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The p21-activated kinase PAK is targeted to focal complexes (FCs) through interactions with the SH3
domains of the PAK-interacting exchange factor PIX and Nck. PIX is a Rac GTP exchange factor that also
binds the G-protein-coupled receptor kinase-interacting protein known as GIT1. Overexpression of GIT1 in
fibroblasts or epithelial cells causes a loss of paxillin from FCs and stimulates cell motility. This is due to the
direct interaction of a C-terminal 125-residue domain of GIT1 with paxillin, under the regulation of PIX. In
its activated state, GIT1 can promote FC disassembly independent of actin-myosin contractile events. Addi-
tionally, GIT directly couples to a key component of FCs, focal adhesion kinase (FAK), via a conserved Spa2
homology domain. We propose that GIT1 and FAK cooperate to promote motility both by directly regulating
focal complex dynamics and by the activation of Rac.

PAKs are a family of kinases activated on interacting with
Cdc42 and Rac GTPases (3, 21). PAK associates in Drosophila
with phosphotyrosine-rich cytoskeletal structures (10) and in
cultured cells with focal complexes (FCs) which represent sites
of attachment with the substratum (20). PAK association with
FCs is independent of the Cdc42/Rac1-binding domain. Con-
stitutively active PAK promotes FC disassembly (20) which can
be blocked by the inhibitory PAK83-149 fragment (41). Cells
expressing kinase-deficient PAK exhibit more stable FCs and
increased formation of Rac-dependent lamellipodia (26). Rac1
activation can occur through the ubiquitous PAK-interacting
exchange factor PIX, which specifically binds PAKs (1, 22).
PAK plays an essential role in axonal guidance in Drosophila,
achieved through its binding via the second SH3 domain of
Nck (13). PAK binding to PIX through a unique SH3 interac-
tion plays an important role in coordinating the activation of
Cdc42 and Rac1 in a phosphatidylinositol 3-kinase (PI-3-(ki-
nase)-dependent manner (40). It is an association with PIX
that allows PAK to localize to FCs (22), although this interac-
tion is negatively regulated by PAK activation and autophos-
phorylation (42).

Recently PIX has been shown to interact with a family of
proteins first designated G-protein-coupled receptor kinase
(GRK)-interacting targets (GIT [28]); these proteins contain
at their N termini a domain that can function as an Arf
GTPase-activating protein (GAP). This family of tyrosine-
phosphorylated ;90-kDa proteins can also bind paxillin (2,
37), indicating that PAK might be linked to FCs through this
interaction. Interestingly, a close link between Arfs and FCs is
indicated by the observation that the related Arf GAP ASAP
(29) and PAG3 (16) both localize to FCs and can promote
their turnover.

FCs are integrin-dependent sites linking the extracellular
matrix (ECM) to the actin-rich cytoskeleton. Their formation
is influenced particularly by RhoA, Cdc42, and Rac1 (24).
RhoA induces the formation of steady-state FCs (or focal
adhesions) which allow cultured cells to remain attached to the

ECM. RhoA- and Cdc42-induced FCs require action of RhoA-
binding ROK and Cdc42-binding MRCK (myotonin kinase-
related Cdc42-binding kinase) action, respectively (17, 18).
These kinases act through stimulating actin-myosin contractil-
ity, which promotes clustering of integrins (32).

Integrins form the transmembrane link to several FC pro-
teins, thereby directly or indirectly recruiting vinculin, talin,
a-actinin, focal adhesion kinase (FAK), p130Cas, and paxillin
(reviewed by Hemler [11]). FAK was originally proposed to be
essential for FC assembly; however, studies on FAK2/2 cell
lines show that FAK serves to facilitate FC turnover and pro-
mote motility (15). Most cultured cells exhibit migratory be-
havior which involves a balance of integrin-mediated adhesion
at the leading edge and internally with integrin disengagement
at the rear of the cell (23). Without FC breakdown, the adhe-
sive contacts between the ECM and the cell are too strong to
allow migration (33).

In this study we have investigated the structure and function
of the PIX-associated GIT1. GIT1 has an activity which can
promote FC disassembly through a mechanism that is PIX
dependent and requires the C-terminal paxillin-binding do-
main. Interestingly, FAK contains a functionally similar C ter-
minus which targets the same LD motif in paxillin. We find
that GIT1 directly associates with FAK. Thus, GIT1 links FAK
to PAK signaling, with both kinases apparently playing an
important role in orchestrating FC dynamics which underlie
cell motility.

MATERIALS AND METHODS

Antibodies. Anti-glutathione S-transferase (GST) (polyclonal), antivinculin
hVIN-1, and anti-Flag M2 monoclonal antibodies (MAbs) and M2-Sepharose
were from Sigma. Anti-HA MAb was from Roche, antipaxillin was from Trans-
duction Laboratories, rabbit anti-green fluorescent protein (GFP) from Clon-
tech, and antiphosphotyrosine (MAb 4G10) was from Upstate Biotechnology.
Rabbit polyclonal anti-GIT1 generated by injection of GST/GIT1646-770 and was
purified using CNBr-coupled GST-GIT1. For immunofluorescence, we used
MAbs at 5 to 10 mg/ml and polyclonal antibodies at 1:40.

