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Introduction
Cell adhesion and migration are essential processes for embryonic

development, wound healing and inflammation, and are

pathologically involved in tumor invasion and metastasis. Proper

migration requires the coordinated adhesion and detachment of

cells from the extracellular matrix (ECM) (Lauffenburger and

Horwitz, 1996; Ridley et al., 2003). In a typical migration cycle,

adhesive focal complexes that are formed at the leading edge

mature into focal adhesions (FAs) that pull the cell forward,

followed by their release at the rear. For the execution of an

adequate and directed migration response, numerous cellular

inputs need to be coordinated. These principally involve adhesion

signals mediated by integrin receptors, and modulation of these

signals by chemotactic cues.

The mechanisms by which adhesive signals are translated into

cellular responses are only now beginning to be understood. The

engagement of integrins with the ECM results in their clustering

and the formation of focal complexes and adhesions by the

recruitment, binding and activation of downstream signaling

proteins (Burridge and Fath, 1989). Thus, integrins not only act as

simple structural components but actually transduce biochemical

signals across the cell membrane.

Focal adhesion kinase (FAK) is a 125-kDa non-receptor tyrosine

kinase that is recruited to FAs and activated by integrins (Mitra

et al., 2005). As a key mediator of integrin signaling, FAK

performs executive and regulatory roles in cell adhesion and

migration, yet our understanding of its activity regulation during

these processes remains incomplete. FAK knockout in mice is

embryonically lethal (Furuta et al., 1995), and cells derived from

such embryos fail to induce FA growth and exhibit reduced

migration (Ilic et al., 1995). The essential role of FAK in cell

migration is well documented (Gilmore and Romer, 1996; Owen

et al., 1999; Sieg et al., 1999). In particular, FAK is involved in

the regulation of FA dynamics (Ezratty et al., 2005; Hamadi et

al., 2005; Schober et al., 2007; Sieg et al., 1999; Webb et al.,

2004) and in the spatial organization of the leading edge in

migrating cells (Tilghman et al., 2005).

FAK consists of a central kinase domain (KD) flanked by

regulatory regions. The N-terminal region contains the FERM

domain, which shares homology and structural similarity with the

band 4.1 and ezrin-radixin-moesin (ERM) proteins (Ceccarelli et

al., 2006; Girault et al., 1999). The FERM domain mediates crosstalk

with chemotactic pathways by interaction with activated growth-

factor receptors (Chen and Chen, 2006; Sieg et al., 2000). The

Focal adhesion kinase (FAK) controls cellular adhesion and

motility processes by its tight link to integrin- and extracellular-

matrix-mediated signaling. To explore the dynamics of the

regulation of FAK, we constructed a FRET-based probe that

visualizes conformational rearrangements of the FERM domain

of FAK in living cells. The sensor reports on an integrin-

mediated conformational change in FAK following cellular

adhesion. The perturbation is kinase-independent and involves

the polybasic KAKTLR sequence in the FERM domain. It is

manifested by an increased FRET signal and is expressed

primarily in focal adhesions, and to a lesser extent in the

cytoplasm. The conformational change in the FERM domain

of FAK is observed in two consecutive phases during spreading

– early and late – and is enriched in fully adhered motile cells

at growing and sliding peripheral focal-adhesion sites, but not

in stable or retracting focal adhesions. Inhibition of the

actomyosin system indicates the involvement of tension signaling

induced by Rho-associated kinase, rather than by myosin light-

chain kinase, in the modulation of the FERM response. We

conclude that the heterogeneous conformation of the FERM

domain in focal adhesions of migrating cells reflects a complex

regulatory mechanism for FAK that appears to be under the

influence of cellular traction forces.
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C-terminus includes a proline-rich domain and the FA-targeting

(FAT) domain (Arold et al., 2002; Hayashi et al., 2002).

FAK is recruited to FAs by binding to the integrin-associated

proteins paxillin (Tachibana et al., 1995) and talin (Chen et al.,

1995), resulting in FAK activation and autophosphorylation at

Tyr397 (Calalb et al., 1995; Kornberg et al., 1992; Schaller et al.,

1994). Tyr397 is the major phosphorylation site of FAK. Its

phosphorylation creates a Src homology 2 (SH2)-binding site that

can bind various interaction partners, including Src-family kinases,

PI3-kinase and Grb7 (Han and Guan, 1999; Reiske et al., 1999;

Schaller et al., 1994; Schlaepfer and Hunter, 1996). In turn, binding

and subsequent activation of the Src kinase results in

phosphorylation of FAK at its ‘downstream’ residues, Tyr576 and

Tyr577, and maximal kinase activation (Calalb et al., 1995; Ruest

et al., 2000). Moreover, Src phosphorylation of FAK at Tyr863

facilitates the binding of p130Cas (Lim et al., 2004) and Grb2

(Schaller et al., 1994; Schlaepfer and Hunter, 1996), and

phosphorylation of Tyr925 promotes the binding of Grb2

(Schlaepfer et al., 1998). The FAK-interacting proteins initiate

downstream cell-migration signaling pathways, primarily involving

the Rho-family GTPases (Chen et al., 2002; Hsia et al., 2003; Ren

et al., 2000; Wu et al., 2004; Zhai et al., 2003) and the Ras–MAP-

kinase cascade (Hanks et al., 2003).

In addition to phosphorylation, there is compelling evidence

that FAK activity is regulated by structural rearrangements

involving the FERM domain. Deletion of the FERM domain leads

to hyperphosphorylation, i.e. activation of FAK in suspended cells,

and renders its activity independent of Src (Cooper et al., 2003;

Jacamo and Rozengurt, 2005). It has been suggested that integrin-

mediated activation of FAK releases an auto-inhibitory interaction

of the FERM domain with the KD. The point mutation Lys38Ala

(K38A) in the FERM domain presumably weakens the interaction

between the domains, inasmuch as it leads to FAK

hyperphosphorylation, increases cell motility and facilitates cell-

cycle progression (Cohen and Guan, 2005). It has been proposed

that the FERM domain is involved in yet another interaction –

one required for maximal kinase activation and for promoting cell

adhesion and migration (Dunty et al., 2004). This interaction

involves a polybasic sequence (KAKTLR) at the tip of the FERM

F2 lobe. The crystal structure of the FERM-KD fragment of FAK

reveals that the FERM domain directly binds the kinase domain

when FAK is in its inactive state, thereby blocking access to the

catalytic cleft and preventing Tyr397 autophosphorylation and Src-

mediated phosphorylation of the activation loop (Lietha et al.,

2007).

