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Focal adhesions (FAs) connect the cellular actin cytoskeleton via integrin with the extracellular matrix.
They comprise of many structural and signaling proteins which are highly dynamic, well regulated,
and responsible for the sensing of physical properties from the environment. Vinculin is a protein that
incorporates all these functions. Here, we investigated the phosphorylation of Y1065 in the activation/
regulation of vinculin. We used different vinculin mutants mimicking either a permanently activated
or inhibited phosphorylation site at position 1065. Using these mutants, we determined their influence
on the exchange dynamics and cell forces using fluorescence recovery after photobleaching and traction
microscopy. The results indicate that phosphorylation at Y1065 significantly increases the amount of
freely exchanging vinculin within FAs whereas inhibition of this phosphorylation site leads to an uncon-
trolled exchange of vinculin and reduced adhesive cell forces. In conclusion, we show that phosphoryla-
tion on position Y1065 is essential for accurate incorporation of vinculin into FAs and mechanical
behavior of cells.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Cell contacts to the extracellular matrix (ECM) are vital for cell
adhesion, spreading, migration, and survival. Most of these con-
tacts are provided by the heterodimeric transmembrane integrin
receptors that link the ECM to the cytoskeleton via focal adhesions
(FAs) [1]. FAs are composed of a variety of different adaptor pro-
teins, and their interaction defines the function of FAs [2,3]. Vincu-
lin is one important adaptor protein that has been shown to
associate with a number of proteins to transiently form FAs [4–
6]. Furthermore, vinculin connects actin filaments via paxillin/talin
to integrin and plays a central role in force transduction and
mechanical stabilization of FAs [7–9]. However, its temporal acti-
vation and regulatory function still remains an open question.

Previous studies demonstrated that the formation and function
of FAs largely depends on their protein composition [3,10]. It was
reported that posttranslational changes like phosphorylation can
modify the protein activity [5,11–13]. Cytoplasmic vinculin is in
an autoinhibited, i.e. closed conformation, which is activated when
binding to FAs [5,14]. Chen et al. demonstrated that vinculin
ll rights reserved.

der-University of Erlangen-
gy, Biophysics Group, Henk-
131 85 25601.
.de (W.H. Goldmann).
undergoes a conformational change when incorporated into young
FAs [15]. In addition, c-src-kinase phosphorylation of vinculin sta-
bilizes the molecule’s open conformation [12]. These authors iden-
tified tyrosine at position 100 and 1065 of vinculin as targets for
the c-src-kinase. The phosphorylation by c-src may keep vinculin
in a semi-stable conformation and enables it to bind to other pro-
teins including Arp2/3, an actin nucleator and crosslinker [5,16].
These interactions reinforce the connection of the focal adhesion
complex with the actin cytoskeleton, which allows cells to gener-
ate the appropriate prestress and strain energy for adequate cell
adhesion and migration. We previously analyzed the influence of
vinculin during cell migration and showed that the migratory
capability of mouse embryonic fibroblasts (MEFs) mainly depends
on adhesion strength -and dynamics as well as on the dynamics of
cytoskeletal remodeling [17].

In our present study, we investigated the influence of vinculin
phosphorylation at position tyrosine 1065 (Y1065) on the ex-
change dynamics in matured focal adhesions. We used mutant vin-
culin constructs, which either mimic a non-phosphorylated or
permanently phosphorylated form at this position. To determine
the differences in exchange dynamics of these vinculin mutants
in focal adhesions compared to wildtype (WT) eGFP-vinculin, the
constructs were expressed in MEF cells and analyzed by fluores-
cence recovery after photobleaching (FRAP). Employing traction
microscopy, we also examined the contractile (adhesive) forces
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of these cells. The results indicate that the phosphorylation of vin-
culin at position 1065 is not necessary for the recruitment to FAs,
but essential for the timely activation of FAs and for the regulation
of FA dynamics and cellular tractions.
2. Materials and methods

2.1. Cell lines and cell culture

Wildtype and vinculin-deficient (vin�/�) mouse embryonic
fibroblasts (MEFs) were a kind gift from Dr. E.D. Adamson
(Burnham Institute, La Jolla, CA). The cell lines were cultured in
high-glucose (4.5 g/l) Dulbecco’s modified Eagle’s medium with
4 mM L-glutamine supplemented with 10% fetal bovine serum and
100 U/ml penicillin/streptomycin (Sigma–Aldrich, Taufkirchen/
Germany) and kept at 37 �C and 5% CO2. For FRAP experiments,
2 � 105 cells were seeded in 35 mm diameter glass bottom cul-
ture dishes coated with 2.55 lg/cm2 fibronectin (BD Bioscience,
Erembodegem/Belgium).

