
Introduction
Cellular adhesion and migration processes involve remodelling
and reorganisation of specialised adhesion sites (Lauffenburger
and Horwitz, 1996). In focal adhesion (FA) contacts,
aggregated integrins span the plasma membrane and mediate
direct interactions with components of the extracellular matrix
and with cytoskeletal proteins (Burridge and Fath, 1989). In
migrating fibroblasts, regarded as a slow motile cell stereotype,
FAs are mainly immobile, in agreement with these adhesion
sites serving as traction points, except in restricted retractile
cell edges where they display centripetal movements
(Smilenov et al., 1999). This localised regulation of FA
movement involves asymmetric signal transduction and can be
expected to direct cell polarisation and migration. One of the
major kinases implicated in FA signalling is focal adhesion
kinase (FAK). FAK is activated and localized at FAs upon cell
adhesion to the extracellular matrix (Schaller et al., 1994;
Schaller et al., 1999; Schlaepfer et al., 1999). Given the
abundance of FAs and the reduced migration of fibroblasts
from FAK-null mice (Ilic et al., 1995), FAK is probably
involved in FA remodelling during migration. Activation of

FAK requires phosphorylation of different tyrosine residues.
To date, six tyrosine phosphoacceptor sites in FAK have been
identified, namely tyrosines 397, 407, 576, 577, 861 and 925
(Calalb et al., 1995; Schlaepfer and Hunter, 1996a). Integrin
binding to the extracellular matrix and clustering of integrins
induced by antibodies or fibronectin-coated beads trigger
phosphorylation of FAK at Tyr-397, which is believed to be an
autophosphorylation site (Kornberg et al., 1991; Kornberg et
al., 1992; Schaller et al., 1994; Calalb et al., 1995). Once
phosphorylated, Tyr-397 generates a high affinity binding site
for SH2-domain-containing proteins such as Src family
kinases, phosphatidylinositol 3-kinase, Grb7 or phospholipase
C� (Chen and Guan, 1994; Schaller et al., 1994; Xing et al.,
1994; Zhang et al., 1999). Src binding to FAK apparently
contributes to Src activation, promoting further
phosphorylation of FAK at additional tyrosines. Indeed, in
cellular lysates from primary chicken embryo cells expressing
both Y397F-FAK and Src, no phosphorylation of Tyr-576/577
and Tyr-863 was observed, consistent with a requirement for
binding of Src to FAK after phosphorylation at Tyr-397 (Maa
and Leu, 1998). Subsequently, Tyr-576/577 phosphorylation

4415

One of the major tyrosine phosphorylation activities linked
to integrin signalling is that of focal adhesion kinase (FAK).
High amounts of FAK are located at specialised subcellular
compartments known as focal adhesions. FAK tyrosine
phosphorylation at focal adhesions is increased by various
stimuli including integrin engagement during migration
processes, growth factors and oncogene transformation.
Phosphorylation of FAK at various tyrosine residues
regulates focal adhesion turnover by mechanisms that are
not well understood. We made a fluorescent FAK mutant
(Y397F-FAK/YCam) to analyse, in living cells, how
phosphorylation of FAK regulates the turnover of focal
adhesions. We found that expression of Y397F-FAK/YCam
in human astrocytoma cells decreases the level of
phosphorylation of FAK at endogenous Tyr-397 residues
and at both endogenous and exogenous Tyr-576 residues,
in the putative activation loop of the kinase. This
corresponds to a decrease in phosphorylation of FAK at

focal adhesions in Y397F-FAK/YCam cells, since the
cellular localisation of FAK phosphoTyr-576 in cells
expressing Y397F-FAK/YCam or FAK/YCam was not
different. Furthermore, FRAP analysis showed that
phosphorylation of FAK at Tyr-397 increases specifically
the time-residency of FAK at focal adhesions but not in
cytosol. This in turn induces disassembly of focal adhesions
at the cell tail and promotes cell motility as shown by the
decrease in microtubule-mediated turnover of Y397F-
FAK/YCam-containing focal adhesions. Our data show
that phosphorylation of FAK at Tyr-397 is a key
determinant of how FAK controls focal adhesion turnover.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/118/19/4415/DC1

Key words: Focal adhesion kinase, Focal adhesion dynamics, Src,
FRAP

Summary

Regulation of focal adhesion dynamics and
disassembly by phosphorylation of FAK at tyrosine
397
Abdelkader Hamadi, Maya Bouali, Monique Dontenwill, Herrade Stoeckel, Kenneth Takeda and
Philippe Rondé*
UMR CNRS 7034, Pharmacologie et Physicochimie des Interactions Cellulaires et Moléculaires, Université Louis Pasteur de Strasbourg,
Faculté de Pharmacie, BP 60024, 67401 Illkirch, France
*Author for correspondence (e-mail: ronde@pharma.u-strasbg.fr)

Accepted 28 June 2005
Journal of Cell Science 118, 4415-4425 Published by The Company of Biologists 2005
doi:10.1242/jcs.02565

Research Article

Jo
ur

na
l o

f C
el

l S
ci

en
ce



4416

was shown to enhance FAK activity by increasing the
intermolecular trans-phosphorylation of FAK (Calalb et al.,
1995; Ruest et al., 2000; Leu and Maa, 2002), whereas Tyr-
863 phosphorylation increases FAK activity via intramolecular
cis-phosphorylation of FAK; both events lead to greater
phosphorylation of FAK at Tyr-397 (Calalb et al., 1996; Leu
and Maa, 2002). These data have lead to the well-recognized
model whereby integrin engagement initiates phosphorylation
of FAK at Tyr-397. This creates a binding site for Src family
kinases which in turn phosphorylate additional tyrosine
residues of FAK, increasing FAK kinase activity and thus FAK
autophosphorylation via both trans- and cis-phosphorylation.
This positive loop, in turn, increases FAK-dependent
signalling.

Recently, live-cell imaging of fluorescently labelled FA
components was used to analyse the role of signalling
molecules and protease in regulating FA disassembly (Franco
et al., 2004; Webb et al., 2004). Using a talin mutant, calpain-
mediated proteolysis of talin was shown to be a rate-limiting
step during FA turnover (Franco et al., 2004). FAK, Src,
p130CAS, paxillin, ERK and MLCK were all found to be
required for efficient FA disassembly (Webb et al., 2004).
Specifically, treatment of cells with a Src inhibitor or
expression of a kinase-defective mutant of Src decreased
the rate constant of FA disassembly as observed using
fluorescently tagged paxillin and zyxin (Webb et al., 2004). A
similar effect was found after expression of a Y397F-FAK
mutant, consistent with Tyr-397 phosphorylation and
subsequent recruitment of Src to FAs being necessary for FA
disassembly. Thus, a common signalling pathway leading
to FA disassembly appears to require an obligatory
phosphorylation step. In agreement, ERK/MAP kinase
phosphorylation is necessary for calpain 2 activation, which
leads to FA turnover (Carragher et al., 2003). Recently, we
reported the existence of a rapid flux of FAK between cytosolic
and FA compartments in U87 astrocytoma cells, as revealed by
FRAP analysis (Giannone et al., 2004). Furthermore,
compared to FAK, the dominant negative FAK-related non-
kinase (FRNK), which lacks both the autophosphorylation site
and the kinase domain of FAK (Schaller et al., 1993), had a
shorter time-residency at FAs (Giannone et al., 2004). In view
of the above actions resulting from the phosphorylation of
FAK, we hypothesized that FAK-dependent signalling is
correlated to the time-residency of FAK at FAs, which in turn
could control FA turnover and thus cell migration.