Despite abundant data on FAK activation, an understanding of

its regulation in cells is still lacking, particularly with respect to the

dynamically orchestrated adhesion properties of the migrating cell.

FAK becomes rapidly activated during cell spreading on the ECM

when new focal contacts are formed (Schaller et al., 1994;

Schlaepfer et al., 1998). Conversely, FAK recruitment and activity

is also associated with FA disassembly (Ezratty et al., 2005;

Hamadi et al., 2005; Webb et al., 2004). How FAK is regulated to

transduce these opposing cellular responses remains to be elucidated.

In order to resolve the many issues raised above, it is important

to better characterize at the molecular level how FAK function

relates to FA behavior. Here, we used a FRET-based biosensor that

allows a spatially and temporally resolved visualization of FERM

conformational changes during integrin-mediated regulation of

FAK. The sensor provides new insights into the involvement of

FAK in the heterogeneous behavior of FAs during early cell

spreading and motility.

Results
Construction of a FRET-based sensor for FAK conformational
changes
In order to investigate adhesion-associated conformational

rearrangements in the FAK molecule, we constructed an

intramolecular FRET-based sensor. The phenomenon of FRET, the

radiationless transfer of excited-state energy between fluorophores,

is ideally suited for the study of conformational changes (Bunt and

Wouters, 2004). In initial exploratory experiments, we determined

that the large size of FAK (125 kDa) prevented the occurrence of

FRET in FAK that was labeled at both termini with the donor-

acceptor pair ECFP-EYFP (Fig. 1A). We decided to increase the

probability of FRET coupling by placing one of the fluorophores

inside the coding sequence of FAK, such that it would sense

conformational changes relative to the second, terminal, fluorophore.

Fig. 1. The FERM sensor reports on an intramolecular
conformational change in the FERM domain of FAK.
(A) Overview of the FAK-FRET probes used. In the FERM
sensor, CFP (donor) is inserted at site 391 to measure FRET
with YFP (acceptor) at the N-terminus. (B,C) FRET-efficiency
(E%) distributions of the FERM sensor compared with co-
transfected singly labeled Y(FP)-FAK and FERM-C(FP) FAK
constructs in FAK–/– fibroblasts as detected by acceptor
photobleaching. (B) Cumulative histograms (as probability
density functions, PDF) of the measured FRET-efficiency
distributions over the indicated number of cells (n). (C) FRET-
efficiency images of representative cells. YFP pre and YFP post
indicate YFP fluorescence intensities before and after
photobleaching, respectively. YFP was bleached in the boxed
area. FRET efficiencies are displayed in pseudo-color scale as
indicated. Scale bars: 10 μm.
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To obtain sensors for structural rearrangements of the FERM

domain, we searched for conformationally sensitive and insertion-

tolerant sites in the FERM domain and in the connecting linker to

the kinase domain. Using Tn5-transposase random-insertion

cloning, we generated a library of FAK constructs with randomly

inserted sequences that could be targeted for fluorescent labeling

(Sheridan et al., 2002). Clones carrying insertions in the FERM

domain or in its linker were selected. The inserted ampicillin-

resistance gene was replaced by ECFP, and EYFP was fused at the

N-terminus. The FRET constructs were screened for correct FA

localization and morphology in HeLa cells and FAK–/– fibroblasts.

The conformationally responsive regions of the FERM domain

of the constructs were probed in adherent FAK–/– fibroblasts by

FRET measurements using acceptor photobleaching (Jares-Erijman

and Jovin, 2006). The construct showing the greatest FRET contrast

between cytosol and FAs was selected for further study (clone 153).

CFP was inserted after amino acid Val391, i.e. in the linker between

the SH3 Src-binding site (amino acids 368-375) and the Tyr397

phosphorylation site (Fig. 1A). This YFP-FAK153-CFP construct

is hereafter referred to as the ‘FERM sensor’. The FERM sensor

exhibited significant FRET, with an overall mean efficiency of 12%

(Fig. 1B). FRET efficiencies between FAs and the cytosol were

different, with considerably higher efficiencies in the FAs, reaching

up to 25-30% (Fig. 1C, upper panel). Such a differential distribution

of FRET suggests adhesion-dependent conformational changes in

the FERM domain.

In order to exclude the occurrence of FRET due to dimerization

of separate sensor constructs, we coexpressed singly donor-labeled

FAK153-CFP and acceptor-labeled YFP-FAK constructs (Fig.

1B,C) in FAK–/– fibroblasts to prevent the dilution of a FRET signal

by the participation of endogenous FAK in dimerization. We

excluded from our analysis those cells that did not attain an

acceptor:donor molecular expression ratio of at least 1:1, thus

favoring a maximal extent of FRET exchange between the

constructs. The measured FRET efficiency upon coexpression of

the singly labeled FAK constructs was negligible (1.9±3.2% vs non-

bleached 0.9±2.9%) and the values were homogeneous throughout

the cell (Fig. 1B; Fig. 1C, lower row). We therefore concluded that

the FRET response of the FERM sensor was indeed intramolecular,

confirming that a conformational change in the FERM domain was

the underlying basis for the sensor response.

Functional characterization of the FERM sensor
We validated the reliability of the FERM sensor as an indicator of

the molecular behavior of FAK during its adhesion-dependent

activation in living cells by comparing its activity and behavior to

that of wild-type (wt) FAK expressed in FAK–/– fibroblasts. The

null-background of FAK–/– cells allowed a rigorous validation of

physiological activity, preventing possible cross-phosphorylation

and activation by endogenous protein. FAK deficiency in FAK–/–

cells leads to a rounded phenotype with an increase in the number

and size of FAs, which take the form of peripherally and ventrally

localized patches, and the phenotype is associated with reduced

migration (Ilic et al., 1995). The FERM sensor was targeted to FAs

and rescued the cell morphology, resulting in a spreading phenotype

displaying typical FAs at the periphery (Fig. 1 and data not shown).