Bacterial expression vectors. The pGEX-Ras vector was derived from
GEX4T-1 as follows. The Ras1-185 coding sequence was amplified (Vent, New
England Biolabs) to include a BglII site adjacent to codon 1 and at the 39
(adjacent to codon 185) a BamHI-EcoRI linker (GGATCCCCGAATTC). This
BglII/EcoRI fragment was cloned into the pGEX-4T BamHI/EcoRI site, regen-
erating a BamHI site downstream of the Ras sequence (the new polylinker is
identical to that in pGEX4T-3). pGEX-Ras/PIX496-554 was constructed by clon-
ing the PCR-amplified GIT1-binding domain from bPIX (see Fig. 3A) into the
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pGEX-Ras vector at BamHI-XhoI sites. pGEX-Ras/GIT1646-770 was constructed
by cloning the SmaI-NotI fragment from pGEX/GIT1 (see below) into the
SmaI-NotI sites of pGEX-Ras.

The GST-GIT1 full-length expression plasmid was constructed by amplifying
a cDNA fragment encoding GIT1 residues 1 to 139 into the BamHI-EcoRI site
of pGEX4T-1; the HindIII-EcoRI fragment corresponding to GIT1 residues 119
to 770 was derived from pBluescript SK-GIT1. GIT1 subclones were derived
from restriction fragments as follows: GIT11-139 and GIT11-376 were derived
from BamHI-XhoI cDNA fragments. GIT1254-564, GIT1254-474, GIT1254-423,
GIT1254-376, and GIT1370-564 were derived from amplified cDNA using 59
BamHI and 39 EcoRI linkers. pFlag/FAK was constructed by moving the BamHI
(filled site)-BglII fragment from pXJ-GST/FAK into the SmaI/BglII site of the
pFlag.MAC vector (Kodak IBI). Full-length paxillin derived from human cDNA
by PCR using 59 HindIII and 39 XhoI linkers for cloning. Paxillin250-281 (LD4)
was derived by PCR using 59 BamHI and 39 XhoI linkers.

Mammalian expression vectors. The pXJ-HA (hemagglutinin epitope), pXJ-
Flag, and pXJ-GST mammalian vectors used for transfection and microinjection
are as described elsewhere (20, 41). The pXJ-GFP vector was derived from
pXJ-Flag by replacing the N-terminal tag with the GFPS65T cDNA. The pXJ-
GFP-Flag derivative was constructed using a restriction-compatible BglII-
EDYKDDDDK-BamHI-XhoI sequence inserted into pXJ-GFP. The pXJ-Myr
vector for expression of membrane-targeted proteins was constructed using se-
quence corresponding to the N-terminal myristoylation signal of Fyn fused to the
Flag epitope. The corresponding 18-amino-acid sequence is MGCVQC
KDKEDYKDDDDK, which was cloned using a 59 EcoRI/Kozak linker (GAA
TTCACC) with a 39 BamHI site.

The pXJ-GST/FAK expression plasmid was constructed by synthesizing resi-
dues 1 to 30 of chicken FAK as a BamHI-XhoI fragment in pXJ-GST then a
SmaI-XhoI fragment (encoding FAK residues 30 to 1153) derived from a cDNA.
Plasmids pXJ-GST/FAK-N9 (FAK1-427), pXJ-GST/FRNK (FAK693-1053), and
pXJ-GST/FAT (FAK916-1053) were derived from the PCR-amplified cDNA frag-
ments with BamHI/XhoI sites in the primers. pXJ-Flag/GIT1 and pXJ-myr/GIT1
were constructed by subcloning a BamHI/NotI fragment from pGEX/GIT1.
pXJ-Flag/GIT11-253 was then derived by deleting the BglII-BglII fragment.
GIT1253-424 represents the BglII-BglII fragment from pGEX-GIT1 cloned in the
BamHI site of the vector. pXJ-Flag/GIT1424-770 (BglII-NotI) was constructed by
PCR. PXJ-Flagmyr/GIT11-376 was derived from the BamHI-XhoI (partial diges-
tion) fragment from pGEX-GIT1. PXJ-myr/GIT11-645 was derived from a
BamHI-SmaI fragment. PXJ-myr/GIT1646-770 was derived from the SmaI-NotI
fragment from pGEX/GIT1. PXJ-myr/GIT1424-770 was constructed by PCR. The
GIT1 subclones in pXJ-GST and pXJ-myr vectors were constructed in the same
way. pXJ-Flag/bPIX was described previously (22).

Overlays with [g-32P]GTP-labeled proteins. Proteins were separated on so-
dium dodecyl sulfate–10% polyacrylamide gels and transferred to polyvinylidene
difluoride (NEN) membranes. The overlay protocol using radiolabeled GST/
Ras-[g-32P]GTP fusion proteins is essentially as described previously (20).

Cell migration assays. COS-7 cells (35-mm-diameter dish, 70% confluence)
were transiently transfected with various pXJ-Flag DNAs (2 mg of each), using
the calcium phosphate protocol. Controls used pXJ-Flag/GFP (soluble) or pXJ-
myr, which gave the same values (;10% migration). Following overnight incu-
bation in serum-free medium, haptotaxis was assayed using modified Boyden
chambers (ChemTX; NeuroProbe Inc.) with a polycarbonate membrane (10-mm
thickness, 8-mm pores). The membrane was precoated on the underside with
fibronectin (20 mg/ml; Sigma) and collagen type I (10 mg/ml; Roche) in phos-
phate-buffered saline for 2 h at 37°C. The lower chamber contained serum-free
Dulbecco modified Eagle medium with fibronectin (20 mg/ml) and collagen (10
mg/ml). Serum-starved transfected cells were suspended with 0.01% trypsin–5
mM EDTA–25 mM HEPES (pH 7.2). After two washes in serum-free culture
medium, cells were resuspended at ;1.25 3 105/ml. An equivalent of 2,500 cells
was added on top of each well (6-mm diameter) and allowed to migrate to the
underside of the membrane for 4 h at 37°C in 5% CO2. Each assay was per-
formed in quadruplicate. Nonmigrating cells on the upper membrane surface
were removed with a rubber scraper, and migratory cells attached to the bottom
surface were fixed with 3% paraformaldehyde (20 min). After immunostaining
for anti-Flag (50 mg/ml), transfected cells in each well were counted. Numbers of
transfected cells (total) for each plasmid transfection were determined by dilu-
tion into medium plus 10% serum and plating on 15-well slides (in triplicate).
Both flattened and rounded positive cells were counted. Migration was expressed
as a percentage of the level for total expressing cells. Each determination rep-
resents the average of at least three individual wells, and error bars represent the
standard deviation for three experiments.

