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a b s t r a c t

The formation of focal adhesions governs cell shape and function; however, there are few measurements
of the binding kinetics of focal adhesion proteins in living cells. Here, we used the fluorescence recovery
after photobleaching (FRAP) technique, combined with mathematical modeling and scaling analysis to
quantify dissociation kinetics of focal adhesion proteins in capillary endothelial cells. Novel experimental
protocols based on mathematical analysis were developed to discern the rate-limiting step during FRAP.
Values for the dissociation rate constant kOFF ranged over an order of magnitude from 0.009 ± 0.001/s for
talin to 0.102 ± 0.010/s for FAK, indicating that talin is bound more strongly than other proteins in focal
adhesions. Comparisons with in vitro measurements reveal that multiple focal adhesion proteins form a
network of bonds, rather than binding in a pair-wise manner in these anchoring structures in living cells.

� 2008 Elsevier Inc. All rights reserved.
The focal adhesion (FA) is a transient structure that enables cell the nature of this intermolecular wiring, these results represent a

adhesion, spreading and migration. The formation of the FA is trig-
gered by the binding of transmembrane integrin receptors to
immobilized extracellular matrix (ECM) molecules, such as fibro-
nectin and vitronectin [1]. Integrin ligation and clustering promote
recruitment of various intracellular proteins to the cytoplasmic
tails of integrins that mechanically link them to the actin cytoskel-
eton [2]. Cytoskeletal anchoring molecules recruited to FAs include
proteins, such as talin, vinculin, a-actinin, paxillin, zyxin, and focal
adhesion kinase (FAK) [3].

FAs are dynamically assembled and disassembled by cells. Con-
tinuous remodeling of FAs is critical for cell movement [4] and dy-
namic responses to mechanical forces [5] and thus, there is
considerable interest in understanding how FA assembly and disas-
sembly is coordinated by its various molecular components [6]. The
dynamic assembly of the FA is presumably governed by the modula-
tion of transient interactions between its constituent proteins. How-
ever, due to the lack of methods to quantify the kinetics of these
interactions in living cells, our understanding of the FA remains poor.

To shed light on how FA proteins may interact with one another
in situ, we developed an approach to quantify the dissociation
kinetics of proteins inside intact FAs within living cells. By combin-
ing mathematical modeling, scaling analysis and novel experimen-
tal measurements, we identified the rate-limiting step as being the
dissociation of bound molecules. Comparison of the measured
parameters with previously reported values from in vitro studies
revealed that some FA proteins may bind to more than one binding
partner simultaneously inside living cells. By providing insight into
ll rights reserved.
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first step towards development of a microscopic model of protein
binding networks inside FAs.

Materials and methods

Cell Culture, transfection, and immunofluorescence. Bovine capillary endothelial
cells (passage 10–15) were maintained at 37 �C in 10% CO2 on tissue culture dishes
in growth medium as described previously [7,8]. Cells were transfected with focal
adhesion protein expression plasmids tagged to GFP using Effectene (Qiagen, Chats-
worth, CA). The plasmids used were GFP-talin [9], GFP-paxillin [10], GFP-b3 integrin
[11], GFP-FAK [12], and GFP-a-actinin [13]. GFP-tagged proteins used here have
been rigorously characterized and shown to be functionally identical to correspond-
ing endogenous proteins [11–13]. To confirm that our cells expressed functional
forms of these fusion proteins, we performed immunostaining of fixed cells
expressing each GFP-FA protein using specific antibodies and an Alexa594-labeled
secondary antibody (see Supplementary Fig. S1).

FRAP experiments. Live cell imaging studies were carried out in optically clear
medium containing Hank’s balanced salts as described previously [14]. FRAP anal-
ysis was performed on the Zeiss LSM 510 META/NLO microscope using a 63X 0.95
NA IR corrected water immersion lens as described previously [14]. The 488 nm line
of an Argon/2 multiple-lined single-photon laser source (10% of full power) was
used for GFP excitation; 100% of the 488 nm line was used for photobleaching with
10 iterations corresponding to less than a millisecond. Measured recovery curves
were normalized to the amount of photobleached protein and fit to 1� e�kOFF t with
the method of least squares (MATLAB function lsqcurvefit) to calculate kOFF. The
sample size for all kOFF measurements was more than 20. Images were collected
using the Zeiss LSM 510 software (version 3.2). All experiments on the microscope
were performed at 37 �C using a temperature-controlled stage.