2.2. Cloning and expression of vinculin constructs

Mouse wildtype vinculin (NCBI: BC008520) fused with en-
hanced green fluorescent protein (eGFP) was used as control and
template for the exchange of mutant constructs. For this reason,
the phosphorylatible amino acid tyrosine (Y) at position 1065
was replaced by phenylalanine (F) or glutamate (E), respectively,
using site-directed mutagenesis. The exchange of tyrosine by
phenylalanine (Y1065F) led to a vinculin mutant which cannot
be phosphorylated at this position. In contrast, glutamate has sim-
ilar charges than phosphorylated tyrosine and therefore mimics as
Y1065E a permanently phosphorylated vinculin. Transfection was
performed with 2 lg plasmid-DNA using Lipofectamine 2000
(Invitrogen, Karlsruhe/Germany) 24 h after seeding the cells. Cells
were further incubated for 24–72 h before the experiment.

2.3. Localization control and immunostaining

Transfected cells were fixed for 20 min in 3.7% paraformalde-
hyde (Merck, Darmstadt/Germany) and afterwards permeabilized
for 5 min at RT with 0.2% Triton X-100 in cytoskeleton-buffer
(CB: 150 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 5 mM glucose, and
10 mM 2-(N-morpholino)ethanesulfonic acid at pH 6.1). After
washing with CB, the cells were treated with blocking-solution
(5% skimmed milk in CB) for 1 h at RT. Subsequently, cells were
incubated for 45 min at 37 �C with a 1:100 solution of primary
monoclonal mouse antibody against paxillin (Invitrogen, Kar-
lsruhe/Germany). Cells were then washed three times with the
blocking-solution. A secondary Cy3-labeled antibody against
mouse (Jackson Immuno Research Europe Ltd., Suffolk/UK) was
added (dilution 1:200 in blocking-solution). After additional incu-
bation for 60 min at 37 �C, the cells were washed with CB and dis-
tilled water. Finally, they were embedded in 12 ll Gel-Mount/
DABCO solution (Sigma–Aldrich, Taufkirchen/Germany). 10–20
randomly selected fields of view were recorded using a confocal
microscope (LSM 510 meta) equipped with a Plan-Neofluar 40�
NA 1.3 oil immersion objective (Carl Zeiss, Jena/Germany). eGFP
was excited at 488 nm, and the emitted light was detected be-
tween 505 and 530 nm. Light from Cy3 was detected between
560 and 615 nm after 543 nm excitation using a helium–neon la-
ser. The intensity profiles of single focal adhesions were deter-
mined by the profile tool in ImageJ (National Institute of Health)
and plotted in Matlab (The Mathworks, Natick, MA). The line pro-
files were averaged over a line width of 10 pixels which equals
1.5 lm.
2.4. Fluorescence recovery after photobleaching (FRAP)

Binding kinetics of eGFP–vinculin proteins within FAs of living
cells were determined by FRAP. In brief, an intense pulse of illumi-
nation light at the excitation wavelength of the fluorophore was
applied to a single FA. This bleached a major fraction of the fluoro-
phore within the illuminated area, mostly without altering the pro-
tein structure and function. The kinetic exchange rate of vinculin
was determined by measuring the replacement of photo-bleached
vs. fluorescent molecules over time. Prior to FRAP measurements,
cells were observed for at least 5 min and only stable FAs present
over the entire period were analyzed. Since the detected fluores-
cence recovery of FAs is an overlay of both, protein binding kinetics
within and free diffusion above FAs [13], we used total internal
reflection fluorescence (TIRF) laser illumination on an Axio Obser-
ver Z.1 (Carl Zeiss, Jena/Germany) to reduce the influence of freely
diffusing, cytoplasmic vinculin. The microscope was equipped with
an XL-incubation chamber for live cell imaging. For spot bleaching,
an additional diode laser (473 nm, 100 mW; Rapp OptoElectronic,
Hamburg/Germany) was coupled into the microscope via a multi-
mode optical fiber (550 lm diameter), resulting in a bleach spot of
5 lm. Images were taken for 60 s before and 300 s after bleaching
of a single FA (acquisition rate: 15 images/min), using an alpha-
Plan-Apochromat 100� NA 1.46 objective (Carl Zeiss, Jena/Ger-
many). Note that bleaching was carried out with 60% laser power
output for 1.5 s.

