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Scope of this thesis
The aim of the research described in this thesis is to increase knowledge of the 
structure and behaviour of focal adhesions and focal adhesion proteins through 
the application of a range of advanced light microscopy techniques. To increase 

techniques, cell type (U2OS bone cancer cells) and ECM coating (collagen type 
I) were kept consistent in the research presented in this thesis. Additionally, 
focal adhesions in U2OS cells were consistently monitored by expressing one 

proteins, paxillin, vinculin, zyxin and VASP. These proteins form functionally 

and VASP are both closely linked to the actin associated with focal adhesions.

Chapter 1 provides a general introduction to focal adhesions, including their 
importance in health and disease and to cell migration in vitro and in vivo. This 
is followed by an overview of their molecular composition with special emphasis 
on paxillin, vinculin, zyxin and VASP. Additionally, advanced light microscopy 
techniques are introduced, with a focus on those applied in this thesis

In chapter 2 
with Fluorescence Recovery After Photobleaching (FRAP) to examine and quan-
tify the binding dynamics of the four selected focal adhesion proteins. We show 
that the stably bound fraction of paxillin and vinculin is surprisingly large and 

and vinculin proteins associated with focal adhesions, nearly half remains stably 
associated for times comparable to the average focal adhesion lifetime. Zyxin 
and VASP predominantly displayed more transient interactions. We also reveal a 
connection between focal adhesion protein binding dynamics and focal adhesion 
location and orientation, a connection which is particularly strong for zyxin and 
VASP.

In chapter 3 we present a dedicated photoconversion assay using a FRAP set-up 
on a confocal microscope. Traditional FRAP can provide accurate estimates of the 

the proteins of this fraction within a macromolecular complex, distinguishing it 
from its dynamically exchanging counterpart. We applied this assay to further 
investigate the particularly large stably bound fractions of paxillin and vinculin 
as seen in the FRAP experiments described in chapter 2. The assay revealed that 
the stably bound fractions of paxillin and vinculin form small clusters within 
focal adhesions. These clusters were predominantly observed at the half of the 
adhesion pointing towards the centre of the cell. Furthermore, the paxillin clus-
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ters were markedly smaller than the vinculin clusters. This means the paxillin 
clusters are more concentrated than the vinculin clusters since the photobleach-
ing data showed their stably bound fractions are of nearly equal size. Although in 
this thesis the developed technique was applied to focal adhesions, it can easily 

the stably bound proteins within them.

In chapter 4 we applied structured illumination microscopy to examine the 
distribution of paxillin, vinculin, zyxin and VASP along focal adhesions at su-
perresolution level. We show that at the focal adhesion ends pointing towards 
the adherent membrane edge (heads), paxillin protrudes slightly further than 
the other proteins. At the opposite adhesion ends (tails) the other three proteins 
protrude further than paxillin, while at tail tips vinculin extended further than 

migration of cells, alters head and tail compositions. Furthermore, focal adhe-
sions at protruding or retracting membrane edges had longer paxillin heads than 
focal adhesions at static edges.

In chapter 5 we examine focal adhesions at an even higher resolution by using 
correlative light and electron microscopy, an imaging technique combining light 
microscopy with electron microscopy. We discovered a highly abundant distinct 

protein density and possibly also with increased phosphorylation levels. In near-
ly three-quarters of focal adhesions, these nanostructures had a fork shape, with 
the actin forming the stem and the high density nanostructure within the focal 
adhesion the fork.

In conclusion, in this thesis a coherent set of experiments is described in which 
multiple advanced light microscopy methods and image analysis protocols 
were applied to increase insight in the dynamic composition of focal adhesions. 
This multimodal approach was chosen because each of the applied microscopy 
techniques has its own set of advantages and disadvantages. For this reason, 
the information gained was often complementary and sometimes synergistic, 
especially when the data was analysed quantitatively. A good example of this is 
that by combining the data described in chapters two and three, we were able to 
conclude that stably bound paxillin patches are more concentrated than stably 
bound vinculin. We also showed that the location and orientation of focal adhe-
sions correlate with the dynamics of their intracellular proteins. Furthermore, 

many aspects including in their protein dynamics, composition and density.
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General introduction
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A brief introduction to focal adhesions

cytoplasm, with a second set of membranes surrounding their DNA, the nucle-
us. Proteins are present throughout cells and form the majority of the cellular 
machinery. Structural support is provided by what is collectively termed the 

In multicellular organisms, multiple cells group together in an organised fashion 
to form tissue. The extracellular matrix (ECM), a large three-dimensional macro-
molecular network surrounding the cells, adds further structure to the tissue. To 

this purpose cells adhere both to each other as well as to the ECM.
a b c

(a) Overlay of the maximum projection of the confocal image of a U2OS cell stably expressing the in-
tracellular FA protein paxillin-GFP (green) and stained with phalloidin-CF405 (pseudocolour red), a 

5 μm (b) Pseudo coloured red channel of the data shown in a. (c) Green channel of the data shown 
in a.

-
gated structures 1-5 μm long, 300-500 nm wide and up to 50 nm thick1-4 (Fig. 
1a). They are macromolecular multiprotein assemblies that link the intracellular 
cytoskeleton to the extracellular matrix. Their linkage to the ECM is mainly me-
diated by integrins, transmembrane receptors that are part of the FA complex 
and directly bind to the ECM. Connection to the cytoskeleton takes place through 

contractile myosin II5 (Fig. 1b). As protein complexes linking two constantly 
remodelling networks, the ECM and the cytoskeleton, FAs are continuously 
exposed to force. The force experienced by FAs depends on the combination 
of myosin-II contractility, which determines the force exerted on the FA by the 

-
mission from the cytoskeleton to the ECM and they change in number, size and 
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composition in response to the level of force experienced6-14.