Results

Adhesion protein dynamics in capillary endothelial cells

We used FRAP to measure the dynamic exchange between the
bound and cytoplasmic forms of b3 integrin, talin, a-actinin,
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Fig. 2. Model geometry. The geometry used for the scaling analysis is shown. Ble-
aching may occur not only at the FA, but also in the cytoplasm. Therefore, photo-
bleaching is assumed to occur in a region denoted by the shaded cylinder of height d
and radius r0. R is the characteristic size of the FA, while h is the height of the
cytoplasm above the FA.
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paxillin and FAK, in bovine capillary endothelial cells. Photobleach-
ing of GFP-tagged forms of these proteins was carried out for a very
short time (<1 ms) within a very small area (<0.5 lm2) of a single
FA. Full fluorescence recovery for b3 integrin occurred within
�4 min after photobleaching, and a-actinin and paxillin exchanged
on a similar time scale (�2 min); however, talin which binds di-
rectly to integrins exchanged much more slowly with complete
recovery taking on the order of 10 min (Fig. 1). In contrast, FAK
underwent very fast recovery over a period of a few seconds
(Fig. 1). We recently showed that vinculin and zyxin recover over
time scales of seconds as well [14]. Taken together, these results
suggest that each of these FA proteins spend different amounts
of time in FAs, and their residence times vary by over an order of
magnitude.

Theoretical expressions for FRAP recovery times in focal adhesions

Because our goal was to quantify molecular binding kinetics from
the FRAP data, we next modeled the FRAP process in FAs accounting
for molecular diffusion in the cytoplasm, as well as exchange be-
tween the cytoplasmic molecules and adhesion bound proteins. To
do this, we considered the geometry shown in Fig. 2, and allowed
the photobleaching of cytoplasmic pools above the FA, in addition
to the molecules in the FA itself. The freely diffusing fluorescent pro-
tein concentration in the cytoplasm above the FA can be modeled as

oCf

ot
¼ D

1
r

o

or
r
oCf

or

� �� �
þ o2Cf

oy2 ð1Þ

obC f

ot
¼ kONCf ðS� bC0Þ � kOFF

bC f at y ¼ 0; r 2 ð0;RÞ ð2Þ
Fig. 1. FRAP analysis of GFP-tagged FA proteins in living cells. Representative pre- and
integrin, talin, a-actinin, paxillin, or FAK in capillary endothelial cells. Arrows indicate ph
some experiments had multiple spots bleached simultaneously that exhibited similar re
paxillin, a-actinin, and FAK (bar, 2 lm).
where Cf is the concentration of freely diffusing molecules in the
cytoplasm, bC f is the concentration of proteins bound in the focal
adhesion, D is the diffusion coefficient of molecules in the cyto-
plasm, kON, kOFF are binding and dissociation rate constants. S is
post-bleach images from a FRAP experiment with cells expressing GFP forms of b3
otobleached spots with an area of less than 0.5 lm2 within individual FAs. Note that
covery dynamics. Talin is the slowest exchanging protein followed by b3 integrin,



Fig. 3. The dynamics of GFP-FA protein exchange is not determined by effective

diffusion. (A) The upper bound for
bC 0
C0

was estimated by measuring the fluorescence
intensity from confocal fluorescence images focused at the FA. The value ranged
from 0.3 to 0.7 for all the proteins studied here. (B) The estimated times calculated
for FRAP recovery if effective diffusion was the governing mechanism. These times
are in the range of milliseconds, and therefore cannot explain the time scales obs-
erved during our FRAP experiments (error bars indicate standard error of the mean).
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the total concentration of binding sites, bC0 is the concentration of
occupied sites at steady state, and C0 is the concentration of freely
diffusing molecules. The boundary conditions are:

D
oCf

oy
¼ kONCf ðS� bC0Þ � kOFF

bC f at y ¼ 0; r 2 ð0;RÞ

ð3Þ
oCf

oy
¼ 0 at y ¼ h ð4Þ

oCf

or
¼ 0 at r ¼ 0 ð5Þ

where h is the vertical height of the cytoplasm above the focal adhe-
sion. The total amount of fluorescent protein in the cytoplasm is or-
ders of magnitude greater than that in the small photobleached spot
in one FA. This means that bleaching the small amount of protein in
the FA minimally perturbs the total concentration. This enables us
to write the final boundary condition:

Cf ð1; y; tÞ ¼ C0 ð6Þ

The initial conditions are

Cf ðr 2 ð0; r0Þ; y 2 ð0; dÞ;0Þ ¼ 0 ð7ÞbC f ðr 2 ð0; r0Þ;0Þ ¼ 0 ð8Þ

We note that photobleaching does not eliminate the fluorescent
concentration in the bleached spot completely. However, as long as
the photobleaching is on the same scale as the concentration of
bound fluorescent proteins at steady state, this will not affect the
scaling analysis. We next performed a scaling analysis of the model
and derived expressions for recovery times for two rate-limiting
scenarios: effective diffusion or fast binding. The results of our
analysis indicate two limiting regimes (see Supplementary infor-
mation and Fig. S2 for details):

If
kONðS� bC0Þl

D
>> 1; sR ¼

bC0

C0

l
D
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D
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1
kOFF

ð9Þ

where sR is the characteristic time scale of recovery during a FRAP
experiment, and l = min(r0, d).

Experimental identification of the rate-limiting step

To interpret the FRAP experiments in terms of molecular binding
kinetics, it is necessary to identify which regime governs the recov-
ery. If effective diffusion is rate-limiting, sR will depend on the ratio

of bound to free concentration
bC 0
C0

(Eq. (9)). Therefore, we developed

an approach to quantify this ratio in cells. Consider a confocal fluo-
rescence image focused at the focal adhesion. We define a measured
volume Vm as a spot drawn in the image with bleached spot area A,
and height h1 in nanometers. bF is the fluorescent intensity when
Vm is within the FA, and F is the fluorescent intensity when Vm is in
the cytoplasm. We derived the following inequality (see Supplemen-
tary information for detailed derivation):

bC0

C0
< 0:296

bF
F
� 0:236 ð10Þ

Then we measured the upper bound in Eq. (10) from confocal
fluorescence images of living cells expressing GFP-tagged proteins
(Fig. 3A and Supplementary Fig. S1). Based on this ratio, and esti-
mated diffusion coefficients (Supplementary Table 1), the largest
time scales for recovery predicted by effective diffusion (Eq. (9))
are on the order of several milliseconds (Fig. 3B). These times are
several orders of magnitude smaller than the fastest time scale
measured for recovery (Fig. 1). Therefore, the only alternative pos-
sibility for explaining our results is that the freely diffusing cyto-
plasmic protein recovers quickly, followed by slow recovery of
the bound proteins over a time scale determined by 1

kOFF
(Eq. (9)).

While these arguments are valid for cytoplasmic proteins, b3
integrins are membrane proteins and their diffusion coefficient in-
side the membrane itself may be hindered by clustering of inte-
grins. To measure this diffusion coefficient, we therefore require
an experimental model in which b3 integrins are clustered, but
not bound to any cytoplasmic proteins. As such an experimental
model is unavailable, we report our data in terms of t1/2 for b3 inte-
grin recovery.

Kinetics of dissociation of proteins in the FA

When the kinetics of dissociation is rate-limiting, the model
Eqs. (1) and (2) are considerably simplified, and the solution for
the concentration (corrected for initial value, and normalized for fi-
nal recovery at long times) is simply 1� e�kOFFt . We therefore fit our
normalized FRAP data to 1� e�kOFFt (the b3 integrin data was fit to
1 � e�kt where k is a parameter that is not necessarily the same as
kOFF). As indicated by the curve fitting (Fig. 4), all FRAP recovery
curves were well-described by a single parameter. The estimated
rate constants were then used to calculate the residence time as
1/kOFF (Table 1A).