As previously mentioned, lateral diffusion of cytosolic mole-
cules and dissociation/association processes of spatially fixed bind-
ing sites in FAs occur simultaneously. Under these conditions, the
diffusion related fluorescence recovery is much faster than the
fluorescence recovery due to binding kinetics [13]. To exclude dif-
fusion related recovery from the fluorescence signal, IAd the signal
was corrected for the contribution of cytosolic molecules. More-
over, the time series were corrected for continuous, unintentional
bleaching of the complete image due to the observation light.
The cytosolic background, ICyt was calculated at each time point
from the average intensity of the cell outside focal adhesions. Con-
tinuous bleaching was monitored by determining the average fluo-
rescence intensity, IRef of several non-bleached adhesions. The
corrected recovery curve, IC was calculated according to

IC ¼
IAd � ICyt

IRef � ICyt
: ð1Þ

The corrected recovery curves were normalized for comparison
of individual measurements. To this end, the average value of IC be-
fore bleaching, I0 was determined as well as the intensity immedi-
ately after bleaching, IBl. The normalized recovery curve n(t) was
calculated according to

nðtÞ ¼ IC � IBl

I0 � IBl
: ð2Þ

Since the normalized recovery was due to binding/unbinding
reactions, the measured normalized recovery curve n(t) was fitted
to a first order exponential, describing a single exchange kinetics
model

nðtÞ ¼ að1� e�jtÞ ð3Þ

where, j is the rate of recovery and, a is the fraction of exchanging
molecules [13]. All intensities were extracted from raw image data,
using ImageJ (National Institute of Health). FRAP calculations were
carried out in MatLab 2009 (The Mathsworks, Natick, MA).

2.5. Traction microscopy

Gels for traction experiments were cast on rectangular
75 � 25 mm non-electrostatic silane-coated glass slides [18]. Gels
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with 6.1% acrylamide/0.24% bis-acrylamide were used. The Young’s
modulus of the gels was around 13 kPa. Yellow-green fluorescently
carboxylated beads with a diameter of 0.5 lm (Invitrogen, Kar-
lsruhe/Germany) were suspended in the gels and centrifuged at
300g towards the gel surface during polymerization at 4 �C [8].
These beads served as marker for gel deformation. The surface of
the gel was activated with Sulfo-SANPAH (Pierce Biotechnology,
Bonn/Germany) and coated with 50 lg/ml Collagen I (Biochrom,
Berlin/Germany). The cell suspension added to the gel was con-
tained in a silicone ring (flexi-perm, In Vitro, Göttingen, Germany)
attached to the glass slide. Cell tractions were computed from an
unconstrained deconvolution of the gel surface displacement field
measured before and after cell detachment with 8 lM cytochalasin
D in a trypsin/EDTA solution [19]. Gel deformations were esti-
mated using a Fourier-based difference-with-interpolation image
analysis [20].
3. Results