Cell microinjection, transfection, and staining. Subconfluent HeLa cells were
microinjected into the nucleus with each expression plasmid DNA (50 ng/ml)
using an Eppendorf microinjector (41). After 2 to 4 h, cells were fixed in 3%
paraformaldehyde for 20 min and stained as described previously (20).

RESULTS

Identification of GIT1 in PAK complexes. We previously
identified PIX proteins binding the N-terminal regulatory re-
gion of aPAK and also a copurifying p90 species (22). This

testis-enriched p90 becomes tyrosine phosphorylated when the
complex is incubated with ATP (data not shown), indicating
that protein tyrosine kinases are present. Peptides derived
from p90 were used to isolate a rat cDNA which encoded a
770-residue protein identical with GIT1 (28) and highly related

FIG. 1. GIT1 expression stimulates cell motility. (A) Domain structure of
GIT1. Regions with homology to recognized domains include the Arf GAP
domain (GAP); a domain containing four ankyrin (ANK) repeats, and the direct
repeat (arrows) comprising SHD-1. Three regions with coiled-coil potential
include the conserved paxillin binding site at the C terminus. Residue numbers
at the boundaries are marked. (B) GIT1 is present in cultured cells in FCs.
Affinity-purified rabbit antibodies against GIT1646-770 identify a protein enriched
in the testis, which is present as a single species in HeLa and COS-7 cells. B,
brain; T, testis; WB, Western blot. (C) GIT1 localizes to FCs in COS-7 cells.
Antipaxillin and anti-GIT1 identify punctate FCs in the center and at the pe-
riphery of the cells. (C) GIT1 is an efficient stimulator of cell motility. COS-7
cells were transfected with Flag-tagged expression constructs as shown and an-
alyzed for migration through 8-mm membrane pores over 4 h under a soluble
fibronectin-collagen gradient (see Materials and Methods).
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to PKL (37) and Cat (2). In addition to the primary structural
features already described, namely, a cysteine-rich Arf GAP
domain and four ankyrin repeats, we noted two novel features
(Fig. 1A): (i) a region closely related to the yeast Spa2 homol-
ogy domain 1 (SHD-1) and (ii) three regions predicted to form
coiled-coil structures, potential sites of protein-protein inter-
action.

GIT1 localizes to focal adhesions and stimulates motility.
Antibodies raised against the C-terminal 125 residues of GIT1
recognized p90 in all cell lines and tissues tested, with highest
levels in testis (Fig. 1B). In cultured cells, the protein was
present in FCs as previously observed with PIX (22). We noted
that GFP/GIT1-expressing NIH 3T3 cells were more motile
when viewed by time-lapse microscopy (data not shown).

COS-7 cells contain endogenous GIT1 which colocalized to
focal adhesions with paxillin (Fig. 1C). These cells were used to
assay for haptotaxis using a modified Boyden chamber under a
fibronectin-collagen gradient. The individual components in
the Cdc42/PAK pathway were tested, with transfection nor-
malized for each by counting total positively stained cells for
the same total number (see Materials and Methods). GIT1
promoted cell motility as effectively as Cdc42G12V and was
more potent than either PAK or PIX (Fig. 1D). Cdc42G12V

both activates Rac and promotes loss of Rho-type FCs (20, 24).
GIT1 can stimulate FC disassembly. To investigate further

the early responses to GIT1 expression, we microinjected
HeLa cells, a protocol that has previously uncovered functions
of Rho p21s and their targets such as PAK, ROK, and MRCK.

FIG. 2. GIT1 promotes FC disassembly. (A) GIT1 expression causes the selective loss of paxillin from FCs which are faintly visible (arrows), while vinculin and
phosphotyrosine (PY) levels are unaffected. The anti-Flag immunofluorescent photomicrographs of typical HeLa cells 4 h after injection are compared with images of
uninjected controls. (B) The paxillin-binding domain GIT646-770 (left) does not affect antipaxillin staining. Coinjection of PIX and GIT1 (right) leads to focal adhesion
loss, as assessed by antivinculin staining, and cell contraction. Injected cells are marked with stars. Bar, 10 mm. (C) Phase-contrast micrographs of cells showing induction
of peripheral retraction. bPIX-expressing cells have small phase-dark ruffles, but coinjection of PIX plus GIT1 causes cell retraction (arrowhead). Membrane-tethered
myrGIT1 similarly caused both cell body contraction and lamellipodia, driving neurite-like processes. Typical phenotypes were photographed 2 h after injection. (D)
A C-terminal domain in GIT1 drives FC loss and cell contraction. The membrane-tethered constructs as shown were scored for cell contraction (B). The smallest
myristoylated construct (646-770) was less efficient (11) in this regard. In each case, at least 15 microinjected cells were observed over a 3-h period.
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After plasmid injection, GIT1-expressing cells exhibited no
gross morphological alteration within 2 to 4 h; however, we
noted a severe reduction in paxillin staining of FCs (Fig. 2A,
top row) but not of other components including vinculin and
phosphotyrosine (PY) or two other markers, talin and FAK
(data not shown). To test that this was not due to epitope
masking of paxillin by GIT, the paxillin-binding GIT C-termi-
nal region was overexpressed (Fig. 2B, left); no loss of anti-
paxillin FC staining was observed under these conditions.

