser et al.,
1998; Obermeier et al., 1998; Daniels et al., 1999; Yoshii et al.,
1999). The PAK amino terminus, in the absence of the car-
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boxyl-terminal catalytic domain, is competent for constitu-
tive focal adhesion localization (Manser et al., 1997). In the
absence of a kinase-terminating signal, PAK1-329 may pro-
vide a positive feed-forward loop of Rac activation, gener-
ating an environment allowing the maintenance of PKL and
PAK in focal adhesions similar to a constitutively active Rac
phenotype (Figure 1). In fact, we found that cells expressing
PAK1-329 had robust levels of GTP-Rac as assessed by PBD
assay (our unpublished data). However, based on prior
studies, PAK1-329, in addition to being free of conforma-
tional constraint, may be expected to function similarly to
the AID in blocking kinase activity (Zenke et al., 1999). The
AID function may cause dissociation of the autoinhibited
PAK dimer, allowing conformational opening as well as
blocking PAK kinase activity. Indeed, the AID (aa 83-149) is
effective in triggering PKL focal adhesion localization (Fig-
ure 2), as has been reported for the PKL-related protein GIT1
(Zhao et al., 2000b). The AID, through direct binding to and
activation of endogenous PAK, may obviate the necessity for
Rac activation/binding to stimulate PAK scaffold function,
PKL PBS2 domain unmasking, and subsequent focal adhe-
sion localization. PAK1-329, unlike GFP-AID, localizes to
focal adhesions, probably due to the absence of the PIX-
binding site in GFP-AID; however, we cannot rule out that
these two molecules regulate PAK and PKL through funda-
mentally different mechanisms. The role for Rac activation in
PAK1-329- and GFP-AID-induced PKL focal adhesion lo-
calization was examined by coexpression of dominant neg-
ative Rac. No effect on PKL localization was observed con-
sistent with PAK adaptor function acting downstream of
Rac (Sells et al., 1997, 1999; Daniels et al., 1998; Zhao et al.,
1998). Further work is required to understand the precise
means by which the PAK amino terminus and the AID
trigger PKL localization.

NCK binding to the cytoplasmic domains of tyrosine
phosphorylated growth factor receptors or perhaps to FAK
(Schlaepfer et al., 1994; Bokoch et al., 1996; Galisteo et al.,
1996; Lu et al., 1997; Sells et al., 1997; Lu and Mayer, 1999) has
been implicated in PAK targeting to the membrane and
stimulating PAK kinase activity. Formation of unipolar la-
mellipodia and directional motility of fibroblasts and endo-
thelial cells, but not neurite extension, also require NCK
binding (Daniels ef al., 1998; Kiosses et al., 1999; Sells et al.,
1997, 1999). However, mutation of the NCK binding site on
PAK1-329 did not block localization of PKL or PAK to focal
adhesions (Figure 5), although a role for NCK in membrane
targeting is suggested by the loss of plasma membrane
localization of PAK1-329/PKLAPBS2 (Figure 8). Con-
versely, PAK binding to PIX is required for PAK localization
to Cdc42-stimulated peripheral complexes (Manser et al.,
1998) and consistent with that study, mutation of the PIX
binding site severely attenuated localization of PAK as well
as PKL (Figure 5). Residual PIX binding to the P191G/
R192A PAK1-329 mutant was observed, which may explain
the weak PKL and PAK focal adhesion localization. The
inability to completely block PKL localization also may be
due to the capacity of ectopic PAK1-329 P191G/R192A to
activate WT PAK, perhaps through AID-like function. In
addition, recent reports have noted the capacity of both
PIX/Cool and PAK to dimerize, probably forming heterotet-
ramers (Feng et al., 2001; Kim ef al., 2001; Koh et al., 2001).
Nonetheless, the substantial reduction in PAK1-329 P191G/
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R192A and PKL localization, as well as the capacity of the
PKLAPBS2 mutant to completely eliminate localization of
the complex (Figure 8), suggests a PAK-PIX-PKL-paxillin
array is the primary mechanism of localization of PAK to
focal adhesions.