We recently showed that the phosphorylation of vinculin at po-
sition tyrosine 1065 (Y1065) is a spatiotemporal process and corre-
lates with young, developing FAs whereas matured, stable FAs
show much less phosphorylation of vinculin [13]. These findings
suggest that the transient phosphorylation of vinculin might play
an important role during FA assembly, a process of highly regu-
lated protein dynamics [3,21]. Furthermore, our earlier data
showed that the exchange dynamics of vinculin in FAs of keratino-
cytes decreases with the state of FA maturation. To analyze these
findings in more detail, we performed vinculin exchange dynamics
measurements on different vinculin Y1065 constructs using FRAP.
Beside vinculin in its wildtype form, we used a mutant where
Y1065 was genetically replaced by glutamate (Y1065E) to mimic
permanently phosphorylated vinculin or replaced by phenylala-
nine (Y1065F) to mimic phosphorylation inhibited vinculin. Con-
trol experiments showed that all three vinculin constructs were
localized in FAs after expression in MEF vin�/� cells (Fig. 1), which
indicated that neither phosphorylation of Y1065 nor its regulation
was crucial for vinculin recruitment. However, the ratio between
Fig. 1. Incorporation of vinculin mutants. eGFP labeled WT (left), Y1065E (middle), and
subsequently analyzed for vinculin (green) and paxillin (red). Scale bar = 20 lm. The grap
both proteins along with the indicated arrow for the enlarged focal adhesions (lower
enhanced for visualization. (For interpretation of the references to colour in this figure
freely diffusing and incorporated vinculin seemed to be lower for
the inhibited mutant (Y1065F) (data not shown).

Since MEFs are less motile than keratinocytes, they lack a pro-
nounced polarity and generally exhibit more stable, fully matured
than younger FAs. Therefore, we performed FRAP measurements
only on stable, matured FAs at an age of at least 5 min. Using Eq.
(3), we determined a as the amount of exchanging vinculin in
FAs. This so-called mobile fraction of vinculin was compared be-
tween the different vinculin mutants. As control, we first investi-
gated the incorporation of WT vinculin. The FRAP curve
(averaged from 17 independent measurements) showed a mobile
fraction of 63% for wildtype vinculin (Fig. 2). The exchange was
compared to that of permanently phosphorylated vinculin
(Y1065). Since we identified vinculin Y1065 phosphorylation
mainly in nascent, highly dynamic FAs of keratinocytes [13], we
expected an increase in the mobile fraction for the permanently
phosphorylated Y1065E construct. Indeed, the averaged FRAP
curve (out of 18 independent experiments) revealed a significantly
higher mobile fraction of 76% for Y1065E compared to wildtype
vinculin. Note that the distribution of single measurements are
shown in the box plots a to Fig. 2.

To answer the question of whether the inhibition of Y1065
phosphorylation alters the dynamics of vinculin insertion in FAs
in a reverse manner, we analyzed the exchange dynamics of phos-
phorylation inhibited (Y1065F) vinculin. As described before, our
investigations were carried in matured FAs, exhibiting barely phos-
phorylated vinculin. We therefore assumed comparable exchange
dynamics for WT vinculin and Y1065F mutants. As expected, we
obtained similar mobile fractions for Y1065F (59%) and WT vincu-
lin (63%) from the averaged recovery curves. However, the mobile
fractions for the single measurements of the Y1065F mutant
showed a much broader distribution compared to WT vinculin,
which points to an uncontrolled exchange of vinculin Y1065F in fo-
cal adhesions (Fig. 2).

To gain further insight into the cellular effects of vinculin’s
Y1065F uncontrolled exchange, we performed additional traction
microscopy measurements since vinculin is known to be involved
in force regulation of FAs [8,22–24]. Hence, the uncontrolled ex-
change of vinculin might also influence the force generation in
Y1065F (right) vinculin were expressed in vin�/� MEF cells. Cells were fixed and
hs at the lower right of each image represents the normalized intensity profile [I] of
left) marked in the overview image. Note that the images were gamma-contrast

legend, the reader is referred to the web version of this article.)



Fig. 2. Exchange dynamics of different vinculin constructs. eGFP-WT, Y1065E, and
Y1065F vinculin constructs were expressed in vin�/� cells for FRAP measurements.
Before bleaching, cells were monitored for at least 5 min to ensure that only mature
FAs at a minimum age of 5 min were analyzed. Black graphs show the normalized
intensity [I] curves from individual measurements. The mean value and the
standard deviation r are shown in blue; results from the curve fit (Eq. (3)) of mean
values are shown in red. The saturation value, a indicates the mobile fraction (red
dotted line). At the right of each graph, the box plots show the distribution of the
mobile fractions of single measurements (black ‘‘x”), where the bottom and the top
of each box indicates the 25th and 75th percentile. The mean values are given as a
red dot, the median as a red line. Number of measured cells: WT vinculin (n = 17),
Y1065E mutant (n = 18), and Y1065F mutant (n = 23). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Traction microscopy. The relative strain energy of wildtype vinculin and
Y1065F mutant expressed in MEFs. Note that ‘n’ indicates the number of cells
measured, and that the error bars denote the mean ± SE. The value for MEF wildtype
strain energy is around 0.8 pJ [8].
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cells. In fact, cells expressing the Y1065F mutant applied signifi-
cantly lower forces to the substrate than cells expressing WT vin-
culin (Fig. 3). In conclusion, our results strongly argue for a crucial
relevance of a timely regulated vinculin phosphorylation/dephos-
phorylation at tyrosine 1065 for the activation of vinculin to func-
tionally regulate FA formation and cell force application.