To analyse further the role of FAK during the disassembly
of FAs in living cells, we made a fluorescently tagged mutant
of FAK in which Tyr-397 was replaced by phenylalanine
(Y397F-FAK/YCam). We compared the specific pattern of
phosphorylation of Y397F-FAK/YCam and its dynamics at
FAs in U87 astrocytoma cells to those of FAK/YCam in order
to address more precisely how Tyr-397 phosphorylation
influences FA disassembly.

Materials and Methods
Reagents
Cell culture medium (EMEM), fetal calf serum (FCS), Hepes, L-
glutamine, penicillin, streptomycin, gentamycin and trypsin-EDTA
solution were from Gibco. Matrigel and the monoclonal antibody
(mAb) directed against the kinase domain of FAK were from Becton-

Dickinson. Polyclonal antibodies (Abs) directed against the C-
terminal (Ct) domain of FAK and the FAT domain were from Upstate
and Sigma, respectively. Phospho-specific FAK Abs were from Santa
Cruz Biotechnology. Nocodazole was from Sigma.

Cell culture
The U87-MG human astrocytoma cell line was obtained from the
American Type Culture Collection (ATCC). Cells were grown on type
I collagen (0.06 mg/ml)-coated plastic dishes in EMEM supplemented
with 10% heat-inactivated FCS, 0.6 mg/ml glutamine, 200 IU/ml
penicillin, 200 IU/ml streptomycin and 0.1 mg/ml gentamycin. They
were maintained at 37°C in a humidified incubator with 5% CO2 in
air. 

Expression plasmids and transfection
As previously described (Giannone et al., 2002), a fluorescent FA-
targeted protein, FAK/YCam, was made by fusion of FAK cDNA
(Whitney et al., 1993) (pCDM8-FAK plasmid kindly provided by S.
B. Kanner) to the 3� end of yellow Cameleon-2 (YCam2) (Miyawaki
et al., 1997). To fuse FAK in continuity with the YCam2 reading
frame, the stop codon next to enhanced yellow fluorescent protein
(EYFP) was replaced by a tyrosine codon (QuickChange, Stratagene).
FAK cDNA was amplified by PCR using a 5� primer containing a
MfeI site and a 3� primer containing a NheI site. The FAK PCR
product was digested with MfeI and NheI and cloned in the
corresponding compatible sites, EcoRI and XbaI, located in the
multiple cloning site of the newly mutated pcDNA3-YCam2 vector,
adjacent to EYFP, to give FAK-Ycam. To create Y397F-FAK/YCam,
the plasmid pcDNA3-FAK/YCam was amplified by PCR with Taq
polymerase Pfu Turbo and two primers (Y397FS, Y397FAS) using a
QuickChange Mutagenesis kit (Stratagene). The PCR product was
digested with DpnI. All constructs were verified by sequencing. The
plasmids were isolated (JetStar Plasmid kit; Genomed, Lohne,
Germany) before transfection with FuGENE 6. Cells were selected 24
hours later using 800 �g/ml G418 (Sigma) and maintained with 400
�g/ml G418. Cells were sorted to obtain >80% expressing cells using
a FACStar cell sorter (Becton-Dickinson) before use.

Immunoblotting
FAK/YCam- and Y397F-FAK/YCam-expressing cells were plated
at low density on Matrigel (178 �g/ml) for 2 days, then washed with
cold PBS and incubated with lysis buffer (1% Triton X-100, 1%
SDS, 100 mM NaF, 1 mM Na3VO4, 10 mM NaP2O7, in PBS,
supplemented with the anti-protease cocktail Complete (Boehringer,
Mannheim, Germany). Cell lysates were solubilized in Laemmli’s
buffer (5% glycerol, 2.5% �-mercaptoethanol, 1% SDS, 0.005%
Bromophenol Blue, 50 mM Tris-HCl, pH 6.8) at 95°C and resolved
by SDS-PAGE and then transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore). After blocking overnight at room
temperature with 0.1% casein in PBS/0.3% Tween 20, membranes
were incubated for 1.5 hours with different Abs: anti-FAK kinase
(immunogen corresponding to the kinase domain of FAK, amino
acids 354-533; used at 1/1000 v/v dilution); anti-FAK Ct
(immunogen corresponding to the C-terminal region of FAK, amino
acids 748-1052; 1/4000 dilution); anti-FAT domain (immunogen
corresponding to the C-terminal region of FAK, amino acids 1039-
1052; 1/4000 dilution); anti-Y397-phosphorylated FAK, anti-Y576-
phosphorylated FAK, (1/4000 dilution), followed by 1 hour
exposure to either anti-rabbit IgG coupled to HRP (1/60,000) or anti-
mouse IgG coupled to HRP (1/60,000). Specific staining was
revealed using ECL kits (Amersham). Blots were analysed by
densitometry, and results expressed as mean±s.e.m. Band intensities
of FAK and phosphorylated FAK were determined as [OD
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phosphorylated FAK/OD total FAK]�100. For each condition, blots
from at least four different experiments were analysed.

Immunostaining and colocalisation analysis
FAK/YCam- and Y397F-FAK/YCam-expressing cells plated at low
density on Matrigel for 2 days were rinsed with PBS and fixed for 15
minutes with 3% paraformaldehyde at room temperature. After 3
washes with PBS, cells were treated for 10 minutes with 0.2% Triton
X-100 in PBS/0.2% BSA and incubated 30 minutes with PBS/3%
BSA. Cells were washed three times with PBS/0.2% BSA and
incubated for 1 hour with various phospho-specific FAK Abs in
PBS/0.2% BSA (1/1000 dilution) or with an anti-human paxillin Ab
(1 �g/ml). After three additional washes, cells were incubated with
TRITC-conjugated secondary Ab in PBS/0.2% BSA (1/200 dilution),
washed with PBS and then observed using a confocal microscope
(Bio-Rad 1024, Kr-Ar laser 488 nm; Nikon Eclipse TE300, 40� oil-
immersion CFI Plan-Fluor NA 1.3 objective). GFP and TRITC were
excited at 488 and 568 nm, respectively, and fluorescence was
collected at 522 nm (green) and 585 nm (red). For fluorescence
intensities and colocalisation analyses, images were examined using
LaserSharp 5.3 software. Briefly, images were first segmented and a
scatter plot was created. This is a statistical representation that shows
colour and intensity distributions of pixels in a pair of images (red and
green). The Y-axis of the plot corresponds to green pixel intensities
and the X-axis to red pixel intensities. After selecting an area in the
plot having high intensity fluorescence in both channels, a new black
and white image of the selected cell is generated, which represents
the cellular localisation of these high-intensity pixels. To allow
analysis of statistical differences between Y397F-FAK/YCam-
transfected and control cells, the degree of colocalisation was also
calculated using Pearson’s coefficient. This describes the degree of
overlap between image pairs according to the following formula:
Rr=�(S1i-S1aver).(S2i-S2aver)/� �(S1i-S1aver)2.(S2i-S2aver)2, where S1 and
S2 are the pixel intensities in the first and second images, respectively,
and S1aver and S2aver are the average intensities of first and second
images.