In contrast to the effect of PIX or GIT1 alone, coinjection of
expression plasmids led to loss of focal adhesions as assessed
by antivinculin staining (Fig. 2B, right), causing a collapse of
the cells (Fig. 2C). This phenotype superficially resembles that
induced by active forms of PAK (20) or dominant inhibitory
ROK (17), but we noted that PIX plus GIT1 did not cause any
actin stress fiber loss. At early time points we also observed
reduction in paxillin staining in FCs, suggesting that this is a
primary event that then leads to FC loss. Targeting GIT1 to the
membrane using an N-terminal myristoylation signal from Fyn
(myrGIT1) led to similar cell contraction (independent of PIX
expression). Time-lapse analysis also revealed a counteracting
activity which often produced cells with neurite-like out-
growths (Fig. 2C, right). By comparison, myrbPIX-expressing
cells were phenotypically normal (not shown). The myrGIT1
effects cannot be ascribed to the membrane anchor or indi-
rectly to PIX recruitment to the plasma membrane.

Various regions of GIT1 were cloned into the pXJ-myr
vector and tested for the ability to cause FC loss and cell body
collapse, as summarized in Fig. 2D. The FC disassembly activ-
ity, typified by loss of vinculin staining with myrGIT1, was lo-
calized to the C-terminal 125 residues of GIT1. It seemed that
PIX potentiated the activity of this C-terminal region when

introduced with full-length GIT1, thereby promoting FC loss
and cell contraction.

The GIT1 SHD-1 binds PIX. To determine if these effects of
GIT1 on FCs in vivo could be understood in terms of PIX
regulation of the GIT C terminus, we localized the site of PIX
binding. PIX496-554 (Fig. 3A) was used in overlay assays on
various GIT1 fragments expressed as GST fusion proteins.
Figure 3B shows that the fragments containing the SHD-1
bound PIX, but neither the ankyrin repeat nor central coiled-
coil region (Fig. 1A) was essential. Sequences between posi-
tions 376 and 423 apparently enhanced this binding (Fig. 3B,
compare lanes 5 and 6). Interestingly, only GIT1 and Spa2
family members contain SHD-1. The yeast SHD-1 covering
;150 residues at the N terminus has recently been shown to
bind to Mkk1p, Mkk2p, and Ste7p (34). Comparison of
Mkk1p(1-197) with Mkk2p revealed a single region of similar-
ity which is weakly related to the PIX GIT1-binding domain
(not shown).

We concluded that the ability of GIT1 to cause FC disas-
sembly (through residues 646 to 770) is not due to recruitment
of PIX-PAK complexes. The coinjection experiments indi-
cated, however, that PIX was able to modulate this activity,
either through localization of GIT1 or by altering its confor-
mation.

FIG. 3. bPIX binds to GIT1 via the Spa2-related sequence. (A) The struc-
tural domains of bPIX include its N-terminal SH3 domain, which binds PAK, a
catalytic Dbl homology (DH) region promoting nucleotide exchange on Rac1,
and a C-terminal region (bar) which was used to bind GIT1 (B) by overlay. (B)
GST fusion proteins corresponding to constructs 1 to 7 of GIT1 were separated
on a 9% polyacrylamide gel and overlaid with PIX496-554 to localize the binding
site. All positive binding constructs contain SHD-1 of GIT1254-376. FIG. 4. GIT1 association with paxillin LD4 is regulated by PIX binding. (A)

Paxillin is immunoprecipitated with C-terminal constructs of GIT1. COS-7 cells
were transfected with expression vectors containing Flag-tagged DGIT1 con-
structs depicted in panel C and GFP-paxillin. Western blots (WB) of anti-Flag
immunoprecipitates or total lysates (50 mg per lane) were probed by antipaxillin.
(The smallest D3 GIT1 [residues 646 to 770] is detected in separate gels but not
shown here.) (B) Coexpression of PIX potentiates the ability of GIT1 to asso-
ciate with paxillin. GIT1 or D4 and D3 represent cotransfection. A significant
increase of paxillin (top) associated with Flag-GIT1 immunoprecipitates (IP)
(middle) was observed when PIX was also present. Total GFP-paxillin expression
is shown at the bottom. (C) Summary of constructs used and their ability to bind
paxillin via the conserved C-terminal region (black).
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Regulated binding of GIT1 to paxillin. It has recently been
reported that a region of paxillin (LD4 motif) binds to GIT1-
like proteins, through a C-terminal region of PKL (37). By
cotransfection of fragments of GIT1 (Fig. 4C) with paxillin, we
localized the C-terminal paxillin-binding domain of GIT1 fur-
ther (Fig. 4A). The C-terminal 125-residue GIT1646-770 bound
paxillin as efficiently as the larger GIT1376-770 fragment; func-
tional constructs smaller than this could not be derived (data
not shown). Significantly, full-length GIT1 is a poor paxillin
binder, but upon cotransfection with bPIX there was a dra-
matic increase in paxillin binding (Fig. 4B, compare lanes 1 and
2). Thus, the paxillin-binding domain of GIT1 appears masked
and is regulated by PIX. When GIT1 and PIX were cotrans-
fected into cells, the potentiation of FC loss appeared to result
from an increased affinity for paxillin.