Moreover, the FERM sensor was able to rescue the migration

deficiency of FAK–/– fibroblasts towards a haptotactic stimulus to

the same extent as GFP-wtFAK (Fig. 2A). The migration efficiency

of transfected fibroblasts, enriched by FACS, was examined on a

fibronectin matrix in Thincert chambers. No difference was

Journal of Cell Science 122 (5)

observed in the number of migrated cells expressing the FERM

sensor or GFP-wtFAK. Furthermore, the motility in both conditions

was significantly elevated (by sixfold; P<0.001) compared with that

in GFP-expressing control cells.

The FERM sensor closely matched the molecular activation

properties of wtFAK (Fig. 2B). Western blot analysis confirmed

that the key regulatory sites Tyr397 and Tyr576 become

phosphorylated during cell adhesion on fibronectin in cells

expressing the FERM sensor. Furthermore, the phosphorylation of

both sites was reduced when the cells were held in suspension, both

in cells expressing the FERM sensor and those expressing GFP-

wtFAK. These results demonstrate that the insertion of CFP in the

FERM-KD linker does not affect the adhesion-dependent

phosphorylation behavior of FAK.

Finally, FRAP analysis revealed that the FERM sensor exhibited

turnover kinetics that were indistinguishable from those of YFP-

wtFAK (Fig. 2C). As phosphorylation of FAK at Tyr397 determines

its residence time at FAs (Hamadi et al., 2005), any alteration in

Fig. 2. Functional characterization of the FERM sensor. (A) The FERM sensor
rescues FAK–/– cell motility: the number of cells migrating through the
fibronectin-coated filter of a Thincert chamber after 6 hours is shown for cells
expressing GFP, GFP-wtFAK or the FERM sensor. Results are the average of
three separate experiments; n, number of counted fields. (B) Western blot
analysis of Tyr397 and Tyr576 phosphorylation for GFP-wtFAK and the
FERM sensor in FAK–/– cells. Serum-starved cells were grown on fibronectin
(FN) for 24 hours or kept in suspension (S) for 1 hour. (C) FRAP analysis of
cells expressing YFP-wtFAK or the FERM sensor shows identical turnover
and recovery between the two.
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activity or phosphorylation would have become apparent from a

change in the turnover rate. The identical turnover rate also excludes

compensation of a potentially impaired FERM-sensor function by

adaptation of turnover rates in FAs.

Having demonstrated that the FERM sensor mirrors wtFAK in

terms of activity and cellular functioning, we proceeded to

investigate conformational changes in the FERM domain of FAK

in cells.

Integrin-mediated conformational changes in the FERM
domain during cell spreading
Quantification of FRET distributions between FAs and cytosol for

multiple cells that adhere to fibronectin, and statistical analysis by

Kolmogorov-Smirnov (KS) testing (Fig. 3A, lower panel; Fig. 3B)

revealed higher FRET efficiencies in FAs (16.3±4.8% vs 11.2±4.2%

in the cytosol, P<0.001).

To investigate the dependence of FA-associated high FRET

efficiencies on integrin-mediated adhesion and activation, FAK–/–

fibroblasts expressing the FERM sensor were held in suspension

and re-plated on poly-L-ornitine (PLO) (Fig. 3A, upper panel). The

measured FRET efficiencies (6.7±4.8%) were significantly

(P<0.001) lower than in cells adhering to fibronectin, as seen from

the distribution shift in the cumulative histogram and its KS analysis

(Fig. 3B). We concluded that conformational changes in the FERM

domain are induced upon activation of integrins and the formation

of FAs.

Although serum stimulation did not significantly alter the sensor

response (data not shown), showing that the FERM conformational

response is selective for integrin-ECM signaling, the experiments

were mainly performed in serum-starved cells to isolate integrin

signaling from other stimulatory factors. The FRET efficiencies in

the cytosol of adherent cells were significantly higher than in the

minimally active suspension cells on PLO (Fig. 3B). Similar results

were obtained in another cell line (HEK-293, data not shown).

The time course of the integrin-mediated FERM conformational

change was followed by ratiometric imaging during the spreading

of REF-52 cells on fibronectin (Fig. 4). As a control, cells were

allowed to adhere to PLO. After 30 minutes on fibronectin, cells

were adherent and displayed a round morphology and new

peripheral FAs exhibiting high FRET ratios. By contrast, cells on

PLO did not show any FAs or an increase in FRET. At 60 minutes,

the cells on fibronectin began to assume a more elaborate polarized

shape, although most remained round. At this time point, the

proportion of FAs displaying high FRET was slightly lower and

was significantly reduced after 3 hours of plating (Fig. 4B). At 7

hours and later, cells were fully spread and polarized, and again

showed a robust FERM-sensor response. We concluded that cell

spreading involves two consecutive stages of FERM-based FAK

conformational change, suggesting that the FERM domain is

engaged in a complex temporal regulation mechanism.

Disruption of the regulatory KAKTLR sequence reduces
adhesion-mediated conformational changes of the FERM
domain
The involvement of the FERM domain in integrin-stimulated FAK

activation is viewed as an auto-inhibitory interaction between the

FERM domain and the KD that is released upon activation. To

further delineate the mechanism of the FERM response, we

introduced the K38A mutation and replaced the positively charged

residues (underlined) in the KAKTLR sequence by alanine residues.

The K38A mutation increased the sensor response in PLO-plated

cells, but no difference in response between the native and K38A

sensor was observed in fibronectin-plated cells (supplementary

material Fig. S1). Although the K38A mutation destabilizes the

FERM conformation of FAK, it apparently does not interfere with

relevant interactions during integrin-mediated activation of FAK in

adherent cells. By contrast, the FRET efficiencies for the KAKTLR

mutant were significantly reduced both in the cytosol (P<0.05) and

FAs (P<0.005) (Fig. 5A,B). In accordance, Tyr397 and Tyr576

phosphorylation of the KAKTLR-mutated FERM probe were

reduced (Fig. 6). These results showed that the adhesion-associated

conformational change of the FERM domain reported by our sensor

requires the basic patch of the F2 lobe of the FERM domain.