Migration assay
Cell migration was assessed using a wound-healing model as
previously described (Giannone et al., 2002). Briefly, FAK/Ycam or
Y397F-FAK/Ycam cells (2�105 cells/ml) were grown to confluence
in Matrigel-coated (178 �g/ml) Petri dishes. After 24 hours of serum
starvation, a rectangular lesion was made, cells were rinsed and then
incubated with culture medium supplemented with 10% heat-
inactivated FCS. After 24 hours of migration, 3 fields at the lesion
border were acquired using a CCD camera (Panasonic) on an inverted
microscope (Olympus IMT2, 10� phase objective). In each field, the
migration distance for the 10 most mobile cells was measured using
Image Tool software (available by FTP from maxrad6.uthscsa.edu).
The experiment was repeated four times.

Fluorescence recovery after photobleaching experiments
FRAP experiments were done on a Bio-Rad confocal microscope at
32°C with excitation at 488 nm (Giannone et al., 2004). Cells
expressing FAK/YCam or Y397F-FAK/YCam were plated at low
density on Matrigel (178 �g/ml) for 2 days in Petri dishes in which
a 2 cm diameter hole had been cut in the base and replaced by a 0.07
mm thick coverslip. Photobleached regions consisted of a rectangle
enclosing a selected FA or cytoplasmic region. Fluorescence within
the rectangle was measured at low laser power before bleaching
(prebleach intensity) and then photobleached with full laser power
for ~6 seconds, which effectively reduced the fluorescence to
background levels. Recovery was followed using low laser power at
various time intervals until the intensity reached a steady plateau.

Negligible bleaching occurred while imaging the recovery process at
low power, as verified in control experiments. Fluorescence during
recovery was normalized to the prebleach intensity. Relative recovery
rates for FAK/YCam and Y397F-FAK/YCam at FAs were compared
using the half-time for recovery of fluorescence towards the
asymptote. Mobile and immobile fractions were calculated by
comparing the intensity ratio in the bleached area just before the
bleaching and after recovery.

FA disassembly after nocodazole wash-out
Cells expressing FAK/YCam or Y397F-FAK/YCam were plated at
low density on Matrigel for 2 days and were then treated with
nocodazole (2.4 �g/ml) (Kaverina et al., 1999; Bhatt et al., 2002) for
1-2 hours prior to imaging by confocal microscopy as above (488 nm
excitation, 522 nm emission). A first image was obtained immediately
prior to nocodazole wash-out, then cells were washed three times
using EMEM supplemented with 10% FCS and 10 mM Hepes. Then,
z-series stacks (0.2 �m steps) were acquired every 5 minutes for 1
hour at 32°C. Representative cells of a minimum of four independent
experiments are illustrated. NIH Image software was used to assess
the dynamics of FAs. FA movement and disassembly were visualized
and quantified as the loss of fluorescence in a selected region of
interest. Automated counting of FAs in single cells was done after
noise removal by thresholding and applying a size constraint to FAs.
Data are presented as mean±s.e.m. of the percentage of disassembled,
newly formed or constant (immobile) FAs compared to the total
number of FAs.

Results
Expression of FAK/YCam and Y397F-FAK/YCam in
human astrocytoma cells
In order to visualize the effect of FAK Tyr-397 phosphorylation
on the dynamics of FAK at FAs, we made a FAK mutant
in which Tyr-397 was mutated to Phe (Y397F-FAK), and
fused to YCam, a fluorescent construction. Expression of
FAK/YCam and Y397F-FAK/YCam in human U87
astrocytoma cells was detected in lysates immunoblotted with
FAK anti-kinase, FAK anti-Ct and FAK anti-FAT antibodies
(Fig. 1A). Using these three different antibodies, endogenous
FAK was detected at 125 kDa in control and transfected cells,
whereas FAK/YCam and Y397F-FAK/YCam were detected at
approximately 200 kDa in transfected cells (Fig. 1B). No
significant differences were found by densitometric analysis
between the exogenous expression levels of FAK/YCam and
Y397F-FAK/YCam compared to the relative level of
endogenous FAK. Indeed, using the antibody raised against the
kinase domain of FAK, the level of exogenous FAK over
endogenous FAK was 2.63±0.47 (n=9) in FAK/YCam-
transfected cells and 2.29±0.34 (n=9) in Y397F-FAK/YCam-
transfected cells. Similar results were obtained using the
antibodies raised against the C-terminal and the FAT domain
of FAK (not shown).

Analysis of the pattern of phosphorylation of FAK in
Y397F-FAK/YCam-transfected cells
It is well-accepted that autophosphorylation of FAK at Tyr-397
upon integrin-ligand binding creates a binding site for Src
family kinases via their SH2 domains. This allows
phosphorylation of FAK at additional Tyr residues to increase
FAK kinase activity. We therefore compared phosphorylation
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of FAK using phospho-specific antibodies in control U87 cells
and after transfection either with FAK/YCam or Y397F-
FAK/YCam.

In subconfluent cells migrating on Matrigel, endogenous
FAK was phosphorylated at Tyr-397 in both control and
transfected cells (125 kDa bands, Fig. 2A). As expected,
exogenous FAK (from expression of FAK/YCam and Y397F-
FAK/Yam; 199 kDa bands) was phosphorylated only in cells
transfected with FAK/YCam. However, analysis of the
percentage of endogenous FAK-Tyr-397 phosphorylation
compared to total FAK shows that in Y397F-FAK/YCam-
transfected cells, autophosphorylation of endogenous FAK
(125 kDa bands) is decreased by 40% compared to control U87
cells or to cells transfected with FAK/YCam (Fig. 2B),
consistent with a decrease in intermolecular trans-
phosphorylation of FAK. Immunocytochemical analysis (Fig.
2C) revealed that Tyr-397 is not necessary for FAK localisation
at FAs, as Y397F cells exhibit YCam staining (green) at FAs
without specific phosphotyrosine staining (red). Indeed, the
absence of exogenous FAK-Tyr-397 phosphorylation observed
in western blots of Y397F cells (Fig. 2A) is accounted for by
the absence of P-Tyr-397 staining at FAs in Y397F-transfected
cells (Fig. 2C). The cellular localisation of YCam and P-Tyr-
397 signals can be revealed by extracting high intensity pixels
(white circles in Fig. 2D) from two-colour scatter plots
(representing the intensity distribution of pixels in a pair of

images: green for YCam, red for P-Tyr-397; Fig. 2D), to form
a new image. The corresponding images (white images, upper
right corners; Fig. 2D) indicate that these high intensity pixels
are located at FAs in FAK/YCam cells but not in Y397F-
FAK/YCam cells. Thus, phosphorylation of FAK-Tyr-397 is
considerably decreased at FAs in Y397F-transfected cells. This
difference was confirmed by quantification using Pearson’s
coefficient analysis, which calculates, as a measure of
colocalisation, the degree of overlap between paired images
(Fig. 2E). As expected, the coefficient is relatively low for
Y397F-FAK/YCam cells (R=0.52; the two colours are not
highly present in the same structures) and significantly smaller
compared with FAK/YCam cells (R=0.81).