Focal adhesions in health and disease

Because of their importance in cell adhesion and for the transmission of force, 
FAs are crucial to most types of cell migration, including in vitro over a two-di-
mensional surface15. Since cell migration and adhesion are important in many 
physiological processes, FAs also play major roles in many physiological pro-
cesses. Of note, FAs are vital to embryonic development, where they coordinate 

-
genesis and morphogenesis16-18. The importance of FAs is not limited to foetal 
physiological processes however, they are also pivotal to the normal functioning 
of the immune system and to wound healing19. Considering their importance 
to embryonic development and the immune system, it is unsurprising that FAs 
also have major roles in many developmental and immunological disorders15,18,19. 
Nevertheless, in pathology most FA research focusses on their role in cancer, 
where they are especially important during metastasis20-22. Integrins and other FA 
components are often upregulated in aggressive forms of cancer23-25 and they are 
crucial to the Epithelial-Mesenchymal Transition (EMT)26-30. EMT is the process 
whereby epithelial cells, specialised cells that are arranged in layers and form 
most organs and tissue types, become more like mesenchymal cells, the less 
specialised typically highly motile cells that include stem cells and blood cells31. 
During EMT cells lose their cell-cell junctions, their dependency on cell adhe-
sion and their apical-basal polarity. Cells also reorganise their cytoskeleton and 

Ultimately, EMT increases the motility and invasiveness of cells and therefore 
EMT is also an important step in tumour progression.

Focal adhesions on glass and in vivo

FAs are large macromolecular multiprotein assemblies that vary in their overall 

32-34. The ECM is also complex, it is a large 

and glycosaminoglycans as possible components that is constantly being reor-
ganised by matrix degrading enzymes35. There is also a direct interplay between 
the ECM and FAs, i.e. both ECM chemical composition and its mechanical prop-

36,37. Because of 
the combined complexity of FAs, the ECM and their interactions, a coating of a 
single type of ECM protein on glass is often used for mechanistic studies. This 
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Although reducing complexity is a clear advantage for mechanistic studies, con-
cerns have been raised about the relevance of FAs observed on coated coverslips 
to cell adherence and migration under physiological conditions. The primary 

encountered in the human body, which ranges from ~1 kPa for the brain and 

on FAs and FA components. For example, if cells are cultured on glass or oth-

proteins including talin, paxillin and vinculin is increased16,36. However, when 
in vivo conditions, FAs are 

still observed. These FAs are composed of the same elements as FAs formed 
on glass, although they are typically smaller. A second concern is that glass 
coated coverslips provide a two-dimensional environment for the cells to bind 
to, instead of the three-dimensional ECM typically encountered in vivo. Again, 
this concern has been addressed using gels. In three-dimensional gels FAs are 
observed, which are smaller than FAs formed on glass but composed of the same 
proteins32,38. Therefore, FAs are not artefacts only formed when cells are exposed 

in 
vivo and recent in vivo -
mental processes and wound healing39-43.

The molecular composition of focal adhesions

-
croscopy44-46 -
scribed47,48. Since then, it has become apparent that FAs are large and diverse 

proteins15,49. These include (trans)membrane receptors, adaptor proteins and 

to FA complexity. Moreover, currently, a few thousand more proteins are can-
didates to be added to this list based on mass spectrometry experiments50,51. 
Intracellular FA proteins are organised in a layered nanostructure. A seminal 

adherent membrane (within ~10-20 nm), the so-called integrin signalling layer 
(ISL), at the top (~50-60 nm from the adherent membrane) the actin-regulatory 
layer (ARL) and in between the force transduction layer (FTL)3. Later studies, 

z-axis52-54.
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Integrins bind the ECM, 
integrins cluster and 
are activated

1: Clustering of Integrins

extracellular matrix

plasmamembrane

integrin transmembrane receptors

Early adaptor proteins
like talin and paxillin
bind to the activated 
integrins

2: Binding of adaptor proteins

intracellular FA proteins

Additional proteins bind to 
the early adaptor proteins,
incl. additional adaptor 
proteins like vinculin.
Many FA proteins 
are posttranslationally 
modified, this activates 
signalling cascades 
and creates additional 
binding sites, e.g. the 
SH2-binding domains 
of paxillin.

3: Recruitment of additional proteins

posttranslational modifications

4: Mature FA

Additional proteins incl.
many directly actin-binding
proteins such as zyxin
and VASP are recruited. 
Mature FAs have a three-
layered nanostructure 
along the z-axis and
are associated with 
an actin stress fibre.

actin stress fibre

middle layer (FTL)
top layer (ARL)

bottom layer (IRL)

a

b

c

d

Figure 2. The formation of a focal adhesion complex through time.
(a-d)
Steps shown in chronological order, from the initial clustering of integrin receptors (a) to the even-

to scale.

The characteristics of individual FAs, including their molecular composition, 
-

vironments, both intracellularly and from the ECM. However, all FAs incorporate 
-

55. 

associated with FAs at either end and typically transverse the whole cell56. Dorsal 

upwards to the nucleus and the dorsal cell surface.

The formation of new FA complexes involves several steps (Fig. 2). Firstly, in-
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Figure 3. The structure of four intracellular FA proteins.
(a, c, e, g) Schematic representation of the paxillin (a), zyxin (c), VASP (e) and vinculin (g) proteins 

-
cate amino acid number along the protein backbone. (b) 3D structures of paxillin domains as visual-
ised using the RCSB ProteinDataBank structure viewer Mol*169

6IUI170 -
171. The blue spheres represent the two bound

zinc-ions, amino acids interacting with these ions are visualised using the ‘ball and stick’ method.
(d)
LIM domains as predicted by the SWISS-MODEL database based on its homology with the LIM do-

data172,173. (f)
174

175. (h) 3D structure of the parts of the vinculin head and tail do-

176.