We next compared these in situ values of dissociation rate con-
stants to those measured in vitro for FA protein binding to F-actin
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Fig. 4. Representative FRAP recovery curves for FA molecules. Normalized recovery curves (circles) for GFP-labeled forms of b3 integrin, talin, a-actinin, paxillin, and FAK;
solid lines are curves fit to the data using the method of least squares. A single parameter (kOFF for cytoplasmic proteins, k for integrins) is sufficient to describe the data,
suggesting that each protein recovers with a single time scale.

Table 1
Molecular kinetic parameters for FA proteins measured using FRAP

A

In situ binding studies b3 Integrin a-Actinin Paxillin FAK Zyxin [14] Vinculin (slow) [14] Vinculin (fast) [14] Talin

kOFF (1/s) NA 0.049 ± 0.007 0.039 ± 0.003 0.102 ± 0.01 0.1 ± 0.01 0.060 ± 0.010 0.970 ± 0.100 0.009 ± 0.001
t1/2 (s) 38.5 ± 7 14.146 ± 1.768 17.77 ± 1.269 6.796 ± 0.607 7.0 ± 0.43 11.55 ± 1.650 0.715 ± 0.007 77.016 ± 7.716
Residence times NA 20.41 ± 2.55 25.64 ± 1.83 9.800 ± 0.87 10 ± 1.1 16.67 ± 3.3 1.03 ± 0.118 111.11 ± 11.1

B

Values reported in the literature from in vitro binding studies
[15–19]

a-Actinin–F-actin
binding

Vinculin–F-actin binding
(slow)

Vinculin–F-actin binding
(fast)

Talin–F-actin
binding

kOFF (1/s) 0.4 0.035 0.38 2.5
5.2 0.06 0.7
0.66
9.6
1.5

(A) The unbinding rate constant kOFF was calculated by fitting 1� e�kOFF t to normalized FRAP data with the method of least squares. t1/2 = �0.5/log(kOFF) was computed from
measured values of kOFF. Residence times were calculated as 1/kOFF. Talin spends the most time in FAs, followed by integrins, a-actinin, paxillin, and FAK. (B) Values reported
in the literature [15–19] for dissociation kinetics of talin, vinculin, and a-actinin from F-actin in vitro. The different values for the same interaction are due to studies from
different investigators, who employed varying conditions (species, temperature, protein fragments). With the exception of vinculin, the dissociation rate constants in vitro are
faster than our reported values in situ (compare Table 2A and B).
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([15–19] and Table 2B). For a-actinin, the slowest reported kOFF for
its in vitro binding to F-actin is an order of magnitude smaller than
our measured value in FAs (Table 2A). Similarly, the reported
in vitro value for talin binding to F-actin is nearly four orders of
magnitudes greater than the kOFF measured in this study. Con-
versely, the slowest in vitro reported values of vinculin dissociation
kinetics from F-actin are remarkably similar to our measured
kinetics (Table 2). Binding of a-actinin, vinculin, and talin to F-actin
is necessary for their localization to focal adhesions [20–27]. These
results suggest that in addition to actin, talin and a-actinin are
bound simultaneously to at least one other binding partner, result-
ing in a lower effective kOFF; they also imply that vinculin kinetics
in FAs may depend strongly on its binding with F-actin.
Discussion

The complete lack of information on the kinetics of intermolec-
ular interactions in FAs makes it very challenging to develop
microscopic models of FA assembly. In this paper, we developed
a rigorous methodology to measure the dissociation kinetics of
proteins inside FAs. The dissociation kinetics are proportional to
the strength of the bonds that each protein forms with its binding
partners in FAs. Therefore, these parameters are indirect read-outs
of intermolecular interactions within FAs in living cells. Knowledge
of these parameters allows the unambiguous comparison (due to
freedom from the effects of diffusion) of intrinsic properties of
binding between proteins in different cells, and across different



Table 2
Comparison of our results for FA protein dissociation kinetics with those in the
literature