We next analysed the effect of the Y397F mutant on the
phosphorylation status of FAK-Tyr-576, which lies in the
kinase domain of FAK (Fig. 1A) and thus has been viewed as
a good reporter for FAK kinase activity (Calalb et al., 1995;
Maa and Leu, 1998). Since Tyr-576 is a putative Src-specific
phosphorylation site, according to the model of FAK-Src
interaction (Maa and Leu, 1998), its level of phosphorylation
should decrease upon Y397F-FAK/YCam transfection, Indeed,
in Y397F cells, phosphorylation of both endogenous (125 kDa)
and exogenous (199 kDa) FAK-Tyr-576 (Fig. 3A) was
decreased by 25% and 50%, respectively (upper and lower
panels, respectively, Fig. 3B) compared with control U87 and
FAK/YCam cells. The decrease in phosphorylation of
endogenous FAK-Tyr-576 in Y397F cells is consistent with
a decreased trans-phosphorylation of FAK in these cells.
Since phosphorylation at Tyr-576 mediates an increase in
FAK activity as observed by higher levels of FAK
autophosphorylation (Calalb et al., 1995; Leu and Maa, 2002),
a reduction in endogenous phospho-Tyr-397-FAK levels could
alter FAK-Src binding-mediated Tyr-576 phosphorylation, thus
leading to further reduction in FAK activity via a positive loop.
The reduction in Tyr-576 phosphorylation was observed at FAs
in Y397F cells as seen by confocal imaging (Fig. 3C, lower
panel; compare transfected with non transfected cells). This is
confirmed in scatter-plots where intensities of P-Tyr-576
signals (red) are lower than YCam signals (green) in Y397F-
FAK/YCam cells but not in FAK/YCam cells (Fig. 3D).
However, high-intensity pixels in both cell types were located
at FAs (white images, upper right corners, Fig. 3D). Moreover,
colocalisation of P-Tyr-576-FAK and FAK/YCam or
Y397F/FAK-YCam was not different, as quantified by
Pearson’s coefficient analysis (Fig. 3E). Taken together, these
results indicate that the preferential localisation of P-Tyr-576-
FAK is at FAs (Fig. 3C) and therefore, the decrease in Tyr-576
phosphorylation in Y397F-FAK/YCam cells (Fig. 3D) is
specifically localised to FAs.

Local redistribution of FAK from FA to cytosol is impaired
in transfected Y397F-FAK cells
The overall effects observed on tyrosine phosphorylation in
Y397F cells are in accord with a global reduction of FAK
activity which should alter the turnover of FAs. In motile U87
cells, we observed predominantly static FAs, together with
restricted zones where FAs disassembled (Giannone et al.,
2002; Giannone et al., 2004). Therefore, to analyse how
expression of Y397F-FAK might affect the turnover of FAs,
we compared the molecular dynamics of FAK/YCam and

Journal of Cell Science 118 (19)

Fig. 1. Expression of FAK/YCam and Y397F-FAK/YCam in U87
astrocytoma cells. (A) Schematic representation of FAK with the
phospho-acceptor residues and the epitopes recognized by the
different antibodies used in this study. (B) Control U87, FAK/YCam
(FAK) and Y397F-FAK/YCam (Y397) cells were lysed and
immunoblotted for FAK with antibodies that recognize the kinase
domain (top panel), the C-terminal domain (Ct; middle panel) or the
FAT domain (lower panel). The lower bands correspond to
endogenous FAK (125 kDa), while the upper bands correspond to the
fusion proteins FAK/YCam or Y397F-FAK/YCam (199 kDa).
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Y397F-FAK/YCam in two compartments (cytosol and at FAs)
using fluorescence recovery after photobleaching (FRAP)
experiments. It is now well accepted that during their lifetime,
FAs are highly dynamic structures that can vary in morphology
and molecular composition (Zaidel-Bar et al., 2003). This
molecular heterogeneity at integrin-mediated adhesion sites
has lead several researchers to attempt to classify FAs into
different groups, including ‘classical FAs’, fibrillar adhesions
(FBs) under the cell centre and focal complexes (FXs) (Zaidel-
Bar et al., 2004) in lamellipodia at leading edges. Therefore,
to avoid heterogeneity in the molecular composition of focal
structures that might alter their dynamic response, we chose to
selectively study only peripheral FAs, thereby excluding FXs
and FBs. The YFP moiety of YCam2 was bleached with short
high-power excitation using the 488 nm line of a Kr/Ar laser
in small FA-containing or cytosolic regions of interest (ROIs).
Subsequent time-lapse imaging of bleached regions allowed
visualisation of the movement of FAK/YCam or Y397F-
FAK/YCam during recovery after bleaching (Fig. 4A). The
recovery kinetics corresponds to the replacement of bleached
FAK/YCam or Y397F-FAK/YCam by surrounding unbleached
FAK/YCam or Y397F-FAK/YCam. Recovery after
photobleaching of FAK/YCam at immobile FAs was fast

[comparable with our previous observations (Giannone et al.,
2004)], with a recovery half-time of 16.3±2.7 seconds (n=9
FAs; Fig. 4B). However, a much faster recovery (half-time of
5.2±0.5 seconds, n=7) was observed when FRAP experiments
were carried out on small peripheral cytosolic ROIs, indicating
that additional factors are involved in regulating FAK exchange
between FAs and the cytosol. This regulation at FAs is
apparently altered in cells expressing Y397F-FAK, since
FRAP experiments show that Y397F-FAK/YCam has a
significantly faster recovery (half-time of 10.3±1.2 seconds,
Fig. 4B, n=8 FAs) at FAs than FAK/YCam, whereas no
difference was found for cytosolic ROIs (half-time of 5.9±0.6
seconds, Fig. 4B, n=7). The significantly faster dissociation
kinetics of Y397F-FAK at FAs compared to wild-type FAK
suggest that phosphorylation of FAK at least at Tyr-397 and/or
Tyr-576 contributes to regulating the turnover of FAK.

Expression of Y397F-FAK reduces disassembly of FAs
induced by nocodazole wash-out
At immobile FAs, the rates of FAK association and dissociation
to components of FAs should be the same. Altering one of these
rates should consequently have an impact on the disassembly
process of FAs. Therefore, experiments were designed to
analyse the overall effect of Y397F-FAK expression on
disassembly of FAs. Previous studies have demonstrated that
treatment of cells with nocodazole, a microtubule-disrupting
agent, promotes stabilization of FAs, whereas after nocodazole
wash-out, specific microtubule targeting to FAs induced
disassembly of FAs (Kaverina et al., 1999; Bhatt et al., 2002).
In order to test whether impaired turnover of Y397F-FAK at
FAs (Fig. 4) affects disassembly of FAs, nocodazole wash-out
studies were done on U87 cells transfected with FAK/YCam