We introduced the kinase-dead Arg454 and the non-

phosphorylatable Phe397 mutations into the FERM sensor and

found no difference in the FRET distributions of either FAs or

cytosol between FAK–/– cells expressing these mutants and those

expressing the parental FERM sensor (Fig. 5A,B). These results

suggest that the adhesion-mediated conformational changes of the

FERM domain do not depend on kinase activity and Tyr397

phosphorylation, and, consequently, do not depend on recruitment

of downstream signaling molecules. Others have reported that the

FERM domain participates in the regulation of FAK activity

upstream of the phosphorylation of Tyr397 (Cohen and Guan, 2005;

Cooper et al., 2003; Dunty et al., 2004; Jacamo and Rozengurt,

Fig. 3. The FERM sensor responds to integrin stimulation. (A) Acceptor-
photobleaching FRET-efficiency (E%) images of FAK–/– fibroblasts expressing
the FERM sensor, plated on poly-L-ornithine/BSA (PLO) for 30 minutes
(upper row) or on fibronectin overnight (lower row). YFP was bleached in the
boxed area. FRET efficiencies are shown in pseudo-color. Scale bars: 10 μm.
(B) Cumulative FRET distribution histograms (probability density function,
PDF) of PLO-plated cells, cytosol (Cyto) and FAs of fibronectin (FN)-
adherent cells. Insert shows the corresponding integrated cumulative
distributions (cumulative density function, CDF) for statistical analysis by KS
testing, in the same color-coding.
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2005; Lietha et al., 2007). This is in line with the reduced

phosphorylation caused by KAKTLR mutation of the sensor (Fig.

6).

Correlation of FAK conformation with FA behavior
Our studies demonstrated high FRET efficiencies of the FERM

sensor in FAs of adherent cells. Nevertheless, the efficiencies

differed between individual loci, suggesting a relationship between

FA identity and FERM conformational changes. We therefore

correlated the fate of single FAs with the state of FAK, as judged

by the FERM response, by ratiometric FRET imaging of living

FAK–/– fibroblasts that migrated randomly on fibronectin (Fig. 7).

The majority of FAs showed centripetal inward sliding behavior

at the retracting cell body (Fig. 7A) (n=52) or remained stationary

(Fig. 7A; supplementary material Fig. S2) (n=68). We also observed

FAs growing in size and/or intensity (n=32) at the migrating front,

and shrinking (n=25) and/or vanishing FAs (n=45), mostly at the

rear of the cell (supplementary material Fig. S2). The formation of

new FAs was rarely seen, and was not included in the analysis. The

behavior of the FERM conformation was heterogeneous, with 63%

of growing FAs and 77% of sliding FAs displaying major FERM

conformational changes, as indicated by high FRET ratios (Fig. 7B).

By contrast, only 16% of shrinking FAs exhibited high FRET. The

majority of shrinking and stationary FAs (74%) exhibited low FRET

ratios, similar to those measured in the cytosol.

Because FAK is thought to be involved in gauging changes in

local forces that are generated during cellular motility (Wang et al.,

2001; Schober et al., 2007), we examined whether tension signaling

Journal of Cell Science 122 (5)

could contribute to the heterogeneity in FERM behavior. The

generation of contractile forces for cell migration involves the

phosphorylation of myosin II by Rho-associated kinase (ROCK) or

myosin light-chain kinase (MLCK), with ROCK, but not MLCK,

significantly affecting cellular traction forces (Beningo et al., 2006).

As FAK influences both ROCK and MLCK (Ren et al., 2000; Pirone

et al., 2006; Schober et al., 2007), we decided to investigate their

involvement. Treatment of FAK–/– fibroblasts expressing the FERM

sensor with the ROCK inhibitor Y27632 resulted in the formation

of lamellopodial extensions, and a dramatic reduction in the size and

FRET efficiencies of FAs (Fig. 8C,E) (P<0.005). By contrast,

treatment with the MLCK inhibitor ML7 led to aberrantly oriented

and often more-elongated, fibrillar FAs that showed no significant

difference in FRET in comparison with untreated cells (Fig. 8B,D).

The FRET response with ML7 was unaffected, even at longer

incubation times (up to 45 minutes) and at high concentration (50

μM). For both inhibitors, the FRET response in the cytosol was

unchanged (data not shown). These results show that the Rho-ROCK

signaling pathway can modulate the behavior of the FERM domain

in FAs, and that the observed heterogeneity in FA behavior appears

to involve cellular traction forces.

Discussion
A FRET-based optical biosensor for FAK was designed and used

to relate conformational changes in its FERM domain to FA behavior

during integrin-dependent cell spreading and migration. The sensor

is based on the introduction of ECFP in the insertion-tolerant site

at Val391 in the linker between the FERM domain and the KD.

Fig. 4. Adhesion-induced conformational changes in the FERM domain of FAK during early and late phases of spreading. (A) REF-52 cells expressing the FERM
sensor were held in suspension for 1 hour and were re-plated on fibronectin for the indicated time points before fixation. Cells plated on PLO for 30 minutes were
taken as control. FRET was determined by ratiometric imaging. FRET ratios (YFP/CFP) are shown in pseudo-color as indicated. Scale bars: 10 μm. (B) Proportion
of FAs with FRET ratios exceeding 1.66 (60% of scale maximum), i.e. high-FRET FAs, for the different time points. Values are indicated with s.e.m.; statistical
significance was tested by one-way ANOVA with Tukey post-analysis (**P<0.005, ***P<0.001). 
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The FERM sensor reveals high FRET efficiencies in FAs and

low FRET efficiencies in the cytosol. Investigation of the kinetics

of FERM-based conformational changes in FAK in spreading cells

revealed two consecutive stages of activation, interrupted by a phase

with significantly reduced FRET at around 3 hours. Furthermore,

heterogeneous changes in FERM conformation were observed in

individual FAs that were engaged in different behaviors during

migration. The conformational change in the FERM domain of FAK

was prominent in growing and sliding FAs, whereas shrinking and

stable FAs appeared to predominantly contain unchanged FAK.