Paxillin
1 591

555 1 22 3322 33 4411 4

LD domain (grey line indicates NES)

Proline-rich conserved motif

zinc binding double LIM domain

pTyr creates SH2-binding domain

Zyxin
1 572

2 31 22 33 44 1 2 3

proline-rich conserved motif

zinc binding double LIM domain

nuclear export signal (NES)

WASP homology (WH) 1 domain

Ena/VASP homology (EVH) 2 domain

KLKR conserved motif

1 380
VASP

Vinculin

globular head domain

proline-rich flexible linker region

c-terminal tail region

1 1134
Vinculin

aa 261aa 261-280
LD4 domainLD4-domain

aa 557-591557 591
LIM4-domain

aa 380 533aa 380-533
LIM-domains

aa 1-115
WH1-domain

aa 336-380
EVH2-domain

aa 1-258
green
aa 879-1066
copper

a bb

c

e

g

d

f

hh
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tegrin transmembrane receptors bind to the extracellular matrix, which causes 
clustering of the integrins, leading to their activation with resultant conforma-
tional changes8,57-59 (Fig. 2a). Secondly, intracellular adaptor proteins such as talin 
and paxillin are recruited60,61 (Fig. 2b). These proteins in turn promote integrin 
activation, leading to the clustering of more integrins62. The adaptor proteins also 
provide a binding platform for the hundreds of other intracellular FA proteins 

Paxillin

As an adaptor protein, paxillin is one of the proteins with the largest number 
of potential binding partners within FAs49. Paxillin is a direct integrin-binding 

recruited to newly forming FAs3,60,61 (Fig. 2b).

The N-terminal domain of paxillin has two binding sites for Focal Adhesion Ki-
nase (FAK), which can phosphorylate paxillin at Tyr-31 and Tyr-11863,64 (Fig. 3a). 
This phosphorylation creates two SH2 binding sites, which are the main binding 
platforms for the other paxillin interactors, among which are many signalling 
proteins such as the kinase Src65. The phosphorylation process is mechanosen-
sitive, i.e. it depends on the level of force experienced by the FA, where in this 
case,  force increases phosphorylation levels14. Unsurprisingly, the creation of the 
SH2 binding domains through tyrosine phosphorylation of paxillin, is a key step 
during FA assembly66

signalling and is increased during EMT induced by transforming growth factor 
29,30,67,68

64 (Fig. 2a,b). Indeed, paxillin is a 

FAs and the nucleus69,70

translational level by interacting with polyadenylate-binding protein 1 (PABP1), 
both at the endoplasmic reticulum and at FAs71,72. Aside from their critical role 
in transcription regulation the paxillin LIM domains are also required for its 
targeting to FAs, in particular the third LIM domain64. 

Consistent with paxillin being a key adaptor protein for FAs, paxillin knockout 
73. 

Fibroblasts cultured from paxillin knockout mice display aberrant FAs, decreased 
migration and problems with cell spreading. This highlights the importance of 
paxillin to FAs and by extension to cell adherence and migration.
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Zyxin and VASP                                

Zyxin and vasodilator-stimulated phosphoprotein (VASP) are binding partners 
that are recruited together to forming FA complexes at relatively late stages74-76 

FAs and are found in the top (ARL) layer3. They accumulate at FAs and at ac-
tin-polymerisation complexes, which are periodically distributed along stress 

77-79

their repair and maintenance80. VASP is part of the Ena/VASP protein family, a 
group of highly related proteins named for the drosophila protein enabled and 
its vertebrate homologue VASP.

-
mains81 (Fig. 3c,d). Zyxin is a functioning transcription factor, has a nuclear ex-
port signal and moves, particularly in response to force, from FAs to the nucleus 
where it promotes gene expression69,82,83. Nuclear zyxin is involved in the control 
of mitosis progression79. Since it is a direct polyadenylate-binding protein zyxin 

transcriptional level84. Finally, the zyxin LIM-domains are responsible for its tar-

of VASP75,85,86. Note that this is similar to the role of the LIM domains in paxillin 
function.

The zyxin N-terminus is closely linked to actin regulation. It contains actin 

87,88. Proline-rich stretches form binding sites 
for the Ena/VASP proteins75,76 (Fig. 3c). These stretches are also binding sites for 
guanine exchange factors (GEFs) for the small GTPase Rho, through which zyxin, 
VASP and vinculin, in a co-dependent manner, stimulate actin polymerisation in 
response to mechanical stimuli75,85,89-93.

-
malian protein enabled homolog (Mena) and Ena-VASP-like protein (Evl). These 
proteins are highly related and share the same functional domains (Fig. 3e). The 
N-terminus incorporates the WASP homology (WH) 1 domain, also known as 
the Ena/VASP homology (EVH) 1 domain (Fig. 3f). This is a protein interactor 

and vinculin94. As discussed above, zyxin recruits VASP to FAs and consequently 
the WH 1 domain is also essential for the targeting of VASP to FAs.

The C-terminus of the Ena/VASP proteins contains the EVH 2 domain, which is 
closely linked to their actin regulatory functions (Fig. 3e). The EVH2 domain is 
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composed of three consecutive regions termed blocks A, B and C. The conserved 
KLKR motif within block A mediates the stimulation of actin polymerisation. 
Block B contains an F-actin binding site and block C terminates in a large al-
pha-helix (Fig. 3f). This alpha-helix mediates the tetramerization of the Ena/

95.

The study of VASP depleted or VASP knockout cells or mice is hampered by the 
presence of the other Ena/VASP family members. Nevertheless, a recent study 
using somatic gene disruptions of all three family members showed the Ena/
VASP proteins positively contribute to cell adhesion and cell migration over 

96. Zyxin knockout mice display no lethal em-
bryological developmental problems or obvious histological abnormalities69,97. 
However, loss of zyxin, VASP or their interaction, results in an inability of cells 
to remodel their cytoskeleton in response to internal or external cues. Such cells 

or the actin stabilizer jasplakinolide89,90,98

cellular behaviour. Fibroblasts cultured from zyxin knockout mice are unable to 
adjust their migratory speed or adhesiveness in response to cues from the ECM, 
although overall both migration and adhesiveness are enhanced in these cells 
compared to wild type.

where zyxin coordinates the remodelling of the actin cytoskeleton during EMT29. 
In line with this important role of zyxin in the EMT process, zyxin has been 
strongly linked to several types of cancer (progression), including bladder and 
breast cancer and Ewing’s sarcoma where it acts as a tumour suppressor99-101.

Vinculin

with the most potential interaction partners within FAs49. Vinculin is among the 
earliest proteins recruited to newly forming FAs, although vinculin does not di-
rectly bind to the clustering integrins and consequently is recruited slightly later 
than paxillin49,74

in actin regulation at FAs102. It is found in the middle (FTL) layer of mature FAs3.

vinculin to adopt open and closed conformations103 (Fig. 3g). In its closed, or 
inactive form, the head and tail domain interact (Fig. 3h). When vinculin opens 
to its active form several extra protein binding sites are revealed.