Fig. 2. Expression of Y397F-FAK/YCam decreases endogenous
FAK-Tyr-397 phosphorylation at FAs. (A) Control U87, FAK/YCam
(FAK) and Y397F-FAK/YCam (Y397) cells were lysed and site-
specific FAK phosphorylation was analysed on western blots using
anti-FAK[P-Tyr-397] antibody. The amounts of proteins were
monitored by stripping and reblotting the membranes with anti-FAK
antibody. In Y397F cells, note the absence of phosphorylation of
exogenous FAK-Tyr-397 (199 kDa) and the reduced phosphorylation
of endogenous FAK-Tyr-397 (125 kDa). (B) Quantification of the
percentage of endogenous FAK-P-Tyr-397/total FAK in control and
transfected cells. Data are mean±s.e.m. (n=5); *P<0.05, paired t-test.
(C) FAK/YCam- and Y397F-FAK/YCam-transfected cells plated for
2 days on Matrigel were fixed, permeabilized and FAK-Tyr-397
phosphorylation was analysed by immunocytochemistry. Y397F-
FAK/YCam transfected cells (lower panel) display very low levels of
FAK-Tyr-397 phosphorylation at FAs compared to adjacent non-
transfected cells and to FAK/YCam-transfected cells (upper panel).
Scale bar: 10 �m. (D) Analysis of the localisation pattern of YCam
(green) and P-Tyr-397 (red) pixels in FAK/YCam- and Y397F-
FAK/YCam-transfected cells. The scatter plots (lower left corners)
show colour and intensity distributions of pixels from a pair of
images (YCam and P-Tyr-397). By selecting a ROI (outlined in
white), a group of pixels with high intensities was extracted to form a
new image of the cellular localisation of these pixels (white images
in upper right corners). (E) Quantification using Pearson’s coefficient
(which describes the extent of overlap between image pairs) reveals a
significant reduction (*P<0.05, paired t-test) of correlation in YCam
and P-Tyr-397 images for Y397F-FAK/YCam-transfected cells
compared to FAK/YCam–transfected cells.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



4420

or Y397F-FAK/YCam (Fig. 5). In FAK/YCam cells, several
FAs underwent disassembly during the 1 hour observation
period after nocodazole wash-out (Fig. 5A), accompanied by
clear cellular movements. In contrast, in Y397F-FAK/YCam
cells, only a few FAs disassembled after nocodazole washout
(Fig. 5B), with cells being non-motile. In the same culture dish,
adjacent non-Y397F-transfected cells displayed normal
motility (Fig. 5C), strongly suggesting that impaired FA
turnover in Y397F cells accounts for their impaired motility.
Indeed, in FAK/YCam cells, directed movement was observed
after nocodazole washout (Fig. 6A), accompanied by FA
disassembly at the cell tail (Fig. 6B, black arrow) and
formation of new FAs at the front edge (Fig. 6B, white arrow).
In contrast, no clear motility was observed in Y397F cells (Fig.
6A,B), very probably because of a decrease in the number of
disassembled FAs. Quantification of FA dynamics during
recovery from nocodazole revealed that the percentage of
constant (immobile) FAs was significantly greater in Y397F-
FAK/YCam cells than in FAK/YCam cells, while in contrast,

the percentage of disassembled FAs was significantly lower in
Y397F cells than in FAK cells (Fig. 6C). Moreover, newly
formed FAs were also increased in FAK cells compared with
Y397F cells, although this difference was less important. The
overall differences in FA dynamics are in favour of a reduced
motility of Y397F cells after nocodazole wash-out. These
findings are consistent with FAK-Tyr-397 phosphorylation
being required for efficient disassembly of FAs and hence, for
cell migration. Indeed, we compared the migration speed of
Y397F and FAK cells over a 24 hour period using a wound-
healing model and found that Y397F cells were significantly
less motile than FAK cells (Fig. 6D).

Finally, to ensure that FAK and Y397F-FAK are good
markers for FA turnover, immunostaining experiments were
done using a paxillin antibody in untreated cells and cells
treated with nocodazole. As seen in Fig. 7, paxillin and FAK
or Y397F-FAK colocalized at FAs both before addition of
nocodazole and also after nocodazole wash-out (not shown).
Indeed, using Pearson’s analysis, no difference in the degree
of colocalisation was detected between FAK or Y397F-FAK
and paxillin before addition of nocodazole and after FA
disassembly induced by nocodazole wash-out (Fig. 7B). This
strongly indicates that both FAK and paxillin turn over with
comparable kinetics at FAs.

Discussion
We have assessed the involvement of FAK-Tyr-397
phosphorylation in the disassembly of FAs during migration of
human U87 astrocytoma cells. Our data demonstrate that
phosphorylation at Tyr-397 and subsequently at Tyr-576 is
essential for FA disassembly. Investigation of the molecular
dynamics of FAK/YCam and Y397F-FAK/YCam by FRAP
indicates that the absence of phosphorylation at specific
tyrosine residues decreases the time residency of FAK at FAs,
which is probably associated with impaired FA disassembly.
We propose a model in which phosphorylation of FAK
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Fig. 3. Expression of Y397F-FAK/YCam decreases phosphorylation
of endogenous and exogenous FAK-Tyr-576 at FAs. (A) Cells were
lysed and site-specific FAK phosphorylation was analysed in western
blots with anti-FAK[P-Tyr-576] antibody. The amounts of proteins
were monitored by stripping and reblotting the membranes with anti-
FAK antibody. Note the reduction in phosphorylation of endogenous
and exogenous FAK at Tyr-576 in Y397F cells. (B) Quantification of
the percentage of endogenous (125 kDa; upper panel) and exogenous
(199 kDa; lower panel) phosphorylated FAK-Tyr-576/total FAK in
control and transfected cells. Data represent mean±s.e.m. (n=5); *
P<0.05, paired t-test. (C) FAK/YCam- and Y397F-FAK/YCam-
transfected cells plated for 2 days on Matrigel were fixed,
permeabilized and FAK-Tyr-576 phosphorylation was analysed by
immunocytochemistry using anti-FAK[P-Tyr-576] antibody.
Transfected Y397F-FAK/YCam cells (lower panel) have lower FAK
Tyr-576 phosphorylation at FAs compared to adjacent non-
transfected cells and to transfected FAK/YCam cells (upper panel).
Scale bar: 10 �m. (D) Scatter plots show colour and intensity
distribution of pixels in a pair of images (YCam, green and P-Tyr-
576, red), with lower P-Tyr-576 intensities in Y397F cells. Extracted
high intensity pixels (outlined white ROIs) were used to form a new
image of the cellular localisation of these pixels (white images in
upper right corners). (E) Quantification using Pearson’s coefficient
reveals no difference in colocalisation of YCam and P-Tyr-576
signals in Y397F-FAK/YCam cells compared to FAK/YCam cells.
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increases the off rate of FAK from FAs, leading to FA
disassembly.

Mechanisms that determine the time residency of FAK at
FAs probably involve multiple interactions with FA
components, in agreement with the faster recovery half-time of
Y397F-FAK/YCam. The identical ability of FAK/YCam and
Y397F-FAK/YCam to localize at FAs is based on the C-
terminal domain present in both proteins. The C-terminal
domain of FAK encloses the FA targeting sequence [FAT
(Hildebrand et al., 1993)] and contains binding sites for
paxillin and talin, which are considered as the FA components
responsible for FA targeting (Tachibana et al., 1995; Hayashi
et al., 2002). However, the faster recovery half-time of Y397F-
FAK/Cam compared to FAK/YCam indicates that FA
association/dissociation kinetics are modified for Y397F-
FAK/YCam. This suggests that FA targeting is not uniquely
necessary for FAK function, and that regulation of FA
association/dissociation kinetics may be an essential aspect of
FAK signalling. The fast exchange of FAK/YCam between
cytosolic and FA compartments (Fig. 4) (Giannone et al., 2004)
contrasts with the immobility of most FAs in our cells, and
emphasizes the signalling function of FAK over a structural

Fig. 4. FRAP experiments at FAs uncover regulation of FAK/YCam
molecular dynamics by phosphorylation. (A) U87 cells expressing
FAK/YCam (left) or Y397F-FAK/YCam (right) were imaged before
bleaching of FA-containing ROIs (white squares). Scale bar: 10 �m.
The time lapse sequences (in seconds) below show recovery after
bleaching of corresponding FAs for FAK/YCam (upper row) and
Y397F-FAK/YCam (lower row). Bpb, before photobleaching; apb,
immediately after photobleaching. Scale bar: 2 �m. (B) Kinetics of
recovery of FAK/YCam (– �-) and Y397F-FAK/YCam (–�-) in
cytosolic (top left) and FA compartments (top right) after bleaching.
The fluorescence intensity in the bleached region was measured and
expressed as the relative recovery. At FAs (bottom right), note the
significantly shorter recovery half-time for Y397F-FAK/YCam
compared to FAK/YCam.