Inhibition of intracellular contractility showed the predominant

involvement of Rho-ROCK tension signaling in the modulation of

the FERM response in FAs.

Deletion and mutation studies indicate that the FERM domain

is involved in a complex regulation of FAK signaling (Cohen and

Guan, 2005; Cooper et al., 2003; Dunty et al., 2004; Jacamo and

Rozengurt, 2005). The recently reported crystal

structure of the FERM-KD part of FAK supports an

auto-inhibitory interaction between the FERM

domain and KD (Lietha et al., 2007), suggesting the

requirement of a conformational change in the FERM

domain before Tyr397 can be phosphorylated.

Furthermore, the inhibitory interaction was shown to

involve the highly conserved basic KAKTLR

sequence on the outer surface of the FERM F2 lobe.

Our FERM sensor fully confirms this structural view

of FAK activation because the adhesion-promoted

conformational changes in the FERM domain were

not affected by Lys454Arg or Tyr397Phe mutations,

but were prevented by mutation of the KAKTLR

sequence, which also inhibited Tyr397

phosphorylation. 

During the writing of this manuscript, another FAK

conformational sensor was reported that also shows

the involvement of the KAKTLR sequence in a

conformational response of the FERM domain (Cai

et al., 2008). As in our approach, the sensor was based

on the insertion of a fluorescent protein inside the

FERM-KD linker to establish a FRET pair with an

N-terminal fluorescent protein. However, the insertion

locus was different (Arg413 vs our Val391), and the

positions of donor and acceptor were switched.

Surprisingly, even though the magnitude of the FRET

response was comparable, it had an inverted sign.

That is, whereas the FRET signal in our FERM sensor increased

with activation, a very desirable feature, it decreased with the sensor

of Cai et al. upon activation.

This difference in behavior highlights an important aspect of

FRET sensors that are designed to report on conformational

transitions. FRET responses are most often attributed to changes

in donor-acceptor separation during opening and closing of the

sandwiched structure. However, we consider that it is unlikely that

distance is the predominant parameter governing the FRET response

with the particular sensors considered here. Because they are based

on the intramolecular insertion of a fluorescent protein, greatly

restricting its orientational freedom, we attribute greater importance

to the influence of the ‘fixed’ relative dipole orientation between

the FRET pair in the two conformations. The influence of dipole

orientation on FRET efficiency is reflected in the κ2 factor of the

critical Förster transfer distance, Ro; κ2 can vary from 0 to 4 (Jares-

Fig. 5. The conformational change in the FERM domain
involves the polybasic KAKTLR sequence in the F2 lobe, but
is independent of intrinsic kinase activity and Tyr397
phosphorylation. (A) Acceptor-photobleaching FRET-
efficiency (E%) images of FAK–/– fibroblasts expressing the
FERM sensor (WT FERM) or the Arg454 mutant, Phe397
mutant or KAKTLR mutant of the FERM sensor. YFP was
bleached in the boxed area. FRET efficiencies are shown in
pseudo-color. Scale bars: 10 μm. (B) Cumulative FRET
distribution histograms of the cytosol and FAs of cells
expressing the Arg454 (upper), Phe397 (middle) or KAKTLR
(lower) mutant FERM sensor as compared with the native
(WT) FERM sensor. The corresponding integrated cumulative
distributions (CDF) for statistical analysis by KS testing are
shown in the right column, in the same color-coding.
Statistical significance (by KS testing) of differences between
mutant and native sensor in the cytosolic (Cyto) and FA
compartments is indicated (*P<0.05, **P<0.005).
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Erijman and Jovin, 2006). In support of this view, the recently

published crystal structure (Lietha et al., 2007) shows that the

distances between the N-terminus and insertion site Val391 in our

FERM sensor and between the N-terminus and Arg413 in Cai’s

sensor are essentially the same. A change in separation distance

should, therefore, have produced a similar response. Moreover,

Journal of Cell Science 122 (5)

exchanging the donor and acceptor in our sensor did not reverse

the FRET response (data not shown). The different signs of the

FRET responses of the FERM-based sensors thus argue for changes

in orientation in the FERM domain rather than changes in distance.

That is, the FRET response is more probably the result of a ‘twisting

switch’ than of ‘domain straightening’. A similar sign inversion has

been described for two cGMP sensors based on a cGMP-dependent

kinase that was N-terminally truncated at slightly different positions

(Honda et al., 2001; Sato et al., 2000).

FAK activity is rapidly upregulated when cells adhere to the ECM

(Schaller et al., 1994; Schlaepfer et al., 1998). Accordingly, high

FRET efficiencies are found in FAs. However, integrin-mediated

FAK activity is required for the opposing responses of FA formation

and disassembly (Mitra et al., 2005; Parsons et al., 2000). In turn,

changes in local traction forces influence FA growth and

disassembly (Bershadsky et al., 2006). A complicated picture of

integrin-mediated FA behavior, involving multiple signals and

feedback regulation, is thus emerging. Moreover, adhesion-

promoted conformational changes of the FERM domain could also

be detected in cytosolic FAK, most probably as a result of its

turnover between FAs and the cytosol. This result raises the

intriguing possibility of integrin-mediated adhesion signaling in the

cytoplasm and its regulation by cytosolic accumulation through the

modulation of FAK turnover kinetics.

In order to study the regulation of FAK during

haptotactic cell behavior, we investigated the

conformational response of the FERM domain

during spreading and random migration. We took

care to exclude other stimulatory signals by mainly

performing our studies under serum-depleted

conditions. Cells seeded on PLO showed a sensor

response that was significantly reduced as compared

with fibronectin-adhering cells. This FRET response

in the absence of integrin stimulation thus represents

the ‘resting conformation’ of the FERM domain. The

use of FRET imaging by acceptor photobleaching

allows us to quantitatively compare the different

conditions. Importantly, although the lowest-level

FRET distribution for the cytoplasmic KAKTLR-

mutated sensor closely matched the distribution

observed in PLO-adherent cells, the non-negligible

FRET efficiency present in the FAs indicated the

existence of additional integrin-mediated response

mechanisms.