GIT1 can interact directly with FAK. The localization of
GIT1 to focal adhesions suggested that FAK might be the
tyrosine kinase that copurifies with PIX-GIT1 complexes (22).
It has been reported that GIT1 is a FAK substrate whose
phosphorylation is up-regulated upon integrin ligation (2). To
test whether FAK might be indirectly recruited to PIX-GIT1
complexes by paxillin, we examined GIT1 or paxillin immuno-
precipitates for the presence FAK (Fig. 5A). Surprisingly,
GIT1 could bind a far greater proportion of FAK than paxillin
(compare bottom and top panels), suggesting that FAK di-
rectly interacts with GIT1. This was confirmed using GST-
GIT11-376 and recombinant (Escherichia coli-expressed) FAK
(Fig. 5B). The FAK-binding region was further determined by
cotransfecting FAK separately with three fragments of GIT1 in
COS-7 cells (Fig. 5C). Only GIT1253-424 (containing SHD-1)
was capable of binding FAK (in the absence of the paxillin-
binding domain). To test whether a trimeric complex of PIX,
GIT1, and FAK could be formed, Flag-PIX was used to im-
munoprecipitate FAK in the presence or absence of HA-GIT1
(Fig. 5C, right panel). Since GIT1 homodimers were not de-
tected when we cotransfected different tagged forms of full-
length GIT1 (data not shown), we conclude that the SHD-1
region can simultaneously bind FAK and PIX.

GIT1, which is phosphorylated on three sites (data not
shown), also served as a more efficient FAK substrate than
paxillin, as judged from the relative levels of tyrosine phos-
phorylation after appropriate cotransfection (Fig. 5D). GIT1
was also found to be a substrate for the Src kinase.

GIT and FAK cause FC loss without affecting actin stress
fibers. The paxillin LD4 motif that is targeted by GIT1 also
interacts with FAK but not with other paxillin binders such as
vinculin or talin which associate with different regions (4, 5).
Since our experiments suggested that the function of GIT1
interaction with the paxillin LD4 motif is to promote paxillin
loss from FCs, we reckoned that the paxillin-binding domain of
FAK would exhibit a similar effect. Indeed, microinjection of
an expression plasmid encoding FAK916-1053 (the so-called
FAT [focal adhesion targeting] region) caused FC disassembly
as assessed by vinculin staining, leaving smaller residual struc-
tures (Fig. 6). The larger FAK-related nonkinase (FRNK)
construct could also promote FC disassembly and eventual cell
contraction as efficiently as the FAT construct. Mutant FRNK
(L343S), which cannot bind paxillin (reference 36 and our
unpublished data), caused no alteration in either vinculin or
paxillin distribution in FCs. As with myrGIT1 expression, nei-
ther FRNK nor FAT domains induced significant actin stress
fiber disassembly (Fig. 6, bottom row); in contrast, myrPAK,
like other activated versions of PAK, caused complete stress
fiber loss.

Both GIT1 and FAK can promote Rac activities. Full-length
FAK showed similar abilities to cause FC loss in NIH 3T3 and

FIG. 5. GIT1 directly binds FAK through SHD-1. (A) Flag-GIT1 or Flag-
paxillin was coexpressed with GST-FAK, and the anti-Flag immunoprecipitates
(IP) were analyzed for the presence of FAK. Little FAK was detected in paxillin
immunoprecipitates compared to the amount in the total lysate. (B) Full-length
FAK was expressed from pFlag-FAK vector. E. coli cell lysates (300 ml, 8 mg/ml)
were passed through a 30-ml column of glutathione-Sepharose containing 2 mg
of GST or GST/GIT11-376 per ml. rFak, recombinant FAK. (C) FAK and PIX
can both associate with the GIT1 SHD-1. Flag-GIT1 constructs which were
coexpressed with GST-FAK in COS-7 cells cover the entire GIT1 protein as
shown schematically (domains as in Fig. 1). The Flag-tagged immunoprecipitates
(lower panel) were used to detect the presence of FAK. The right panels show
that Flag-PIX was able to immunoprecipitate FAK only in the presence of
HA-GIT1. (D) FAK or Src was cotransfected with GIT1 and/or paxillin and
analyzed for phosphotyrosine (PY) content. The amount of phosphotyrosine
relative to anti-Flag signal indicates the efficiency with which GIT1 and paxillin
are substrates for FAK (right lane).
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HeLa cells stained for vinculin. However, while the FRNK
construct showed only peripheral collapse, FAK (full length)
produced a counteracting membrane protrusive activity char-
acterized by phase-dark dynamic lamellipodia (Fig. 7). For
time-lapse experiments, HeLa cells were chosen because they
are relatively static; FAK-expressing HeLa cells became very
motile. Similarly, myrGIT1-injected cells are characterized by
cell body rounding but concomitantly exhibit peripheral exten-
sion by active lamellipodial production. In both cases, the
protrusive activity was blocked by coexpression of Rac1N17

(not shown). The paxillin-binding myrGIT1646-770 domain did
not induce a similar lamellipodial formation, and once cells
began to show signs of collapse, we noted that the process is
extremely rapid. This might be attributable to internal tension
generated by the intact actin-myosin system. Thus, full-length
FAK and GIT1 promote two distinct activities: a decrease in
cell adhesion (FC loss) and a Rac1-induced increase in periph-
eral membrane extensions, both facilitating migration.