Fig. 5. Effects of mutation at Tyr-397 on the dynamics of FAK/YCam after nocodazole washout observed by confocal imaging during 1 hour of
cells transfected with FAK/YCam (A), Y397F-FAK/YCam (B) and non transfected cells (C). White arrows show positions of FAK/YCam-
containing FAs that were highly dynamic with clear cell edge movements (A). White arrow heads indicate positions of Y397F-FAK/YCam-
containing FAs that were stable (B). A non transfected cell adjacent to the cell transfected with Y397F-FAK/YCam displays normal motility,
with cell edge retraction (grey arrow, C). Images are representative of cells from a minimum of for separate experiments. Scale bar: 5 �m.
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role. Nevertheless, redundant interactions that characterize FA-
associated proteins could underlie protein exchange without
dissipation of FA architecture and might reconcile fast
FAK dynamics with a structural function. In agreement, low
affinity interactions between FA components have been
described (Goldmann, 2000), which may facilitate protein
exchange dynamics. For example, it has been shown that
phosphorylation of FAK by Src does not require binding of Src
to Tyr-397, indicating that formation of a complex between the
Src SH2 domain and FAK is not absolutely required for Src-
dependent phosphorylation of FAK (McLean et al., 2000). The
difference in FA association time for FAK/YCam and Y397F-
FAK/YCam probably results from impaired signalling by
Y397F-FAK or may be related to intrinsic binding capabilities.
The effects of an absence of phosphorylation at FAK-Tyr-397
support the notion that events linked to FAK tyrosine

phosphorylation activity determine the kinetics of FAK
localization at FAs. Nevertheless, the difference between
signalling and structural functions may be difficult to
distinguish in this case. Indeed, in a simple equilibrium model
of FA association/dissociation, FAs remain static when the
FAK off rate is equal to its on rate, and FA dissociation would
result from a FAK off-rate greater to the on-rate (Fig. 8A). This
suggests that structural and signalling functions of FAK may
be exchangeable in order to gain reactivity to a given stimulus.
Because FAK possesses numerous phospho-acceptor sites,
FAK when localised at FAs, may function as a molecular
switch interacting with both signal transduction and structural
proteins (Schlaepfer and Hunter, 1996b; Hanks and Polte,
1997; Parsons, 2003) to control FA disassembly.

Several studies have reported that phosphorylation of FAK
is associated with FA disassembly and thus regulates cell

Journal of Cell Science 118 (19)

Fig. 6. Quantification of the effects of mutation at Tyr-397 of FAK/YCam on FA disassembly after nocodazole washout. (A) In FAK/YCam-
transfected cells, cellular motility was clearly apparent (directions is indicated by the white arrow), during the 1 hour recovery period after
nocodazole (see supplementary material Movie 1), unlike Y397F-FAK/YCam-transfected cells (see supplementary material Movie 2). Scale
bar: 10 �m. (B) FA turnover was also inhibited in Y397F-FAK/YCam cells compared with FAK/YCam. Left images at t=0, centre images at
t=60 minutes; right images are the result of subtraction of the images at t=60 from those at t=0. In the subtracted images, disassembled FAs are
black, newly formed FAs are white and constant FAs are grey. (C) Disassembled, newly formed and constant (immobile) FAs plotted as a
percentage of the total FAs in FAK/YCam and Y397F-FAK/YCam cells during recovery from nocodazole treatment . Values are the mean of
four separate experiments. (D). Migration speed of FAK/YCam and Y397F-FAK/YCam cells was assessed using a wound-healing model (see
Materials and Methods). Y397F-FAK/Ycam cells (n=120) had a significantly decreased migration speed compared with FAK/Ycam cells
(n=120).
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migration (Sieg et al., 1999; Carragher et al., 2001; Giannone
et al., 2002; Westhoff et al., 2004). For example, by assessing
the rate constants for disassembly of paxillin, phosphorylation
of FAK-Tyr-397 was shown to be essential for FA disassembly
(Webb et al., 2004). Others have implicated specific proteins
such as Src (Fincham and Frame, 1998) or calpain, a protease
that cleaves several FA components such as FAK or talin
(Huttenlocher et al., 1997; Bhatt et al., 2002; Franco et al.,
2004). In a simple equilibrium model of FAK associated, or
not, at FAs (Fig. 8A), FAK cleavage appears not to be
necessary for FA disassembly, as an increase in the FAK off-
rate would be sufficient to promote FA disassembly.
Nevertheless, this does not mean that cleavage of FAK is not
implicated in FA disassembly, since cleavage of FAK is
associated with increased Src activity, leading to
phosphorylation of FAK and activation of calpain (Fincham
and Frame, 1998; McLean et al., 2000; Carragher et al., 2001).
Cleavage of FAK could therefore be necessary downstream of
phosphorylation of FAK to promote FA turnover. We propose

that extended docking of FAK at FAs is associated with the
phosphorylation of FAK, which is followed by different
phosphorylation-dependent processes, and ultimately, FA
disassembly (Fig. 8B). In support, our FRAP experiments show
that the FA-associated state of FAK/YCam is prolonged and
the immobile fraction of FAK/YCam at FAs is increased
compared to Y397F-FAK/YCam. In our model, when
phosphorylation of Tyr-397 is decreased or absent (as a result
of expression of Y397-FAK), k3 is very small, and non-
phosphorylated FAK will accumulate at FAs leading to an
increase in k2 (Fig. 8C). This would account for a more rapid
turnover of FAK at FAs, consistent with the shorter time-
residency of Y397F-FAK at FAs observed in our FRAP
experiments. This implies that decreases in FAK
phosphorylation processes would stabilize FAs, consistent with
the lower number of dissociated FAs after nocodazole wash-
out in Y397F-FAK-transfected cells.

In agreement with this model, we have already reported that
rises in calcium trigger FA disassembly, an action correlated
with increased phospho-Tyr-397 and enhanced FAK residency
at FAs (Giannone et al., 2002; Giannone et al., 2004).
Moreover, transfected FRNK (which acts as a dominant-
negative of FAK and lacks the kinase domain and the Tyr-397

Fig. 7. Analysis of the expression of FAK/YCam or Y397F-
FAK/YCam and paxillin in U87 astrocytoma cells before and after
FA turnover induced by nocodazole wash-out. FAK/YCam- and
Y397F-FAK/YCam-transfected cells plated for 2 days on Matrigel
were fixed before addition of nocodazole (0�), or 60 (60�) minutes
after nocodazole wash-out, permeabilized and paxillin was revealed
by immunocytochemistry. (A) Before addition of nocodazole,
FAK/YCam and Y397F-FAK/YCam colocalized with paxillin.
(B) Quantification, using Pearson’s coefficient, reveals no difference
in colocalisation of YCam and paxillin before addition of nocodazole
or after FA disassembly induced by nocodazole wash-out in
FAK/YCam cells and Y397F-FAK/YCam cells. Scale bar: 10 �m.