During spreading on fibronectin, two distinct

phases of FERM conformational activation could

be distinguished, strongly suggesting that different

regulatory mechanisms operate during initial

spreading and during later, motile, phases. Around

Fig. 6. KAKTLR mutation of the FERM sensor reduces Tyr397 and Tyr576
phosphorylation. Western blot analysis showing Tyr397 and Tyr576
phosphorylation of the FERM-KAKTLR mutant as compared with the native
(WT) FERM sensor and GFP-wtFAK in serum-starved FAK–/– cells that are
adherent on fibronectin.

Fig. 7. The conformation of the FERM domain in FAK correlates with distinct FA behaviors. Randomly
migrating FAK–/– fibroblasts expressing the FERM sensor were imaged at 5-minute intervals. (A) YFP
fluorescence intensity distributions of a representative cell (upper row). Arrows indicate examples of
centripetally sliding FAs. Dynamic FA behavior is visualized by red and green overlaying of the images at the
indicated time points (middle row). FRET was determined by ratiometric imaging (lower row). FRET ratios
(YFP/CFP) are shown in pseudo-color as indicated. The 5th to 95th percentile FRET-ratio range of cytosol
values (c) is indicated. Scale bar: 10 μm. (B) Fates of 222 individual FA sites in the time-lapse images of
randomly moving FAK–/– fibroblasts expressing the FERM sensor. FA behavior was classified as growing,
shrinking, sliding or stable, and the proportions of FAs with high FRET (ratios exceeding 60% of scale
maximum, T, which is indicated in the color bar in A) were determined for each category. Most growing and
sliding FAs exhibit high FRET; most shrinking and stable FAs exhibit low FRET.
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3 hours after plating, the proportion of FAs showing a strong FERM

response was significantly reduced. Interestingly, the Arp2-Arp3

(Arp2/3) complex has recently been shown to interact with the

FERM domain in the control of actin assembly during early cell

spreading (Serrels et al., 2007). In a replating experiment, the

interaction with the Arp2/3 complex was rapidly lost in FAK–/– cells

between 30 and 60 minutes of spreading. Even though the timing

is different, possibly because of the different cellular backgrounds,

these experiments suggest that FERM conformational regulation of

FAK could involve different signaling components between newly

formed and later, mature, FAs. This would be in line with the

previously proposed activation mechanism (Lietha et al., 2007),

according to which a conformational change in the FERM domain

disrupts its interaction with the KD to allow binding of other cellular

component(s). It is probable that these competing interacting

components differ for the differently aged FAs.

FAs are highly heterogeneous in their molecular composition and

dynamics (Ballestrem et al., 2001; Bhatt et al., 2002; Laukaitis et

al., 2001; Zamir et al., 2000; Zamir and Geiger, 2001; Zimerman

et al., 2004), suggesting that different signals are triggered by the

coordinated association of FAK with various interaction partners

at distinct locations, leading to either formation or retraction of

adhesion sites necessary for efficient cell migration. Although the

early stages of spreading and formation of adhesion sites might

involve the Arp2/3 complex, Cai et al. (Cai et al., 2008) provide

evidence for a regulation mechanism that involves PtdIns(4,5)P2

binding to the KAKTLR sequence in the FERM-associated

activation event. Furthermore, the interaction of the FERM domain

with other proteins, e.g. ezrin (Poullet et al., 2001), PIAS1 (Kadare

et al., 2003), Trio (Medley et al., 2003) and activated growth-factor

receptors (Chen and Chen, 2006; Sieg et al., 2000) has also been

shown to regulate and modulate FAK activity. To what extent FAK-

interacting proteins cooperate with integrins in the regulation of the

FERM conformation remains to be determined. Heterogeneity in

the activation of FAK might be further increased by post-

translational modifications of the interacting proteins. For example,

phosphorylation of paxillin is reduced in stationary FAs (Zaidel-

Bar et al., 2007).

We observed a heterogeneous FERM conformation in mature

FAs in fully adhered randomly migrating cells. Growing and

sliding FAs generally showed high FRET efficiencies, whereas the

majority of stable or disassembling FAs exhibited FRET efficiencies

similar to those observed in the cytosol. This finding correlates with

the up-to-threefold increase in integrin density and with the increase

in turnover rate of sliding versus stationary FAs (Ballestrem et al.,

2001), and hence a haptotactic response of FAK. Stable FAs,

expected to experience constant traction forces, also showed little

FAK with the altered conformation in comparison with growing

and sliding FAs, considered to be the ‘towing’ sites. Thus, force

signaling might contribute to the heterogeneity in the conformational

response of the FERM domain, such that differential tension-

dependent integrin turnover and densities lead to the observed

behavioral differences.

We investigated the involvement of tension-induced signaling

pathways by interfering with the phosphorylation of myosin II, using

the ROCK inhibitor Y27632 and the MLCK inhibitor ML7. FAK

can repress ROCK and MLCK by activation of p190RhoGAP and

by the recruitment of PKL-PIX-PAK to FAs, respectively (Schober

et al., 2007). Interestingly, MLCK and ROCK have been reported

to play distinct roles in the regulation of fibroblast migration

(Totsukawa et al., 2004). ROCK activation results in MLC

phosphorylation in the center of the cell, but not at the periphery,

whereas activation of MLCK has the opposite effect. Although the

relationship between these mechanisms is not fully understood, it

has been shown that ROCK, but not MLCK, is required for the

production of traction forces in adherent cells (Beningo et al., 2006).

This is in line with our findings: Y27632 treatment greatly reduced

the FRET response in FAs, whereas ML7 had no effect. Our results

therefore identify the Rho-ROCK pathway as a major tension-

signaling route that modulates the conformational behavior of the

FERM domain of FAK in FAs. The observed heterogeneous FERM

response in migrating cells probably reflects different Rho-ROCK-

mediated intracellular tension on individual FAs. It has been shown

that active FAK represses Rho activity (Ren et al., 2000; Pirone et

al., 2006; Schober et al., 2007). Conversely, a high-tension state

with active Rho signaling is associated with the presence of

phosphorylated FAK (Sinnett-Smith et al., 2001; Paszek et al., 2005)

and, as shown here, with an altered conformation of the FERM

domain of FAK. Consequently, it appears that FAK and Rho are in

a dynamic balance that provides negative-feedback regulation of

Rho activity and thereby controls intracellular contraction. The

FERM sensor permits the spatiotemporal visualization of these

dynamic mechano-regulatory processes in individual FAs.