The vinculin head domain shares many important binding partners with paxil-
lin, including talin104. Together with paxillin and talin, vinculin promotes integrin 
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activation and clustering102. The head domain also has a binding site for paxillin 
and paxillin is required for vinculin’s recruitment to FAs in many, but not all, 
cell types14,64,73,105,106

the paxillin-mediated recruitment of vinculin is force-dependent and as such is 
14. It requires tyrosine 

phosphorylation of paxillin, which is mediated by FAK in a mechanosensitive 
manner. The interaction between vinculin and paxillin also inhibits the translo-
cation of paxillin to the nucleus107.

The vinculin tail domain is closely linked to actin regulation. It contains actin 
108-111. 

-
tion at FAs75,89-93.

Vinculin knockout mice, like the paxillin knockout mice, experience lethal heart 
112. Induced vinculin ‘knockout’ 

-
uration and with forming strong traction forces at FAs, although their random 
migration velocity is increased113-116. This shows that as another large adaptor 
protein vinculin, like paxillin, is of great importance to FAs and by extension to 
embryonic development.

migration, mainly because of the importance of cell migration to embryonic de-
velopment and metastasis. An often employed method to enhance cell migration 
is to stimulate cells with the Hepatocyte Growth Factor (HGF). HGF, also known 

117-120. 

motility and undirected migration.

The hepatocyte growth factor (HGF) and Met

tyrosine receptor encoded for by the proto-oncogene c-Met121-123. Both HGF and 
Met are glycosylated and cleaved by proteases from single-chain precursors into 
mature disulphide-linked heterodimers124. HGF is the only known natural ligand 
for Met and Met is the only known receptor for HGF. Upon HGF binding the 
kinase activity of Met is activated through autophosphorylation. Further phos-

117.
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HGF in health and disease

HGF/c-Met signalling is indispensable for organogenesis125, during adulthood it 
is involved in the response to damage and in the maintenance of homeostasis of 
several organs126. In pathology, HGF signalling through c-Met is involved in the 
progression of several infectious diseases, but it is probably best known for its 
involvement in cancer, in particular for its promotion of metastasis118,127-129. As 
such, HGF/Met signalling is considered a promising target for the treatment of 

127,128,130-132. The aberrant HFG/Met signalling seen in cancer 
(1) stimulates angiogenesis, (2) promotes survival of cells after detachment from 
the basal membrane by inhibiting apoptosis through a wide variety of mecha-
nisms, (3) stimulates the excretion of proteases to allow cells to invade through 
the ECM and (4) strongly stimulates cell motility127,128,133,134. Taken together this 
explains the important role of HGF in metastasis.

Multimodal imaging of focal adhesions

two important technological advances, the use of lasers as a light source and the 

Lasers as a light source

Probably the most well-known microscopy form using lasers as a light source is 
confocal laser scanning microscopy135,136. This form of microscopy uses a laser to 
scan samples and pinholes to block out of focus light, which greatly improves 

light microscopy because of their ability to exclusively produce coherent light 

more powerful lasers being developed all the time.

137. GFP became of key importance 
to cell biology with the realisation that it could be used to tag and follow proteins 
in live cells138. For this purpose, cells are transfected with engineered DNA con-
structs, in which the DNA encoding for GFP is added to the DNA encoding a 
protein of interest. As a result, fusion proteins of the protein of interest fused to 
GFP are produced by the DNA transcription machinery of the transfected cells. 

by light of the appropriate wavelength, allowing the protein to be followed in 
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now available with emission wavelengths that span the entire colour spectrum 

through their colours. 

ground state to an excited state. Because this state is energetically unfavourable, 
the electrons quickly fall back to the ground state. During this process, the elec-
trons release their excess energy in the form of a photon, which is known as 

molecules always has a longer wavelength than the light they need to absorb for 
excitation since the wavelength of light is determined by the energy level of its 

a much lower intensity, typically the light used for excitation is approximately 

-

The use of lasers as a light source and the development of genetically encoded 
tags opened up the road for the development of advanced light microscopy tech-

with continuing development over time, light microscopy became one of the 

or how good the lenses, in principle the laws of physics place a limit on the res-

scientist Ernst Karl Abbe (1840-1905) and is often referred to as Abbe’s limit or 
simply the resolution limit. Ultimately, it means that the maximum resolution 
(the smallest distance at which two objects can still be resolved as being separate) 
a light microscope can ever achieve is approximately half the wavelength used 
for excitation. When using GFP this theoretical maximum resolution is approxi-

-
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c

b

ally cells would be observed at considerably higher resolutions. Consequently, 
much of the modern advanced microscopy methods are focused on clever ways 
to break, or more accurately circumvent, the resolution limit. These include TIRF, 
SIM and single molecule imaging techniques such as PALM or STORM. Other 
advanced imaging techniques focus on using microscopy to obtain additional 
information from the images, information beyond the location of proteins. Exam-
ples of such techniques include FRAP, FCS and STICS, which focus on obtaining 
quantitative measurements related to the dynamic behaviour of proteins.

bWF

TIRF

aqueous environment:
cells in medium n

excitation light
glass coverslip n

reflected

excitation laser

aqueous environment:
cells in medium n

glass coverslip n

evanescent wave

a

d

(a) -

(green circles). (b) -

-

-
er locations in the cell unexcited (grey circles). (c, d) The same area of a U2OS cell stably expressing 

background ratio is strongly improved for the focal adhesions.

-

early eighties139, then adapted for easy use in cell biology in the late eighties140. In 
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TIRF the excitation laser illuminates the sample at an angle. Consequently, the la-

index between the glass coverslip and the aqueous solution (the cytoplasm or the 
culture medium) on top (Fig. 4b). The angle is adjusted to the precise angle where 

-

-

two hundred nanometres upwards from the coverslip is visualised, breaking the 
resolution limit in this direction.