Events downstream of Cdc42 and PAK involve GIT1 and
paxillin. We have recently shown that PAK (which is not usu-

ally detected in the RhoA-type FCs of cultured cells) becomes
concentrated in such FCs when we introduce its autoinhibitory
region PAK83-149 (41). Thus, the kinase does play a role in
these complexes but interacts only transiently, due to a nega-
tive regulation of its association with PIX (42). We tested
whether increased levels of FC-localized PAK would lead to
additional recruitment of GIT1, therefore indicating that PAK
does recruit GIT1. Indeed, endogenous GIT1 was significantly
concentrated in the FCs of HeLa cells expressing the PAK
inhibitor (Fig. 8A) relative to vinculin levels, which were un-
affected. Thus, PAK is probably a limiting factor for GIT1
localization to FCs, which explains the rather weak FC staining
pattern obtained with GIT1 antibodies.

In the microinjection experiments, myrGIT1646-770 or the
FAK916-1053 caused FC disassembly (via the LD4 region of
paxillin), though these constructs might be predicted to merely
drive the association of paxillin with the plasma membrane or
FCs, respectively. Could these effects be attributable simply to
such targeting of paxillin to juxtamembrane regions? Rather
than causing FC loss, myrpaxillin expression increased FC num-

FIG. 6. The FAK C-terminal domain can cause FC disassembly. (Top) FAK916-1053 and FRNK result in marked loss of FCs from HeLa cells as visualized by vinculin
staining, but the mutant FRNK(L343S) is ineffective. Expression of each construct was by anti-Flag (middle). Typical cells are shown 2 h after injection with expression
plasmid (100 mg/ml). FAK916-1053-expressing cells begin to narrow and undergo cell body retraction. Similar effects were noted with full-length FAK. (Bottom)
Distribution of polymerized actin as visualized by phalloidin-fluorescein isothiocyanate in typical cells expressing myraPAK, myrGIT1, or FRNK. Only in the first case
is there loss of actin stress fibers. Arrowheads indicate injected cells. Bar, 10 mm.
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bers, particularly at peripheral locations (not shown). This
suggested that myrpaxillin might stabilize newly emergent pe-
ripheral FCs (under the influence of Cdc42/Rac1). We then
examined the effects of coexpressing myrpaxillin with
Cdc42G12V (Fig. 9A). Typical vinculin staining patterns are
shown: the coexpressing cells consistently exhibited much
denser, brush-like peripheral FCs than cells expressing
Cdc42G12V alone (Fig. 9A). We interpret this as myrpaxillin
stabilizing these FCs by countering the effects of GIT1 (and
FAK) which normally drive paxillin loss from FCs. In any case,
paxillin recruitment to the membrane certainly does not result
in FC disassembly.

Since our experiments indicated a Cdc42/PAK/PIX/GIT1/
FAK pathway acting on FC-bound paxillin to promote FC
turnover (thereby facilitating motility), we tested the effects of
myrpaxillin and paxillin250-281 (an LD4 peptide derived inde-
pendently of Turner et al. [37] that binds to GIT and FAK) on
Cdc42G12V-induced cell motility. Both constructs attenuated
the motility driven by Cdc42G12V (Fig. 9B), though LD4 had
little effect on basal migration. This was also partially blocked
by the kinase-inhibitory PAK83-149 construct, consistent with
PAK activity contributing to FC disassembly. By masking the
GIT1 and FAK C-terminal regions, the LD4 peptide can block
FC turnover.

Can FC turnover increase motility? We also tested directly
whether smaller constructs that promoted FC loss via paxillin
(without other effects) could increase the number of trans-
fected COS-7 cells traversing a Boyden chamber membrane.
Indeed, myrGIT1 constructs enhanced migration (Fig. 9C) as
did FAK916-1053 protein (FAT domain), but the FAK N-termi-

nal domain (band 4.1 homology domain) had no effect in this
assay. Thus, under these conditions a loosening of cell attach-
ment aided migration, as has been discussed previously (33).
However, because FAT and FRNK will compete for endoge-
nous FAK, these might also interfere with cell migration under
different circumstances.

DISCUSSION

Functional implications of the regulated binding of GIT1
(and FAK) to paxillin. In investigating the mechanisms under-
lying PAK targeting to, and disassembling, FCs (20), we have
isolated the PIX-interacting protein GIT1 as part of a multi-
component complex with GIT1 involved in stimulating motil-
ity. Our results lead us to propose a model (Fig. 10) in which
Cdc42 recruitment of PAK and PIX drives the association of
GIT1 with FCs; this favors dissociation of paxillin from FCs,
which then become destabilized. FC turnover can also occur
via PAK inhibition of myosin light-chain (MLC) phosphoryla-
tion, leading to decreased myosin contractility. The resultant
decreased adherence facilitates motility, together with Rac1-
induced peripheral activities. FAK, which similarly promotes
motility, also binds to the GIT1 complex, and indeed more
strongly than to paxillin. This raises the possibility that the
paxillin binding region of FAK might be under some form of
intramolecular control, as for GIT1. GIT1 and FAK could act
synergistically in promoting motility.