FAK

FAK

Focal Adhesion

Cytosol

kon koff

FAK P -FAK 

FAK

k1

k2

k3

k4

k5

k6

Y397F-FAK P -FAK 

FAK

k1

k2

k3

k4

k5

k6

A

B

C

Fig. 8. Model for FAK-mediated FA dynamics. (A) FAK exists in
equilibrium between two compartments: in assembled FAs and in
cytosol. Increasing kon or koff will either stabilize or disassemble FAs.
(B) In FAs, FAK is phosphorylated by cis/trans activation before
leaving the FA compartment. (C) Decreasing k3, for example by
expression of mutant Y397F-FAK, will lead to accumulation of non-
phosphorylated FAK at FAs and thus a greater k2 (consistent with the
shorter recovery half-time for Y397F-FAK/YCam compared to
FAK/YCam), and in turn, to a decrease in FA disassembly.
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auto-phosphorylation site) had enhanced turnover at FAs
(Giannone et al., 2004), probably because of the increased
concentration of non-phosphorylated molecules at FAs. This
was also associated with an increase in the size of FAs in
FRNK-transfected cells and a decrease in migration speed
(Sieg et al., 1999; Giannone et al., 2002), both of which
indicate more stable FAs, in accordance with our model.
Likewise, plasma membrane targeting of mutant FAK
constructs, which results in elevated FAK-Tyr-925
phosphorylation, induced rapid exclusion of the mutant from
FAs (Katz et al., 2003). Increased cell motility and decreased
cell attachment have been considered to be a consequence of
deregulated FA turnover (Schlaepfer et al., 2004). Expression
of a FAK mutant (all tyrosine residues whose phosphorylation
are Src-dependent were mutated to phenylalanine) in
fibroblasts gave rise to a decrease in cell motility associated
with a decrease in cell detachment (Westhoff et al., 2004).
However, substitution of two lysine residues by glutamic acid
in the activation loop of FAK resulted in an activated FAK
mutant called ‘SuperFAK’ having increased catalytic activity
and hyperphosphorylation and which confers increased
motility to epithelial cells (Gabarra-Niecko et al., 2002).

In conclusion, our results show that FAK molecular
dynamics are fast and tuneable by phosphorylation-dependent
processes. This may allow the cell to have greater reactivity in
response to migration-associated stimuli by inducing rapid
changes in phosphorylation of FAK and hence FAK
association/dissociation kinetics at FAs, thereby promoting
either stabilisation or disassembly of FAs. This regulation
would in turn control cellular motility and migration speed as
observed in this work.

We thank R. Y. Tsien (Dept of Pharmacology, University of
California at San Diego, CA 92093), S. B. Kanner (Bristol Myers
Squibb, Princeton, NJ 08543) for kindly providing plasmids. We
acknowledge the expertise of Mireille Gaire for mutagenesis
experiments. The work in part was supported by grants from the Ligue
Nationale Contre le Cancer to P.R. (Comité du Haut Rhin/Bas Rhin)
and the ARERS.

References
Bhatt, A., Kaverina, I., Otey, C. and Huttenlocher, A. (2002). Regulation

of focal complex composition and disassembly by the calcium-dependent
protease calpain. J. Cell Sci. 115, 3415-3425.

Burridge, K. and Fath, K. (1989). Focal contacts: transmembrane links
between the extracellular matrix and the cytoskeleton. BioEssays 10, 104-
108.

Calalb, M. B., Polte, T. R. and Hanks, S. K. (1995). Tyrosine
phosphorylation of focal adhesion kinase at sites in the catalytic domain
regulates kinase activity: a role for Src family kinases. Mol. Cell. Biol. 15,
954-963.

Calalb, M. B., Zhang, X., Polte, T. R. and Hanks, S. K. (1996). Focal
adhesion kinase tyrosine-861 is a major site of phosphorylation by Src.
Biochem. Biophys. Res. Commun. 228, 662-668.

Carragher, N. O., Fincham, V. J., Riley, D. and Frame, M. C. (2001).
Cleavage of focal adhesion kinase by different proteases during SRC-
regulated transformation and apoptosis. Distinct roles for calpain and
caspases. J. Biol. Chem. 276, 4270-4275.

Carragher, N. O., Westhoff, M. A., Fincham, V. J., Schaller, M. D. and
Frame, M. C. (2003). A novel role for FAK as a protease-targeting adaptor
protein: regulation by p42 ERK and Src. Curr. Biol. 13, 1442-1450.

Chen, H. C. and Guan, J. L. (1994). Association of focal adhesion kinase
with its potential substrate phosphatidylinositol 3-kinase. Proc. Natl. Acad.
Sci. USA 91, 10148-10452.

Fincham, V. J. and Frame, M. C. (1998). The catalytic activity of Src is

dispensable for translocation to focal adhesions but controls the turnover of
these structures during cell motility. EMBO J. 17, 81-92.

Franco, S. J., Rodgers, M. A., Perrin, B. J., Han, J., Bennin, D. A.,
Critchley, D. R. and Huttenlocher, A. (2004). Calpain-mediated
proteolysis of talin regulates adhesion dynamics. Nat. Cell. Biol. 6, 977-983.

Gabarra-Niecko, V., Keely, P. J. and Schaller, M. D. (2002).
Characterization of an activated mutant of focal adhesion kinase:
‘SuperFAK’. Biochem. J. 365, 591-603.

Giannone, G., Rondé, P., Gaire, M., Haiech, J. and Takeda, K. (2002).
Calcium oscillations trigger focal adhesion disassembly in human U87
astrocytoma cells. J. Biol. Chem. 277, 26364-26371.

Giannone, G., Rondé, P., Gaire, M., Beaudouin, J., Haiech, J., Ellenberg,
J. and Takeda, K. (2004). Calcium rises locally trigger focal adhesion
disassembly and enhance residency of focal adhesion kinase at focal
adhesions. J. Biol. Chem. 279, 28715-28723.

Goldmann, W. H. (2000). Kinetic determination of focal adhesion protein
formation. Biochem. Biophys. Res. Commun. 271, 553-557.

Hanks, S. K. and Polte, T. R. (1997). Signalling through focal adhesion
kinase. BioEssays 19, 137-145.

Hayashi, I., Vuori, K. and Liddington, R. C. (2002). The focal adhesion
targeting (FAT) region of focal adhesion kinase is a four-helix bundle that
binds paxillin. Nat. Struct. Biol. 9, 101-106.

Hildebrand, J. D., Schaller, M. D. and Parsons, J. T. (1993). Identification
of sequences required for the efficient localization of the focal adhesion
kinase, pp125FAK, to cellular focal adhesions. J. Cell Biol. 123, 993-1005.

Huttenlocher, A., Palecek, S. P., Lu, Q., Zhang, W., Mellgren, R. L.,
Lauffenburger, D. A., Ginsberg, M. H. and Horwitz, A. F. (1997).
Regulation of cell migration by the calcium-dependent protease calpain. J.
Biol. Chem. 272, 32719-32722.