Fig. 8. ROCK-mediated tension signaling affects the conformation of the
FERM domain of FAK. (A-C) YFP fluorescence intensity images of FAK–/–

fibroblasts expressing the FERM sensor: (A) untreated; (B,C) treated with
either 10 μM ML7 for 20 minutes (B) or 10 μM Y27632 for 10 minutes (C).
Scale bar: 10 μm. (D,E) Corresponding cumulative FRET distribution
histograms (left column) and cumulative distributions for statistical analysis by
KS testing (right column) as measured in FAs by acceptor photobleaching
upon treatment with either ML7 (D) or Y27632 (E). Statistical significance
(**P<0.005) upon stimulation by Y27632 is indicated.
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Integrins, Rho-ROCK and FAK form a regulatory unit in the

tension regulation of FAs. Independently of whether ROCK

influences FAK directly or indirectly by modulation of integrin-

ECM interactions, our results place the conformational change of

the FERM domain of FAK at the interface between integrin and

force sensing.

Materials and Methods
Construction of a FRET sensor for FAK conformational changes
The cDNA of Gallus gallus FAK in pEGFP-C1 (kindly provided by J. Thomas

Parsons, University of Virginia, VA) was subjected to random transposon-insertion

mutagenesis (Sheridan et al., 2002). For the construction of the transposon, the

ampicillin-resistance gene of PUC18 (Invitrogen) was amplified by PCR, introducing

terminal NotI and PvuI restriction sites that are flanked by 19-bp Tn5 mosaic ends

(5�-CTGTCTCTTATACACATCT-3�), and cloned in pBlueScript. For the transposition

reaction, the transposon was amplified with mosaic end primers using Pfu DNA

polymerase (Promega). Equimolar amounts of the transposon and the kanamycin-

resistant pEGFP-FAK vector were incubated with EZ:TN transposase (Epicentre)

according to the manufacturer’s instructions. XL10-Gold Escherichia coli (Stratagene)

were transformed with the transposition mixture, and insertion clones were selected

by plating on LB agar containing ampicillin (100 μg/ml) and kanamycin (50 μg/ml).

The clones were subsequently screened by single-colony PCR for insertion of the

transposon within the FAK cDNA and sequenced for in-frame insertions in the FERM

domain and linker. The FERM sensor (YFP-FAK153-CFP) was generated by

removing the ampicillin-resistance cassette of clone 153 by digestion with NotI and

PvuI and substitution with ECFP flanked by the same restriction sites, generated by

PCR from cCFP-CB6 (gift of Michael Way, Cancer Research UK, London). In this

clone, the Tn5-flanked CFP is situated after bp 1173 (Val391). The full-length FAK

sequence containing the CFP insertion was then amplified in the presence of dTTP

to generate NotI-compatible cohesive ends and the product ligated into the NotI site

of nYFP-CB6 (gift of Michael Way). The FAK153-CFP construct was generated by

cloning the same product into pcDNA 3.1(–) (Invitrogen). For the construction of

the YFP-FAK and YFP-FAK-CFP constructs, the full-length FAK cDNA was

amplified from EGFP-FAK, processed as described above and ligated in the NotI
sites of nYFP-CB6 and nYFP-cCFP CB6 vectors, respectively. Site-directed

mutagenesis of YFP-FAK153-CFP was performed using the QuikChange XL site-

directed mutagenesis kit (Stratagene). All constructs were confirmed by sequencing.

Cell culture and transfection
FAK–/– mouse embryonic fibroblasts (MEFs) (ATCC) (Ilic et al., 1995) were cultured

in DMEM containing 4.5 g/l glucose, pyruvate and Glutamax I (Invitrogen), 10%

FCS and 1% penicillin-streptomycin in a humidified atmosphere of 5% CO2 at 37°C.

REF-52 were cultured in the same media without pyruvate. For experiments, cells

were seeded on fibronectin (Sigma, 10 μg/ml) 16-24 hours before transfection at a

density of 2�105 cells per 32-mm-diameter well. Cells were transfected using the

Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s instructions.

Cells were serum-starved for 16 hours prior to protein analysis or imaging.

Protein analysis
Adherent cells were washed with ice-cold PBS before protein extraction in lysis buffer

[10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF,

20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% sodium desoxycholate, 1% Tx-

100, 1 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin and Protease Inhibitor

Cocktail (Roche) at the recommended concentration]. Suspension cells were obtained

by trypsinization, followed by washing with 1 mg/ml soybean trypsin inhibitor (Sigma)

in PBS and a second wash with PBS. The cells were kept in suspension in serum-

free medium in a humidified atmosphere of 5% CO2 for 1 hour at 37°C, then

centrifuged at 1500 g for 5 minutes before protein extraction. In both cases, lysis

was performed on ice for 15 minutes. The resulting lysates were centrifuged at 14,000

g for 5 minutes to remove nuclei and cellular debris, and the supernatant was subjected

to 7.5% SDS-PAGE and western blotting on nitrocellulose membranes. After

blotting, the membranes were blocked with 5% BSA, 0.5% Tween and 2 mM Na3VO4

in PBS for 2 hours at 4°C, followed by incubation with anti-pY397 FAK (Biosource),

anti-pY576 FAK (Biosource) or anti-FAK (BD Biosciences) antibodies at a 1:1000

dilution overnight at 4°C. Primary antibodies were detected using goat-anti-mouse

and goat-anti-rabbit IgG, conjugated to horseradish peroxidase (Amersham

Biosciences). Signals were visualized using enhanced chemiluminescence (ECL,

Amersham Biosciences).