The paxillin-binding C-terminal residues 646 to 770 are 78%
identical within GIT1 and GIT2/Cat whereas adjacent N-ter-
minal regions are dissimilar, compatible with their forming a

FIG. 7. FAK and GIT1 can drive lamellipodial formation. Phase-contrast micrographs of HeLa cells microinjected with expression plasmids (0.1 mg/ml) as shown.
FAK-expressing cells typically extend many phase-dark membrane ruffles (arrowheads), while myrGIT1 cells become bipolar with lamellipodia forming at the ends
(arrows). Uninjected cells (U) do not show movement over this time frame. These new structures were completely blocked by coexpression of RacN17. The FRNK and
myrGIT646-770 cells were captured at an intermediate stage of collapse: photomicrographs were taken with a 10-min interval approximately 1 h after injection.
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functionally discrete domain. An intramolecular interaction
probably maintains GIT1 in an inactive conformation, until
disruption or activation by PIX binding unmasks the C-termi-
nal domain. Such regulation seems common among FC com-
ponents; for example, phosphatidylinositol-4,5-bisphosphate
regulates the activity of vinculin’s binding sites for talin and
actin (9). Thus, PIX is permissive for GIT function and acts
upstream in the pathway. The selective loss of paxillin from
FCs, but not pronounced loss of FCs themselves, on GIT1
microinjection can be ascribed to a weak phenotype (i.e., suf-
ficient paxillin remains to stabilize the FCs). However, when
PIX is coexpressed and a greater fraction of the GIT1 has the
exposed C terminus, FC disassembly results. Selective paxillin
loss is observed at early times, prior to the FC loss per se, as
assessed by vinculin staining (Fig. 2B).

The N terminus LD1, LD2, and LD4 motifs of paxillin which
can potentially form parallel two-stranded coiled coils (.0.5
probability, using the coils algorithm of Lupas et al. [19])
exhibit protein-binding activity (37). The LD4-interacting do-
mains of GIT1 and FAK each contain complementary regions
with coiled-coil potential (cf. GIT1656-679 in Fig. 1A). We sug-
gest that binding to LD4 triggers an alteration in paxillin to
promote its dissociation from FCs, driven through conforma-
tional and/or subsequent phosphorylation events. The selective
FC paxillin loss resulting from elevated GIT1 levels (in stable
lines or by transient expression) via such a mechanism must
alter the properties of the C-terminal LIM2 and LIM3 do-
mains that act as FC localization modules (5).

Our motility assay results are consistent with paxillin263-282

LD4 effects on wound healing in NIH 3T3 cells (37), although
the mechanism of action proposed differs in that PKL (highly

related to GIT1) binding to paxillin drives FC recruitment of
the PIX-PAK complex (i.e., in the opposite direction). If this
were the case, PAK should be observed in all FCs that contain
paxillin; however, experimentally PAK concentrates only in
Cdc42- or Rac-induced structures (20). Our model of PIX
activating GIT1 to act on paxillin (facilitating its dissociation)
should be further tested once we understand how paxillin as-
sociates with FCs. There are multiple paxillin-related proteins
(paxillinb, Hic5, and leupaxin) containing the LD4 motif, and
these are probably regulated in the same manner.

Cdc42 and Rac1 antagonism of RhoA function which results
in dissolution of RhoA-dependent FCs (41) and facilitation of
motility probably occurs through two mechanisms utilizing

FIG. 8. PAK can recruit GIT1 to FCs. (A) Increased FC-localized GIT1 in
cells expressing the kinase inhibitor PAK83-149. The photomicrograph shows that
in HeLa cells expressing the inhibitor (star), endogenous GIT1 staining is more
concentrated in FCs relative to vinculin (B).

FIG. 9. PAK can recruit GIT1 to FCs. (A) Cdc42-induced peripheral FCs are
stabilized by coexpression of membrane-targeted myrpaxillin. The typical
rounded Cdc42G12V phenotype is seen 4 h after injection with or without coex-
pressed myrpaxillin. Note that with myrpaxillin the peripheral FCs are much
denser. (B) COS-7 cells were transfected with Flag expression plasmids as shown.
Motility of positively stained cells was assessed as for Fig. 1 (4 h after plating onto
transwells). The top panel shows that myrpaxillin and the paxillin LD4 constructs
effectively reduce Cdc42G12V-driven cell motility. KID, the PAK inhibitor
aPAK83-149. (C) Smaller GIT1 and FAK constructs also promote motility.
FAK1-427 corresponds to the band 4.1-like domain, and FAK916-1053 corresponds
to the FAT domain.
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PAK (Fig. 10). PAK can directly inhibit MLC kinase (MLCK)
(31), adversely affecting actin-myosin contractility; second,
PAK-PIX recruitment activates GIT1. PIX itself, being Dbl
related, can activate Rac1 and Cdc42 (22), an activity that has
recently reported to be both PI-3-kinase and PAK dependent
(40). Catalytic activity of PAK alone is insufficient for dissolu-
tion of RhoV14-driven FCs (41). With Cdc42G12V-induced pe-
ripheral FCs (Fig. 9A), the disassembling effect of Cdc42 in-
volving PAK is balanced by Cdc42’s contrary and known action
of driving formation of these FCs (24) via MRCK (18). These
peripheral FCs (and those of Rac) are considerably smaller
than Rho-driven structures and may serve to provide transient
and necessary contacts with the ECM to support cell migration
and motility.

GIT1 a multifunctional protein linking PAK and FAK path-
ways. The direct repeat SHD-1 mediates GIT1 association with
both PIX and FAK. This domain is found uniquely in GIT1
family and yeast Spa2-like proteins. Both are indirectly linked
to Cdc42: Spa2p colocalizes with Cdc42 to the emerging bud
site and is thought to bind directly to Ste11p and Ste7p (34),
which lie downstream of the PAK-like Ste20p; GIT proteins
bind PIX and thereby PAK. The direct association of FAK
with GIT1 as well as its integrin-dependent tyrosine phosphor-
ylation in vivo (2) suggest that GIT1 is a bona fide FAK
substrate. Although the C-terminal domains of both FAK and
GIT1 (138 and 125 residues, respectively) form a paxillin-
binding domain (targeting LD4), the sequences are essentially
unrelated. However, both contain a region with a high poten-
tial to form a coiled-coil structure (Fig. 1A).