Ilic, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K., Nakatsuji, N.,
Nomura, S., Fujimoto, J., Okada, M. and Yamamoto, T. (1995). Reduced
cell motility and enhanced focal adhesion contact formation in cells from
FAK-deficient mice. Nature 377, 539-544.

Katz, B. Z., Romer, L., Miyamoto, S., Volberg, T., Matsumoto, K.,
Cukierman, E., Geiger, B. and Yamada, K. M. (2003). Targeting
membrane-localized focal adhesion kinase to focal adhesions: roles of
tyrosine phosphorylation and SRC family kinases. J. Biol. Chem. 278,
29115-29120.

Kaverina, I., Krylyshkina, O. and Small, J. V. (1999). Microtubule targeting
of substrate contacts promotes their relaxation and dissociation. J. Cell Biol.
146, 1033-1043.

Kornberg, L. J., Earp, H. S., Turner, C. E., Prockop, C. and Juliano, R.
L. (1991). Signal transduction by integrins: increased protein tyrosine
phosphorylation caused by clustering of beta 1 integrins. Proc. Natl. Acad.
Sci. USA 88, 8392-8396.

Kornberg, L., Earp, H. S., Parsons, J. T., Schaller, M. and Juliano, R. L.
(1992). Cell adhesion or integrin clustering increases phosphorylation of a
focal adhesion-associated tyrosine kinase. J. Biol. Chem. 267, 23439-23442.

Lauffenburger, D. A. and Horwitz, A. F. (1996). Cell migration: a physically
integrated molecular process. Cell 84, 359-369.

Leu, T. H. and Maa, M. C. (2002). Tyr-863 phosphorylation enhances focal
adhesion kinase autophosphorylation at Tyr-397. Oncogene 21, 6992-7000.

Maa, M. C. and Leu, T. H. (1998). Vanadate-dependent FAK activation is
accomplished by the sustained FAK Tyr-576/577 phosphorylation. Biochem.
Biophys. Res. Commun. 251, 344-349.

McLean, G. W., Fincham, V. J. and Frame, M. C. (2000). v-Src induces
tyrosine phosphorylation of focal adhesion kinase independently of tyrosine
397 and formation of a complex with Src. J. Biol. Chem. 275, 23333-23339.

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams, J. A., Ikura,
M. and Tsien, R. Y. (1997). Fluorescent indicators for Ca2+ based on green
fluorescent proteins and calmodulin. Nature 388, 882-887.

Parsons, J. T. (2003). Focal adhesion kinase: the first ten years. J. Cell Sci.
116, 1409-1416.

Ruest, P. J., Roy, S., Shi, E., Mernaugh, R. L. and Hanks, S. K. (2000).
Phosphospecific antibodies reveal focal adhesion kinase activation loop
phosphorylation in nascent and mature focal adhesions and requirement for
the autophosphorylation site. Cell Growth Differ. 11, 41-48.

Schaller, M. D., Borgman, C. A. and Parsons, J. T. (1993). Autonomous
expression of a noncatalytic domain of the focal adhesion-associated protein
tyrosine kinase pp125FAK. Mol. Cell. Biol. 13, 785-791.

Schaller, M. D., Hildebrand, J. D., Shannon, J. D., Fox, J. W., Vines, R. R.
and Parsons, J. T. (1994). Autophosphorylation of the focal adhesion
kinase, pp125FAK, directs SH2-dependent binding of pp60src. Mol. Cell.
Biol. 14, 1680-1688.

Journal of Cell Science 118 (19)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



4425FAK phosphorylation and FA dynamics

Schaller, M. D., Hildebrand, J. D. and Parsons, J. T. (1999).
Complex formation with focal adhesion kinase: a mechanism to regulate
activity and subcellular localization of Src kinases. Mol. Biol. Cell 10,
3489-3505.

Schlaepfer, D. D. and Hunter, T. (1996a). Evidence for in vivo
phosphorylation of the Grb2 SH2-domain binding site on focal adhesion
kinase by Src-family protein-tyrosine kinases. Mol. Cell. Biol. 16, 5623-
5633.

Schlaepfer, D. D. and Hunter, T. (1996b). Signal transduction from the
extracellular matrix–a role for the focal adhesion protein-tyrosine kinase
FAK. Cell Struct. Funct. 21, 445-450.

Schlaepfer, D. D., Hauck, C. R. and Sieg, D. J. (1999). Signalling through
focal adhesion kinase. Prog. Biophys. Mol. Biol. 71, 435-478.

Schlaepfer, D. D., Mitra, S. K. and Ilic, D. (2004). Control of motile and
invasive cell phenotypes by focal adhesion kinase. Biochim. Biophys. Acta
1692, 77-102.

Sieg, D. J., Hauck, C. R. and Schlaepfer, D. D. (1999). Required role of focal
adhesion kinase (FAK) for integrin-stimulated cell migration. J. Cell Sci.
112, 2677-2691.

Smilenov, L. B., Mikhailov, A., Pelham, R. J., Marcantonio, E. E. and
Gundersen, G. G. (1999). Focal adhesion motility revealed in stationary
fibroblasts. Science 286, 1172-1174.

Tachibana, K., Sato, T., D’Avirro, N. and Morimoto, C. (1995). Direct
association of pp125FAK with paxillin, the focal adhesion-targeting
mechanism of pp125FAK. J. Exp. Med. 182, 1089-1099.

Webb, D. J., Donais, K., Whitmore, L. A., Thomas, S. M., Turner, C. E.,
Parsons, J. T. and Horwitz, A. F. (2004). FAK-Src signalling through
paxillin, ERK and MLCK regulates adhesion disassembly. Nat. Cell Biol.
6, 154-161.

Westhoff, M. A., Serrels, B., Fincham, V. J., Frame, M. C. and Carragher,
N. O. (2004). SRC-mediated phosphorylation of focal adhesion kinase
couples actin and adhesion dynamics to survival signalling. Mol. Cell. Biol.
24, 8113-8133.

Whitney, G. S., Chan, P. Y., Blake, J., Cosand, W. L., Neubauer, M. G.,
Aruffo, A. and Kanner, S. B. (1993). Human T and B lymphocytes express
a structurally conserved focal adhesion kinase, pp125FAK. DNA Cell Biol.
12, 823-830.

Xing, Z., Chen, H. C., Nowlen, J. K., Taylor, S. J., Shalloway, D. and Guan,
J. L. (1994). Direct interaction of v-Src with the focal adhesion kinase
mediated by the Src SH2 domain. Mol. Biol. Cell 5, 413-421.

Zaidel-Bar, R., Ballestrem, C., Kam, Z. and Geiger, B. (2003). Early
molecular events in the assembly of matrix adhesions at the leading edge of
migrating cells. J. Cell Sci. 116, 4605-4613.

Zaidel-Bar, R., Cohen, M., Addadi, L. and Geiger, B. (2004). Hierarchical
assembly of cell-matrix adhesion complexes. Biochem. Soc. Trans. 32, 416-
420.

Zhang, X., Chattopadhyay, A., Ji, Q. S., Owen, J. D., Ruest, P. J.,
Carpenter, G. and Hanks, S. K. (1999). Focal adhesion kinase promotes
phospholipase C-gamma1 activity. Proc. Natl. Acad. Sci. USA 96, 9021-
9026.

Jo
ur

na
l o

f C
el

l S
ci

en
ce