The thinness of the excitation layer limits the cellular objects that can be studied 
with TIRF to those found in, or very close to, the plasma membrane. Despite this 

two hundred nanometers from the adherent plasma membrane are not reached 
by the evanescent wave, for this reason, they are not excited and the potential 

these proteins are typically strongly expressed in the cytoplasm apart from their 

from the cytoplasm (Fig. 4c,d). Other advantages of the thin excitation layer are 
-

Structured Illumination Microscopy (SIM) also uses a specialised form of illumi-
nation to improve resolution. While in TIRF only the z-resolution is improved, 
SIM circumvents the resolution limit in all three directions141. In each direction, 
the resolution is improved approximately two-fold compared to a confocal mi-
croscope, in essence enabling the visualisation of three-dimensional objects eight 
(23) times as small142.

5a). In SIM, images are reconstructed through a complicated mathematical pro-
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Figure 5. Structured Illumination Microscopy (SIM)
(a) -

(b, c) An over-

parts of the sample are not exposed to excitation light (black stripes in b). This form of illumination

of light is rotated to allow reliable reconstruction of the superresolution image based on the collect-

-
tion of the boxed area in c (d, e)
image (e) of a U2OS cell stably expressing paxillin-mCherry (red) and stained with phalloidin-CF405

Moiré patterns illumination with 3D pattern of light

25 images:
5 rotations
5 phase shifts

fourier
transformation

reconstructionraw SIM data with Moiré patterns 1 superresolution image

a b

d

e

c

cess involving Fourier transformations, on the basis of the (known) illumination

reconstruction of images beyond the resolution limit (Fig. 5e) because the Moiré

observable, frequency143. During the reconstruction process, this data is shifted
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back to its high frequency position in Fourier space, then translated into a recon-
structed high resolution image. To allow for reliable reconstruction the Moiré 

be shifted as well. Accordingly, to create one reconstructed SIM image, 25 raw 
images need to be collected, slowing down the imaging process. Because SIM is 

enough for live cell imaging despite the large number of raw images needed to 
reconstruct one superresolution image.  

-
copy with electron microscopy. Electron microscopy (EM) uses an electron beam 
for visualisation purposes. Electron beams have wavelengths about a hundred 
thousand times smaller than light beams142. This means that even resolutions suf-

Abbe’s limit.

visualised at the same time. This reveals the cellular context, but also makes it 

Correlative or Correlated Light and Electron Microscopy (CLEM), which as the 
-

cence) microscopy and electron microscopy144. This allows the visualisation of a 

cellular context through EM.

structures found close to the cell surface they are particularly well suited to 
studying with scanning EM. In this technique images are formed by collecting 

complexes stand out from their surrounding environment. Using scanning EM 
eliminates the need for the complicated sample preparation required for trans-

-
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by both FM and EM imaging145. This second approach can improve the quality 
of the FM and EM overlay images. Firstly by avoiding the risk of EM sample 
preparation leading to distortions between the FM and EM images. Secondly, 
by allowing for both types of imaging to be performed on a single microscope, 
which makes it much easier to ascertain the exact same structure is imaged in 
both modalities. This approach of combining FM and EM in a single microscope 

146. It is termed integrated CLEM and currently 
microscopes using this approach are commercially available145.

Fluorescence recovery after photobleaching

Fluorescence Recovery After Photobleaching (FRAP) is one of the advanced light 
microscopy techniques not aiming to enhance the resolution but focusing on 

proteins. FRAP was initially conceptualised and set-up at the end of the sev-
enties147-149. When around the beginning of the millennium both laser-assisted 

principal tools of investigation150-154.

-

exposed to this so-called bleach pulse. As a result, when this area of the cell is 

-

up again, as the bleached proteins are replaced by fusion proteins with intact, 

From FRAP-curves a lot of information can be extracted about the mobility and 
binding dynamics of the studied proteins. For example, the steepness of the re-
covery curve is related to the mobility of the studied protein. The faster a protein 
moves the steeper the recovery of its FRAP-curve will be, since after the bleach 
pulse the unbleached molecules will move into the bleached area more quickly, 

level is much lower than the initial steady pre-bleach level, this reveals that a 

accordingly do not exchange for unbleached proteins within the time of the ex-
periment. This means at the end of the experiment these bleached proteins are 
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(such as monitor bleaching or bleaching of a too large proportion of the protein 
pool). These need to be ruled out through control experiments.

FRAP-experiments can often be conducted within a few minutes and neither 
the preparation nor the data analysis required to generate the FRAP-curves is 
particularly complicated or time consuming. This makes it especially well-suited 
to the extraction of reliable quantitative parameters by using the data from a 
high number of replicate experiments. Particularly if the experimentally-derived 

Carlo based simulations155. This makes it possible to reliably extract from the 
FRAP curves many quantitative parameters, including the number of fractions 
with distinct dynamic parameters present within the protein pool, the sizes of 
these fractions and the associated kon’s and k ’s, while avoiding most of the 

147,156.

Photoactivation and photoswitching

Besides brighter proteins with a diverse range of emission wavelengths, the 

of proteins with altered emission characteristics in response to light of certain 
wavelengths, because of photochemical reactions or through conversions be-
tween chromophore stereoisomers157. These include the photoactivatable and the 

158.

Photoactivatable proteins require activation by illumination at a wavelength 

illumination with its activation wavelength (413 nm) becomes a hundred times 
159. Continuing 

development has led to the engineering of a large number of photoactivatable 

spectrum, in the brightness and in the reversibility of the activation160.

with laser light of roughly four hundred nanometers results in a shift of their 
excitation and emission spectra. Again, continuing research has led to the de-

spanning a large emission spectrum with varying levels of brightness and revers-
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ibility160. An example of a third generation optimised photoswitchable protein is 

of the currently available photoswitchable proteins, yet it shows extremely low 
dimerization tendencies (a major concern for the other bright photoswitchable 
proteins)161.

A common application of photoswitchable and photoactivatable proteins is in 
the superresolution techniques Photo Activated Location Microscopy (PALM) 
and Stochastic Optical Reconstruction Microscopy (STORM)162-164. In these forms 
of single molecule microscopy, low light intensities are used for photoswitching 
or photoactivation, making these processes slow enough to allow individual 

turn allows their localisation with increased precision.