This work (capillary
endothelial Cells)

Published
literature

Cell type

b3 integrin 38.51 ± 7.1 s 5.22 ± 0.35 min Human endothelial cells [28]
120 s Mouse B16 melanoma [11]

Talin 77.02 ± 7.72 s 50 s Mouse embryonic fibroblasts [29]
4.51–6.86 s PtK1 cells [30]

a-actinin 14.14 ± 1.8 s 0.57 min Human endothelial [28]
5 min Mouse fibroblasts [13]
43 s Mouse embryonic fibroblasts [29]

Paxillin 17.8 ± 1.3 s 15.3 s Mouse embryonic fibroblasts [33]
41 s Mouse embryonic fibroblasts [29]

FAK 6.8 ± 0.7 s 16.3 + 2.7 s Human astrocytes [32]
17.0 + 4.0 s Human astrocytes [31]

Vinculin 11.55 ± 0.7 s [14] 8.8 s Mouse embryonic fibroblasts [33]
83 s Mouse embryonic fibroblasts [29]
8.92 � 36.17 s PtK1 cells [30]

Zyxin 7.1 ± 0.43 s [14]

There appear to be large differences in time scales for the same FA proteins across
different cell types. These may be indicative of differences in binding partners in
different cell types.

T.P. Lele et al. / Biochemical and Biophysical Research Communications 369 (2008) 929–934 933
studies. Thus, quantification of dissociation rate constants is
invaluable for developing quantitative benchmarks for compara-
tive cell biological studies in the future.

A comparison of our measured values for t1/2 (Table 1A) with
those published in the literature (Table 2) revealed that talin
spends the longest time in FAs among the seven proteins studied
here. Others have reported that b3 integrin and a-actinin exchange
more slowly in melanoma cells [11], fibroblasts [13], and large ves-
sel endothelial cells [28]. Very different values for t1/2 have been
reported for b3 integrins in melanoma cells compared with endo-
thelial cells (Table 2) [11,28]. While a-actinin exchanges with a
t1/2 of 1 min in endothelial cells [28], a t1/2 of 5 min has been re-
ported in fibroblasts [13]. For talin, two studies reported two dif-
ferent t1/2 values of 50 s [29] and 4–7 s [30], compared to 78 s
that we measured in capillary endothelial cells. Since the reported
values for t1/2 of the different FA proteins vary greatly with cell
type, it is impossible to compare multiple proteins in different
cells. Additionally, because of potential diffusion limitations, t1/2

is not an ideal metric for comparison of intrinsic binding properties
of proteins. Thus, our study is important because it compares a
more quantitative measure of molecular binding kinetics (kOFF)
for many different key FA proteins in a single cell type.

It has been hypothesized that proteins form an intermolecular
network of bonds inside FAs [3] such that each protein may be
bound to multiple binding partners. Talin, a-actinin and vinculin
are known to be bound to F-actin in FAs [20–27]. Therefore, the
fact that talin and a-actinin dissociation is considerably slower
than their corresponding binding kinetics measured with F-actin
in vitro is consistent with a microscopic model in which these mol-
ecules are simultaneously bound to actin and at least one other
binding partner. Vinculin, surprisingly, has a similar kOFF to vincu-
lin–F-actin binding in vitro suggesting that this interaction may
dominate vinculin kinetics in FAs formed by living cells.

Determining a quantitative mapping between the effective kOFF

and the binding and unbinding constants for binding to any protein
to its partners in the FA remains a fundamental challenge. This
challenge is in part due to the many degrees of freedom, such as
the stoichiometry, spatial distributions of partners in the FA and
allosteric mechanisms. Our measurements of kOFF of many FA pro-
teins in one cell type represent a first step toward this goal.
Acknowledgments

We thank Profs. Gundersen and Marcantonio (Columbia Univer-
sity, New York, USA) for the GFP-FAK construct, Prof. Rick Horwitz
(University of Virginia, Charlottesville, USA) for GFP-paxillin, Prof.
Carol Otey for GFP-a-actinin (University of North Carolina, Chapel
Hill, USA), Prof. Wehrle-Haller (Centre Medical Universitaire, Gen-
eva, Switzerland) for GFP-b3 integrin and Prof. Hynes and Yamada
for GFP-talin construct (MIT, Boston and NIH, Bethesda, USA). This
work was supported by grants from NIH (PO1CA45548) and AHA
(0735203N and 0635095N).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2008.02.137.