4. Discussion

FAs are complex structures and their function is defined by the
composition and interaction of the participating proteins. Conse-
quently, the assembly of FAs is subject to a precise temporal
control. Defects in the regulation can lead to serious problems
and affect cellular behavior. Zhang et al. [12] and Moese et al.
[16] have both argued that tyrosine phosphorylation of vinculin
plays an important role in the early development of FAs. It is be-
lieved that upon activation, vinculin remains first in a semi-stable
state at which PIP2 and other membrane phospholipids interact
with its C-terminal tail [5,6,8,14,25–27].

Y1065 is located at the C-terminus end of vinculin, and its c-src-
dependent phosphorylation is known to be transient [12,13]. Thus,
pY1065 may have a regulatory function during the first activation
steps of vinculin. In nascent FAs, vinculin shows a high exchange
dynamics and higher mobile fractions compared to matured FAs,
where the amount of phosphorylated Y1065 vinculin is lower. Fur-
thermore, in matured FAs, vinculin shows more stable interactions
with the actin cytoskeleton and reduced exchange dynamics
[13,15]. This is indicative that phosphorylation at position Y1065
is connected with the activation of vinculin.

In the present study, we analyzed the influence of Y1065 phos-
phorylation on vinculin exchange dynamics in a more direct fash-
ion by comparing the exchange dynamics of different vinculin
mutants using the FRAP technique. Although vinculin recruitment
to FAs does not seem to be altered by the mutation at position
Y1065 (Fig. 1), our FRAP measurements strongly indicate a regula-
tive influence of Y1065 phosphorylation (Fig. 2). As shown, the
exchangeable, mobile fraction of vinculin in matured FAs is signif-
icantly increased in cells expressing Y1065E constructs. In contrast,
inhibition of phosphorylation at this position leads to uncontrolled
exchange dynamics of vinculin. The strong cellular effect by inhibi-
tion of just one single vinculin phosphorylation site was further
confirmed by traction experiments (Fig. 3). Here, cells expressing
the phosphorylation inhibited vinculin mutant (Y1065F) showed
a significant decrease in strain energy compared to cells expressing
WT vinculin. These findings imply that c-src-kinase phosphoryla-
tion of vinculin at position Y1065 is not essential for vinculin
recruitment, but affects the FA formation by keeping vinculin in
a highly exchangeable state. This could further increase the inter-
action with other binding partners, including membrane phospho-
lipids and proteins like the actin crosslinker Arp2/3 [8,16]. After
vinculin’s association, it might become dephosphorylated, which
in turn could lead to a strengthening of the binding and conse-
quently to a reduced exchange dynamics of vinculin and increased
traction forces via FAs. Therefore, a higher mobile fraction of vincu-
lin is favorable only for young FAs, where high protein dynamics
are essential for correct FA organization and assembly [13,28].
However, mature FAs exert strong forces, i.e. high protein dynam-
ics is unwanted. At this point, we can only speculate about the
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wide distribution in exchange dynamics for the non-phosphoryla-
tible vinculin construct. It seems that this mutation leads to highly
uncoordinated vinculin incorporation into FAs and interaction with
other binding partners.

In summary, we have shown that phosphorylation of vinculin at
position Y1065 is not essential for the formation of FAs, but that it
has a strong influence on vinculin dynamics in FAs and ultimately
on the function of FAs in force transmission. Therefore, vinculin can
be regarded as an important regulator for FA maturation and cou-
pler of the actin cytoskeleton to the extracellular matrix. Better
understanding of the activation of vinculin and its regulatory func-
tion will give further insight into FA signaling and consequently to
cell behavior.
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