A recent report detailed the ability of GST-PAK expressed
in COS7 cells to bind to hemagglutinin-paxillin expressed in
insect cells, potentially bypassing a requirement for a PIX-
PKL link to target PAK to focal contacts (Hashimoto et al.,
2001). Although purified insect-expressed paxillin also pre-
cipitated functional serine/threonine kinase activity of un-
known identity, these data were taken to indicate direct
binding of PAK to paxillin, contrary to our previous report
(Turner et al., 1999). GFP-PKL NT exhibited a diffuse cyto-
plasmic distribution and was unable to localize to focal
adhesions (Figure 7). Furthermore, when coexpressed,
PAK1-329 remained in the cytosol, whereas paxillin focal
adhesion staining was unaffected (Figure 7). The PKL amino
terminus contains PBS1, which is completely conserved in
KIAA0148/GIT2short (Turner ef al., 1999). It has been re-
ported that PBS1 of GIT2short supports weak paxillin bind-
ing (Mazaki et al., 2001), and overexpression eliminates pax-
illin perinuclear and focal adhesion localization (Mazaki et
al., 2001). However, although the PKL amino terminus ex-
hibited some detectable paxillin binding (Figure 6), neither
PKL amino terminus nor putative PAK binding to paxillin
was sufficient for focal adhesion localization of these pro-
teins nor do they promote loss of paxillin from focal adhe-
sions in this context (Figure 6).

Evidence for the function of the carboxyl-terminal PBS2 in
mediating PKL binding to paxillin was obtained by expres-
sion of GFP-PKL CT and the observation that it binds to
paxillin (Figure 6) and constitutively localizes to paxillin-
containing focal adhesions (Figure 7). In addition to the focal
adhesion colocalization with paxillin, PKL CT also seems to
extend partially along actin stress fibers at these sites of focal
adhesion, suggesting the PKL amino terminus is necessary
for restriction of PKL to focal adhesions. This is similar to the
role of the amino-terminal paxillin LD motifs in restricting
paxillin to focal adhesions (Brown et al., 1996). These local-
ization data also indicate that full-length PKL, as with PAK,
is constrained in a basal state, with the PKL focal contact
localization motif inaccessible. PIX binding to GIT1 increases
the affinity of GIT1 for paxillin, leading to the prescient
hypothesis that the GIT1 PBS may be masked (Zhao et al.,
2000b). This is also consistent with the inability of GIT2 to
coprecipitate with paxillin in unstimulated cells (Premont et
al., 2000). Significantly, coexpression of the PKL CT with
PAK1-329 blocked the ability of PAK1-329 to localize to
focal adhesions. We reason that PKL CT binding to paxillin
LD4 via the PBS2 domain competes with the capacity of
PAK1-329, PIX and endogenous full-length PKL to be re-
cruited to focal adhesions. Confirmation of the necessity of
PKL PBS2 for recruitment of both PKL and PAK to focal
adhesions was obtained by expression of GFP-PKL lacking
PBS2 (Figure 8). Whether functional unmasking of the PKL
PBS2 domain involves a conformational change and/or dis-
placement of another PKL-binding protein remains to be
determined.

Finally, we demonstrate the essential nature of paxillin
LD4-PKL PBS2 association in mediating PAK and PKL lo-
calization to focal adhesions by overexpressing a paxillin
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molecule lacking LD4 (paxillinALD4). Neither PAK1-329
nor PKL was capable of localizing to focal adhesions in the
paxillin/ELD4 cells, confirming a requirement for this motif
in recruitment of the PAK-PIX-PKL complex to focal adhe-
sions (Figure 9).

Several reports have detailed a role for Arf-GAP family
proteins in focal adhesion disassembly and recruitment of
paxillin to focal adhesions that, although discordant with the
role we have hypothesized for PKL, probably indicates that
the diversity of Arf-GAPs reflects their discrete and specific
roles in cellular regulation. The SH3- and PH-domains con-
taining Arf-GAPs ASAP and PAPa have been reported to
induce translocation of paxillin to platelet-derived growth
factor-stimulated dorsal ruffles, and to inhibit paxillin re-
cruitment to the membrane, respectively (Kondo et al., 2000;
Randazzo et al, 2000). Expression of the Arfl-GAP
GIT2short causes a loss of paxillin from a perinuclear com-
partment as well as focal adhesions (Mazaki ef al., 2001),
consistent with a previous study detailing a role for Arfl in
targeting paxillin to focal adhesions and potentiating Rho
function (Norman et al., 1998). Similar to our data demon-
strating PKL function, the related Arf-GAP protein GIT1 has
been hypothesized to mediate PAK and PIX localization to
focal adhesions through direct binding to paxillin (Zhao et
al., 2000b). They further show that recruitment of the GIT1
complex causes the specific loss of paxillin from focal adhe-
sions, by an unknown mechanism, to facilitate motility. In
contrast, the avian ortholog of GIT1, APP1, has been re-
ported to be involved in paxillin delivery to the membrane,
to promote a similar motile phenotype, as well as Arf6-
mediated membrane recycling (Di Cesare ef al., 2000). We
have not observed a profound loss of paxillin from focal
adhesions upon expression of PKL with the PAK scaffold
domain. This may reflect the nature of the focal adhesion
generated by expression of (kinase-deficient) PAK1-329, i.e.,
arresting an adhesion at the point of PAK-mediated induc-
tion of focal adhesion formation or transition of a Rho ad-
hesion to a Rac adhesion. Alternatively, the lack of PAK
kinase activity may preclude PAK-mediated focal adhesion
disassembly. Furthermore, it has been reported that GIT1
binds FAK, which mediates in part the increased cell motil-
ity observed upon overexpression of GIT1 perhaps by an-
tagonizing Rho (Ren et al., 2000; Zhao et al., 2000b). Thus,
these Arf-GAP family members may have unique roles in
cytoskeletal regulation. Further studies will be required to
completely understand the specific role of GIT1 and PKL/
GIT2 in the PAK-paxillin axis.