Cell-migration assay
FAK–/– MEFs were grown and transfected in 75-cm2 culture flasks. At 12-16 hours

post-transfection, cells were trypsinized, resuspended in medium and sorted by

GFP/YFP fluorescence using the FACSAria flow cytometer (BD Biosciences). Sorted

cells were allowed to spread on fibronectin (10 μg/ml) for 2 hours and were serum-

starved in medium containing 0.5% FCS for 16 hours. Thincert chambers with an 8-

μm pore size (Greiner Bio-One) were coated with 20 μg/ml fibronectin and pre-

incubated in serum-free medium for 1 hour. Cells were trypsinized and washed with

trypsin inhibitor before 20,000 cells per well were allowed to migrate for 6 hours.

Non-migrating cells were scraped from the upper surface, and migrated cells on the

lower surface of the insert were fixed with 4% formaldehyde and in ProLong/DAPI

(Invitrogen). Their nuclei were counted in randomly selected fields of view. Each

data point represents the average of three experiments, each including a minimum

of two wells per sample, with three to seven fields analyzed from each well.

Cell treatment and imaging conditions
For acceptor photobleaching experiments, cells were fixed with 4% formaldehyde

in PBS for 20 minutes, washed with 100 mM glycine in PBS and mounted in Mowiol

(Sigma). For actomyosin inhibition studies, cells were treated with 10 μM Y27632

(Calbiochem) for 10 minutes or with 10 μM ML-7 (Calbiochem) for 20 minutes

before fixation. For live-cell imaging, cells were placed in imaging buffer (140 mM

NaCl, 5 mM KCl, 0.4 mM KH2PO4, 0.5 mM MgCl2, 0.4 mM MgSO4, 4 mM NaHCO3,

0.1 mM Na2HPO4, 1.3 mM CaCl2, 1 g/l D-glucose, 0.5 g/l BSA) and imaged using

a FCS2 live-cell chamber (Bioptech) at 37°C. For spreading experiments, cells were

trypsinized, washed with trypsin inhibitor and re-plated for the indicated time points

on coverslips that were coated with poly-L-ornitine (0.001%) and either 2% heat-

denatured BSA or 10 μg/ml fibronectin.

Confocal microscopy
Cells were either imaged on a Leica DMIRE2 inverted microscope equipped with a

TCS SP2 (AOBS) confocal scanner using a 63� NA 1.4 HCX PL-Apo objective

(Leica) or with a FluoView1000 (Olympus) using a 60� NA 1.35 UPLS-Apo

objective. CFP and YFP were excited using the 458 and 514 nm lines of the Argon

laser, respectively. CFP emission was recorded at 470-505 nm and YFP at 525-590

nm. In the case of the FluoView1000, the emission channels were separated by an

SDM 510 dichroic mirror.

For FRET efficiency measurements by acceptor photobleaching, images of the

donor (CFP) were acquired before and after photo-destruction of the acceptor (YFP)

to 15% of its original intensity in a selected region of interest. Two sequential frames

were acquired and averaged for each donor image. The use of the 458 nm laser line

for CFP excitation minimizes the possible occurrence of YFP photoconversion after

photobleaching (Valentin et al., 2005), which was verified by imaging of cells

expressing the YFP-FAK-CFP probe that lacks FRET.

For ratiometric FRET imaging in live cells, CFP and YFP fluorescence was imaged

upon direct excitation by sequential line scanning for each time point without

averaging. FRET is represented by the ratio YFP/CFP, which expresses the quenching

of CFP emission due to FRET, normalized to the sensor concentration as given by

the direct emission of YFP. The laser power was set at levels that prevented fluorophore

saturation. Photomultiplier settings and laser intensities were kept constant for all

images that were acquired within each experimental series to allow comparison

between the different samples. For acceptor photobleaching and the ratiometric

measurements, the confocal pinhole was maximally opened during acquisition to

collect images with high signal:noise ratios.

For FRAP measurements, three pre-bleach images of five FAs per cell were acquired

for baseline calculations at low laser power. Bleaching was performed for 10 seconds

at maximum laser power. Fluorescence recovery was determined from nine images

at 10-second intervals. A scan speed of 400 Hz was used during the entire experiment.

Image analysis
Image analysis was performed with the MatLab 7.0 suite (The Mathworks) using

custom-written scripts. For the analysis of acceptor photobleaching experiments, donor

images were binned 2�2 pixels, and filtered with low-pass Wiener and Gaussian

filters with 3�3 kernel dimensions. Next, images were background-subtracted and

thresholded on fluorescence intensity. FRET efficiencies were calculated on a pixel-

by-pixel basis using E=1–(Dpre/Dpost), where E is the FRET efficiency, and Dpre and

Dpost represent the CFP (donor) emission intensities before and after YFP (acceptor)

photobleaching, respectively. The FRET efficiency images are represented in pseudo-

color for better visualization. FRET efficiencies were separately quantified in the

cytoplasm and FAs by manual selection and binary masking of peripheral FAs. These

masks were used to segment the FRET efficiencies in FAs and the cytosol, i.e. the

remainder of the cell. FRET-efficiency distribution histograms were normalized to

the number of pixels analyzed in the corresponding areas. These were cumulated for

all cells for each experimental condition, and re-normalized to the number of cells

in each condition. These distributions are probability density functions (PDF), with

an integral of unity. KS testing for non-Gaussian distributions was performed on the

integrated cumulative distributions (cumulative density function, CDF) to estimate

the statistical significance of the differences between the experimental conditions.

For the analysis of ratiometric time-lapse FRET sequences, YFP and CFP images

were binned, filtered, background-subtracted and thresholded as described above for

acceptor photobleaching data. Bleaching correction was not necessary because

bleaching in both channels was negligible. FRET ratio signals were determined on

a pixel-by-pixel basis by division of the YFP by the CFP images. The FRET-quenched

CFP emission relative to the unchanged, directly excited YFP emission causes a ratio

increase with increasing FRET efficiencies. Individual FAs were traced in randomly

moving cells and their dynamic behavior was classified as growing, sliding, shrinking
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665FAK FERM conformation and FA behavior

or stable. FAs were considered to exhibit high FRET when they exceeded ratio values

of 60% of the maximal signal, typically 1.3-1.5. This threshold value faithfully

segments FAs with ratios that are higher than in the cytosol.
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