References

[1] K.M. Yamada, R. Pankov, E. Cukierman, Dimensions and dynamics in integrin
function, Braz. J. Med. Biol. Res. 36 (2003) 959–966.

[2] N. Wang, J.P. Butler, D.E. Ingber, Mechanotransduction across the cell surface
and through the cytoskeleton, Science 260 (1993) 1124–1127.

[3] E. Zamir, B. Geiger, Molecular complexity and dynamics of cell–matrix
adhesions, J. Cell Sci. 114 (2001) 3583–3590.

[4] D.A. Lauffenburger, A.F. Horwitz, Cell migration: a physically integrated
molecular process, Cell 84 (1996) 359–369.

[5] D. Choquet, D.P. Felsenfeld, M.P. Sheetz, Extracellular matrix rigidity causes
strengthening of integrin–cytoskeleton linkages, Cell 88 (1997) 39–48.

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

[7] C.S. Chen, M. Mrksich, S. Huang, G.M. Whitesides, D.E. Ingber, Geometric
control of cell life and death, Science 276 (1997) 1425–1428.

[8] B.D. Matthews, D.R. Overby, F.J. Alenghat, J. Karavitis, Y. Numaguchi, P.G.
Allen, D.E. Ingber, Mechanical properties of individual focal adhesions
probed with a magnetic microneedle, Biochem. Biophys. Res. Commun.
313 (2004) 758–764.

[9] M.A. Partridge, F.S. David, E.E. Marcantonio, Displacement of the {beta}
cytoplasmic domain recovers focal adhesion formation, cytoskeletal
organization and motility in swapped integrin chimeras, J. Cell Sci. 119
(2006) 1175–1183.

[10] B. Knight, C. Laukaitis, N. Akhtar, N.A. Hotchin, M. Edlund, A.R. Horwitz,
Visualizing muscle cell migration in situ, Curr. Biol. 10 (2000) 576–585.

[11] C. Ballestrem, B. Hinz, B.A. Imhof, B. Wehrle-Haller, Marching at the front and
dragging behind: differential alphaVbeta3-integrin turnover regulates focal
adhesion behavior, J. Cell Biol. 155 (2001) 1319–1332.

[12] E.J. Ezratty, M.A. Partridge, G.G. Gundersen, Microtubule-induced focal
adhesion disassembly is mediated by dynamin and focal adhesion kinase,
Nat. Cell Biol. 7 (2005) 581–590.

[13] M. Edlund, M.A. Lotano, C.A. Otey, Dynamics of alpha-actinin in focal
adhesions and stress fibers visualized with alpha-actinin-green fluorescent
protein, Cell Motil. Cytoskeleton 48 (2001) 190–200.

[14] T.P. Lele, J. Pendse, S. Kumar, M. Salanga, J. Karavitis, D.E. Ingber, Mechanical
forces alter zyxin unbinding kinetics within focal adhesions of living cells, J.
Cell. Physiol. 207 (2006) 187–194.

[15] W.H. Goldmann, Z. Guttenberg, J.X. Tang, K. Kroy, G. Isenberg, R.M. Ezzell,
Analysis of the F-actin binding fragments of vinculin using stopped-flow and
dynamic light-scattering measurements, Eur. J. Biochem. 254 (1998) 413–419.

[16] W.H. Goldmann, G. Isenberg, Kinetic determination of talin–actin binding,
Biochem. Biophys. Res. Commun. 178 (1991) 718–723.

[17] W.H. Goldmann, G. Isenberg, Analysis of filamin and alpha-actinin binding to
actin by the stopped flow method, FEBS Lett. 336 (1993) 408–410.

[18] P.A. Kuhlman, J. Ellis, D.R. Critchley, C.R. Bagshaw, The kinetics of the
interaction between the actin-binding domain of alpha-actinin and F-actin,
FEBS Lett. 339 (1994) 297–301.