What then is the role for paxillin recruitment of a PAK-
PIX-PKL complex to focal adhesions? We have found that
cells expressing paxillin lacking the LD4 motif exhibit per-
sistent Rac activation, increased membrane protrusion, la-
mellipodia formation, cell spreading, random motility, and
decrease in directional motility (West et al., 2001). These
effects are recapitulated by expression of PKL lacking the
PBS2 domain, whereas WT PKL has no effect. Also, it has
been reported that a PAK-PIX-PKL complex is essential for
upstream activation of PAK kinase activity in response to
T-cell receptor stimulation; and that expression of paxillin
LD4 blocks this activation (Ku et al., 2001). Although local-
ization of PAK to the membrane is sufficient for PAK kinase
activation (Lu et al., 1997; Manser et al., 1997; Lu and Mayer,
1999), the context is critical. For instance, targeting PAK to
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focal adhesions through an FAK focal adhesion-targeting
motif carboxyl-terminal-NCK SH3 fusion that would pre-
clude paxillin association (Hildebrand ef al., 1993) did not
support PAK activation (Lu et al., 1997). Together, by pre-
venting PAK from localizing to focal adhesions in the proper
context, full PAK (kinase?) activation may not be realized.
Accordingly, perturbation of PAK localization to focal ad-
hesions may prevent the autophosphorylation of sites adja-
cent to the NCK- and PIX-binding sites that result in shed-
ding of NCK and PIX from PAK (Zhao et al., 2000a; Howe,
2001), and cycling of PAK out of focal adhesions. Interest-
ingly, expression of PAK1 AID also reduces directed cell
motility similar to the effects of overexpression of paxillin
LD4 motif or paxillinALD4 (Turner et al., 1999; Zhao et al.,
2000b; West et al., 2001). Blocking localization of the com-
plex, or stabilizing the complex without normal catalytic
function, may cause constitutive maintenance of the active
complex and PIX-GEF activity, elevation in Rac, and preven-
tion of a Rac-to-Rho transition by the loss of PAK targeting
and/or Rac antagonism of Rho (Moorman ef al., 1999; Rott-
ner et al., 1999; Sander et al., 1999; Cox et al., 2001).

Finally, PAK kinase activity has been shown to be critical
for stabilization of a dominant lamellipodium, coordination
of rear tail release, and resulting directional motility (Kiosses
et al., 1999; Sells et al., 1999, 2000). These effects require the
coordinated cycling of Rac and Rho activities (Clark ef al.,
1998; Nobes and Hall, 1999). We speculate that the PAK
scaffold may stimulate the formation of peripheral focal
complexes and stimulate the transition of Rho focal adhe-
sions to Cdc42/Rac focal adhesions to facilitate membrane
protrusion and directional motility. The normal cycle of
PAK phosphorylation events and autophosphorylation then
leads to loss of focal adhesion localization, Rac-to-Rho tran-
sition to stabilize the protrusion and allow rear tail release
followed by reinitiation of the cycle as required for persis-
tent cell migration. The coordination with PAK of specific
and transient targeting of an Arf GAP (PKL) to focal adhe-
sions and consequent effects on Arf-regulated protein/mem-
brane delivery (Radhakrishna et al., 1999; Zhang et al., 1999;
Al-Awar et al., 2000; Boshans et al., 2000; Di Cesare et al.,
2000) may also be expected to contribute to cell motility.
Now that we have identified the mechanism of PAK target-
ing to focal adhesions we can begin studies aimed at the
elucidation of the function of PAK/PKL cycling through
focal adhesions on complex cell behaviors.
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