Advances in data analysis

Large improvements in the employed data analysis methods also contributed 
strongly to the increased importance of light microscopy to modern biology, 

-
orophores. Most notably the single-molecule techniques of PALM and STORM 
depend entirely on post-acquisition data analysis techniques for the creation of 
their superresolution images. Raw PALM or STORM data resembles a long series 

separate image. Because of the optical limitations of the imaging system these 
-

tion-limited spot described by the point spread function. To generate superres-
olution images from this raw data extensive data analysis is required. Firstly, 
the point spread function is mathematically approximated with a 2D-gaussian 

single image, forming the reconstructed superresolution image. Similarly, raw 
SIM data is in essence composed of partial (because of the excitation with a 3D 

images (Fig. 5b). Also here, elaborate data analysis is required, involving fourier 
transformations, the shifting of the information contained in the imaged Moiré 

raw images, to reconstruct a single high resolution SIM image (Fig. 5c).

Because of the heavy reliance of PALM, STORM and SIM on data analysis tech-
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niques, with the widespread implementation of these techniques, the widespread 
availability of advanced data analysis techniques also became necessary and the 
interest in advanced data analysis increased. With increased availability and 
interest, it is only natural that the image analysis of data acquired through other 
imaging techniques also improved, allowing more data to be extracted from 
these images too. A good example of this is the increased use of deconvolution 
software, where out of focus light is removed using image analysis software to 
create a three-dimensional image with improved contrast and resolution165. The 
increased availability and knowledge of data analysis techniques also allowed 
researchers to develop their own image processing or visualisation techniques. 
This process has been sped up by the availability of free open-source software 
such as ImageJ166 and its framework Fiji167, which allows researchers to focus on 
information within the image most relevant to their particular research ques-
tion, by building with relative ease their own image analysis software, or adapt 
and build upon the image analysis methods developed by others. Especially by 

168. Therefore the contribution 
of image analysis software, including its free open-source versions, has contrib-
uted as much to the current importance of light microscopy to biology as the 
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Abstract
Focal adhesions (FAs) are multiprotein structures that link the intracellular cyto-
skeleton to the extracellular matrix. They mediate cell adhesion and migration, 
crucial to many (patho-) physiological processes. We examined in two cell types 

-
bleaching experiments showed that ~40% of paxillin and vinculin remained 
stably associated with an FA for over half an hour, comparable to the average FA 
lifetime. Zyxin and VASP predominantly displayed more transient interactions. 

and orientation. In FAs located close to the edge of the adherent membrane 
paxillin, zyxin and VASP were more dynamic and had larger bound fractions. 
Zyxin and VASP were also more dynamic and had larger bound fractions at FAs 
perpendicular compared to parallel to this edge. The increased dynamic binding 
of the key structural factor paxillin may increase the dynamics of the FA complex 
as a whole, while the directly actin-binding zyxin and VASP potentially enhance 
the coupling of actin to these FAs.
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Introduction
Focal adhesions (FAs) are the main cellular structures linking the intracellular 
cytoskeleton to the extracellular matrix (ECM). They are typically several square 
micrometres in size1,2. On the membrane-facing side integrins, transmembrane 
receptors directly binding to the extracellular matrix (ECM), are the main FA 
components. A specialised form of actin linked to contractile myosin-II forms the 
edge of the FA on the cytoplasm-facing side, which we will refer to as F-actin. 
In between integrins and actin a large and diverse intracellular macromolecular 

3,4. These 
include (trans)membrane receptors, other than integrins, adaptor proteins and 

to FA complexity. FAs experience force, the strength of which depends on the 

their importance to the transmission of force from the cell to the ECM and in cell 
adhesion, FAs are crucial to cell migration. Migration and adhesion are key cellu-
lar functions required for many physiological and pathophysiological processes, 
like embryological development, the functioning of the immune system and also 
cancer, in particular metastasis4-6.

Here we investigated FA location and FA orientation dependent dynamics of 

proteins that are closely linked to the actin associated with FAs, zyxin and va-
sodilator-stimulated phosphoprotein (VASP). As adaptor proteins paxillin and 
vinculin are among the proteins with the most potential binding partners within 
FAs3. In keeping with their having a linking, structural, role they are amongst the 

the directly integrin-binding paxillin7-11. Vinculin has a head and a tail domain 

conformations12. Its head domain shares many important binding partners and 
functions with paxillin, indeed paxillin itself is one of its binding partners13-16. 
However, while Paxillin has no direct interaction with actin, vinculin’s tail do-

-
nin and the ENA/VASP-proteins16-20. Zyxin and VASP are recruited to assembling 
FAs at much later stages than paxillin or vinculin and are more closely linked to 
actin10. Apart from at FAs zyxin and VASP also cluster at actin-polymerisation 

21-23. To stim-
ulate actin polymerisation along FAs zyxin, VASP and vinculin depend on each 
other for proper functioning24-29. Zyxin and VASP, without vinculin, also work 
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VASP depends on zyxin for its force-dependent recruitment to FAs25,30-32. 

In photobleaching experiments ~40% of paxillin and vinculin remained stably 
associated with an FA for over half an hour. Zyxin and VASP predominantly 
displayed more transient interactions. We also reveal that the binding dynamics 

relative to the closest edge of the ventral, or adherent, portion of the plasma mem-
brane. Several factors form gradients based on their distance from the ventral 

of (signalling) molecules and enzyme activity33-40 -
cal environments for FAs varying with their distance from the ventral membrane 
edge. Lastly, by using Monte Carlo based simulations we were able to provide a 

41.