Interestingly, GIT1 was first identified as being involved in
heterotrimeric G-protein signaling (28), but how GIT1 binds to
GRKs and whether this binding affects the various activities of
GIT1 with respect to the cytoskeleton remains to be investi-
gated. Two related Arf GAPs have recently been shown to
associate with FCs: ASAP/centaurin b4 binds Src and phos-
phatidylinositol-4,5-bisphosphate and is localized to FCs (29);
PAG3 contains a paxillin-binding domain and is suggested to

regulate transport of paxillin to FCs (16). It has also been
suggested that Arf1 mediates paxillin recruitment to FCs and
potentiates RhoA function (25).

FAK and GIT1 affect the cytoskeleton through common
mechanisms. Our findings that the FAK C terminus acts to
disassemble FCs tally with studies on FAK2/2 cells revealing a
role for FAK in FC turnover (15). That the noncatalytic FAK
C terminus fosters FC turnover correlates with the report that
inducible expression of FAK668-1052 (FRNK) causes irrevers-
ible loss of adhesion and subsequent anoikis (38). However,
the above findings disagree with those obtained by microinjec-
tion of GST/FAK765-1052 protein, which apparently decreased
cell migration (8). We suggest that these differences arise be-
cause FAK, unlike FRNK, stimulates Rac1-dependent forma-
tion of lamellipodia. Although not unexpected, this behavior of
FAK has not been previously reported. An ability to promote
motility appears to rely on interactions with Src family kinases
and p130Cas (7, 14). Similar conclusions were recently reported
for FAK mutants introduced in FAK2/2 cells (35). In addition,
FAK, by recruiting GIT1 and the associated partners PIX and
PAK, could promote FC turnover by antagonizing RhoA (Fig.
10).

The introduction of myrGIT1 into cells would be expected to
activate Rac1 via PIX, and possibly the associated p85 PI-3-
kinase subunit (40). FAK-mediated Rac1 activation, on the
other hand, may be predominantly via Crk interactions with
phosphorylated p130Cas (7). Thus, it is interesting that the
phenotypes of HeLa cells expressing FAK or myrGIT1 are
somewhat different (Fig. 7). In relation to cell motility, Rac
activation, which is dependent on FAK, will be adversely af-
fected by its competition with FRNK. On the other hand,
where Rac is activated by other mechanisms, FRNK expres-
sion, which decreases adhesion (via paxillin, as seen here), can
also enhance motility. We have shown that the paxillin-bind-
ing-defective mutant FRNK(L343S) fails to cause FC loss.
Focal adhesion targeting and paxillin binding are separate
functions in FAK (12).

Our results support the notion that interaction of the paxillin
LD4 with FAK or GIT1 provides a mechanism for disengage-
ment of paxillin from, and consequent disassembly of, FCs
(perhaps requiring phosphorylation events). The corollary that
cell adhesion is enhanced by the stabilization of paxillin-FC
interactions was shown with certain paxillin LIM3 mutants (6).
Thus, paxillin is identified as a linchpin to stabilize FCs, cross-
linking components via its C-terminal and N-terminal domains.
Providing evidence for this conjecture through targeted dis-
ruption of combinations of the four known paxillin-related
genes (4) will take some time.

What evidence is there that paxillin plays such a key role in
regulating FC dynamics? Mitotic cells, which lack well-formed
focal adhesions, appear to use two mechanisms to regulate
paxillin. First, paxillin levels are reduced whereas other FC
proteins including talin, vinculin, and FAK are unaffected (39);
second, Yamaguchi et al. (39) note that altered phosphoryla-
tion of paxillin (primarily on serine) regulates its interaction
with FC partners. Small cell lung cancer cells, which are ag-
gressive and metastasize quickly, are characterized by a loss of
paxillin expression (30). Conversely, FAK, which we suggest
opposes paxillin in function, is elevated in invasive human
tumors (27). Interestingly, overexpression of GIT1 in NIH 3T3
cells (which require attachment for propagation) is facilitated
by a compensatory up-regulation of paxillin (data not shown).

In conclusion, our observations suggest that in addition to
altering FC behavior through interplay between Rho proteins,
a PAK-driven mechanism exists to directly control FC turnover
through GIT1 (Fig. 9). GIT1 also binds to and is phosphory-

FIG. 10. PAK and its putative roles in FC regulation. Events downstream of
Cdc42 affect FCs. A cascade via PAK leads to paxillin dissociation from FCs,
promoting their turnover. The PIX-GIT1 complex also activates Rac1, leading to
formation of lamellipodia. PAK can down-regulate MLCK, which normally in-
duces actin-myosin contractility and formation of FCs. ROK drives the process
by inhibiting MLC dephosphorylation; MRCK also promotes FCs. FC turnover
and resultant decrease in cell adherence, together with Rac1-driven peripheral
changes, promote cell motility. FAK, which also act binds to GIT1, may act
synergistically with the PAK/PIX/GIT1 pathway to facilitate motility. For details,
see Discussion.
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lated by FAK (and its partner Src). This model addresses some
of the questions raised by previous studies of FAK and pro-
vides a basis for future investigations into FC regulation and its
relationship to cell motility.
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