[19] D.H. Wachsstock, W.H. Schwarz, T.D. Pollard, Cross-linker dynamics determine
the mechanical properties of actin gels, Biophys. J. 66 (1994) 801–809.

[20] K. Burridge, G. Nuckolls, C. Otey, F. Pavalko, K. Simon, C. Turner, Actin-
membrane interaction in focal adhesions, Cell Differ. Dev. 32 (1990) 337–342.

[21] L. Hemmings, D.J. Rees, V. Ohanian, S.J. Bolton, A.P. Gilmore, B. Patel, H. Priddle,
J.E. Trevithick, R.O. Hynes, D.R. Critchley, Talin contains three actin-binding
sites each of which is adjacent to a vinculin-binding site, J. Cell Sci. 109 (Pt. 11)
(1996) 2715–2726.

[22] J.D. Humphries, P. Wang, C. Streuli, B. Geiger, M.J. Humphries, C. Ballestrem,
Vinculin controls focal adhesion formation by direct interactions with talin
and actin, J. Cell Biol. 179 (2007) 1043–1057.

http://dx.doi.org/10.1016/j.bbrc.2008.02.137


934 T.P. Lele et al. / Biochemical and Biophysical Research Communications 369 (2008) 929–934
[23] A.R. Menkel, M. Kroemker, P. Bubeck, M. Ronsiek, G. Nikolai, B.M. Jockusch,
Characterization of an F-actin-binding domain in the cytoskeletal protein
vinculin, J. Cell Biol. 126 (1994) 1231–1240.

[24] M. Muguruma, S. Matsumura, T. Fukazawa, Direct interactions between talin
and actin, Biochem. Biophys. Res. Commun. 171 (1990) 1217–1223.

[25] C.A. Otey, O. Carpen, Alpha-actinin revisited: a fresh look at an old player, Cell
Motil. Cytoskeleton 58 (2004) 104–111.

[26] F.M. Pavalko, K. Burridge, Disruption of the actin cytoskeleton after
microinjection of proteolytic fragments of alpha-actinin, J. Cell Biol. 114
(1991) 481–491.

[27] K. Ruhnau, A. Wegner, Evidence for direct binding of vinculin to actin
filaments, FEBS Lett. 228 (1988) 105–108.

[28] D. Tsuruta, M. Gonzales, S.B. Hopkinson, C. Otey, S. Khuon, R.D. Goldman,
J.C. Jones, Microfilament-dependent movement of the beta3 integrin
subunit within focal contacts of endothelial cells, FASEB J. 16 (2002)
866–868.
[29] D.M. Cohen, B. Kutscher, H. Chen, D.B. Murphy, S.W. Craig, A
conformational switch in vinculin drives formation and dynamics of a
talin–vinculin complex at focal adhesions, J. Biol. Chem. 281 (2006)
16006–16015.

[30] S.L. Gupton, C.M. Waterman-Storer, Spatiotemporal feedback between
actomyosin and focal-adhesion systems optimizes rapid cell migration, Cell
125 (2006) 1361–1374.

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

[32] A. Hamadi, M. Bouali, M. Dontenwill, H. Stoeckel, K. Takeda, P. Ronde,
Regulation of focal adhesion dynamics and disassembly by phosphorylation of
FAK at tyrosine 397, J. Cell Sci. 118 (2005) 4415–4425.

[33] G. von Wichert, B. Haimovich, G.S. Feng, M.P. Sheetz, Force-dependent
integrin–cytoskeleton linkage formation requires downregulation of focal
complex dynamics by Shp2, EMBO J. 22 (2003) 5023–5035.


	Investigating complexity of protein-protein interactions in focal adhesions
	Materials and methods
	Results
	Adhesion protein dynamics in capillary endothelial cells
	Theoretical expressions for FRAP recovery times in focal adhesions
	Experimental identification of the rate-limiting step
	Kinetics of dissociation of proteins in the FA

	Discussion
	Acknowledgments
	Supplementary data
	References