Results
Focal adhesion proteins have stably associated fractions at similar ra-
tios across cell types 

-

MDCK dog kidney cells (Fig. 1). Paxillin and vinculin both take about six minutes 

both zyxin and VASP recover within two to three minutes to approximately 80 

levels, highest for VASP, intermediate for zyxin and lowest and strikingly similar 
for vinculin and paxillin, was seen in both U2OS and MDCK cells. To facilitate 

recovery curves were expressed relative to intensity immediately after bleaching 
-

covery rates of VASP and zyxin versus the highly similar slow recovery rates of 

levels remained stable up to 15 minutes post-bleach (Supplementary Fig. S1). To 
-

tion of the cytoplasmic protein pool by the intense bleach pulse, we performed 
experiments where FAs were bleached a second time (Supplementary Fig. S2). If 

recovery levels after the second bleach pulse would be decreased as a fraction of 
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Figure 1. Focal adhesion proteins have stably bound fractions at similar ratios across cell types.
(a) -
lin (P) and vinculin (Vi). (b) TIRF images of the four studied proteins expressed in MDCK cells. (c) 

intensity is expressed relative to prebleach levels, in the right plot relative to immediately postbleach 
-

covery levels or bleach depths. The numbers between brackets indicate the number of bleached FAs 
from [number of cells]. (d) FRAP-curves for MDCK cells stably expressing GFP-tagged FA proteins.

the bleached proteins would exchange with other bleached proteins. However, 

-
cent protein pool despite the fact that this control experiment contained a second 
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(a)
curves shown in Fig. 1 to curves generated by Monte-Carlo based computer simulations. Bar charts of 

-
-

dicate 2xSEM. VASP n = 111 [16] , zyxin n = 81 [15], paxillin n = 152 [26], vinculin n = 219 [44] bleached 
FAs from [cells]. (b) Parameters of FA protein dynamics in U2OS cells. VASP n = 233 [34], zyxin n = 
464 [70], paxillin n = 332 [40], vinculin n = 249 [37] bleached FAs from [cells].

bleach pulse. Instead, the incomplete recovery levels are due to a fraction of the 
protein pool being stably associated with FAs. 

curves generated by Monte Carlo based simulations41 -
lation goes through small time steps. In each step the simulated proteins, which 

kon

k ). Similar-
ly, proteins inside the laser beam during bleaching have a chance to get bleached. 

kon’s and k ’s, leading to 

this way a large database of computer generated FRAP-curves was created from 
kon’s and 
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k
and fraction sizes41 (for details see Materials and Methods). The stably bound 
fractions obtained in this way for U2OS and [MDCK] cells are (average ± 2x SEM 

[13.0 ± 2.80]% for zyxin, and as discussed above large and of strikingly similar 
size for paxillin and vinculin, at 45.1 ± 1.74, [36.0 ± 2.44]% for paxillin and 45.6 ± 
1.74, [34.2 ± 1.97]% for vinculin. The simulations also provide accurate estimates 

25.2 ± 1.61%, [28.3 ± 3.51%] for zyxin 31.5 ± 1.54, [35.0 ± 2.51]% for paxillin and 
28.2 ± 1.40, [31.0 ± 1.73]% for vinculin. The remainder of the protein pool was 

residence times of the stably bound fractions were over half an hour, which is 
comparable to previously reported FA lifetimes ranging from approximately 20 
to 90 minutes42-44. We also examined the lifetime of 100 FAs from 5 cells in time 
lapse movies, which we found to be 55 ± 6 (2xSEM) minutes. This indicates that a 
substantial part of the investigated proteins in the stably bound fractions remain 
associated for the entire lifetime of an FA. 

-
ing dynamics

Categorisation of focal adhesions based on their position and orientation

Several factors form gradients based on their distance from the edge of the ventral 

(signalling) molecules and enzyme activity33-40

membrane edge. To investigate whether such variation in local environments 

in Fig. 1. 

First, all FAs were grouped on the basis of their distance from the closest ventral 
membrane edge. ‘Outer’ FAs are located close to this edge, ‘inner’ FAs are po-
sitioned further inwards with outer FAs located between them and the closest 
adherent membrane edge (Fig. 3a,b). 
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Figure 3. FA distance from and/or orientation relative to the closest edge of the ventral membrane 

(a) -
est edge of the ventral (adherent) portion of the plasma membrane. ‘Outer’ FAs (black outline) are 
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In addition, we noticed that FAs are mostly orientated with their long axis either 
roughly perpendicular or roughly parallel to the closest adherent membrane 

when the angle between their long axis and the closest ventral membrane edge 
was 180° ± 30° (Fig. 3a,c). Of the 1278 bleached FAs (see Materials and methods 

14%, whereas one third (60° / 180°) would be expected if FA orientation would 
be random.  

Finally, the adhesions were grouped based on the combination of these two cri-

inner and pointing and D inner and parallel FAs (Fig. 3a,d).

Zyxin and VASP exchange dynamics followed the same trend when comparing 
outer to inner FAs (Fig. 3b). At outer FAs the on-rate constant of the dynamically 

-

Similarly, for paxillin the on-rate constant of the dynamically associated fraction 
-

-
ated fractions. 

close to the edge of the ventral membrane, ‘inner’ FAs (white outline) are located away from the edge 
with outer FAs located in between. In ‘pointing’ FAs (purple) the longest axis is oriented more or less 
perpendicular to the closest membrane edge, and in ‘parallel’ FAs (blue) the longest axis is more or 
less parallel to the edge. (b)

-
(c)

-

(d) 

their distance from and their orientation relative to the closest edge of the ventral membrane. This is 

that have strongly altered VASP and zyxin dynamics compared to all other FA types. N-numbers per 

Error bars and asterisks as above.
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Zyxin and VASP also showed similar trends in their dynamic behaviour when 
comparing parallel to pointing FAs (Fig. 3c). At pointing FAs the on-rate constant 
of the dynamically associated fraction is more than twice as large, resulting in a 

mobile pool.  

altered in pointing FAs compared to parallel FAs. 

Having found that FA location and orientation separately correlate to the dynam-
ics of FA associated proteins, we next examined the four possible combinations of 
FA location and orientation. 

Again, the dynamics of zyxin and VASP followed a similar trend, with their dy-
namics at the outer and pointing FAs clearly standing out from their dynamics 

or to inner and pointing FAs the size and the on-rate constants of the dynam-

behaviour were observed when comparing the remaining FA types, however 
these were all of a much smaller magnitude than those seen when comparing 
zyxin/VASP dynamics at outer and pointing FAs to zyxin/VASP dynamics at any 
other FA type.

out from the rest. At the outer and pointing FAs the on-rate constant of the dy-
namically associated fraction is decreased compared to at the outer and parallel 
FAs, but increased compared to at the inner and pointing FAs. At the outer and 
parallel FAs the on-rate of the dynamically associated fraction is increased and 
the mobile pool decreased compared to at the inner and parallel FAs. 

Similar to the lack of correlation between vinculin dynamic behaviour and FA 
location or orientation separately, the combination of FA location and orientation 

parallel FAs the stably bound fraction was increased compared to at either the 
outer and parallel or the inner and pointing FAs while the dynamically associat-



51

Dynamics of FA proteins depend on FA location and orientation

2

Discussion 
Here we studied the dynamics of two pairs of functionally related focal adhe-

-

A large number of previous studies have examined the dynamics of paxillin, 
11,45-59, but never together in the same study. 

-

instance, for paxillin, half times to full recovery were between 1.5 and 41 seconds, 

-
-

shown to inhibit vinculin dynamics50

-
11,45,48-50,52,54,58. The net result 

of this is a large variation in the reported quantitative parameters for these FA 
proteins, hampering comparison with the parameters presented here, as well as 

it may still be noted that the speed of paxillin and vinculin recovery we observed 
was considerably slower than in previous studies, and we found larger stably 
associated fractions for these proteins. Both parameters were consistent between 

cell types used in this study show as much or as fast unstimulated migration as 

might be typical of cells displaying less or slower unstimulated migration.

dynamically exchanging pool with shorter interactions (~1 minute) and (3) a very 
dynamic pool with interactions so brief that they could not be distinguished from 

is small for VASP, somewhat larger for zyxin and largest and surprisingly similar 
for paxillin and vinculin (Fig. 4a). Consistently, previous studies measuring the 
recovery of both paxillin and vinculin also reported highly similar immobile 
fractions51-54
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movement, both in migrating and in stationary cells, they are typically regarded 
as highly dynamic complexes60,61. However, the average residence time of all 
stably associated fractions was relatively long compared to previously reported 
FA lifetimes and the average FA lifetime of 55 ± 6 minutes observed here42-44, 
indicating the proteins in these fractions remain associated for a large part of the 
lifetime of an FA and revealing some properties of FAs are less dynamic than 
previously thought.

and location relative to the closest edge of the ventral membrane (Fig. 4b,c). This 

FA protein dynamics correlate with FA location

area with FAs in which 
VASP zyxin and paxillin:
- are more dynamic   
 (>kon dynamically
 bound fraction)
- have a larger bound  
 fraction

FA proteins have 3 distinct dynamic fractions at similar ratios across cell types
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Figure 4. Schematic overview of the data.
(a) Model showing the ratio between the 3 dynamic fractions, stably bound, dynamically bound and 

to curves generated by computer-based simulations (b) Schematic overview of how FA protein dy-
namics correlate with FA location, VASP, zyxin and paxillin are more dynamic (have a higher on-rate 
constant for the dynamically bound fraction) and a larger bound fraction at FAs located close to the 
ventral membrane edge. (c) Schematic overview of how FA protein dynamics correlate with FA orien-
tation, VASP and zyxin are more dynamic (have a higher on-rate constant for the dynamically bound 
fraction) and a larger bound fraction at FAs orientated with their long axis more or less perpendicu-
lar to the ventral membrane edge.
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was especially true for zyxin and VASP, for which the on-rate constant of the 
dynamically associated fraction was more than twice as high at outer vs inner 
FAs and the same was true for pointing vs parallel FAs. Further investigation 

outer as well as pointing. Increased on-rate constants can be the result of either 

-

the dynamically bound zyxin/VASP fractions at these FAs. A likely function of 
which is to facilitate the coupling of actin by increasing the number of available 
actin binding sites, as both proteins directly bind actin. Strong links between actin 
and FAs that lie close and perpendicular to the edge of the ventral membrane (i.e. 
are outer and pointing) are presumably needed to generate the force required to 

-
tation on paxillin and vinculin dynamics are more subtle, for vinculin only the 

-

(stable and dynamic) bound fraction. In spite of the increased on-rate constant, 
the dynamic fraction was not increased. This is due to the large decrease of the 
mobile pool, decreasing the number of paxillin molecules available for binding. 
With respect to biological function the increased total bound fraction of paxillin 
at outer FAs may be needed to deal with the increased force created by increased 
bound fractions of zyxin/VASP. Furthermore, an increase in the on-rate constant 
of the dynamically bound fraction of a structural component like paxillin, may 
stimulate the dynamics of the entire FA. This is supported by the increased on-
rate constants of the dynamically bound VASP/zyxin fractions at outer FAs. It 
could be advantageous for FAs at the edge of the ventral membrane to be more 
dynamic when a cell is exploring its immediate environment by protruding its 

direction.

Overall it is remarkable how similar the dynamics of vinculin/paxillin are, and 

with respect to the impact of FA orientation and location. The vinculin head 
domain and paxillin as well as zyxin/VASP share many functions and binding 
partners, including each other, potentially contributing to the similar binding 
dynamics. For the vinculin head domain and paxillin the most notable shared 
binding partner is talin, while zyxin/VASP both bind actin and work together 

13-16,25,30-32. However, 
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vinculin’s tail domain shares many functions and binding partners with zyxin/
VASP, including zyxin/VASP themselves which depend on vinculin for many of 
the actin regulating processes they are involved in16-20,24-29. The remarkably similar 

dynamics more strongly than its tail domain. This is perhaps because vinculin, 
like paxillin, enters a newly forming FA complex when many of the proteins 
interacting with its head domain are already associated, while most of the inter-
action partners for its tail domain are not yet present. When at later stages the 

already be extensively involved in interactions through their head domains. 

-
pects of protein behaviour at FAs, a split between paxillin/vinculin versus zyxin/
VASP was also observed. For instance, zyxin/VASP dissociate from disassem-
bling FAs earlier than paxillin/vinculin, including in response to actomyosin-II 
inhibition21,54

the actin stabilizer jasplakinolide, VASP/zyxin rapidly translocate from FAs to 
28,62. Zyxin 

is completely lost from FAs in response to actin polymerisation inhibition, while 
vinculin levels remain unchanged48. Overexpression of the zyxin LIM-domain 
causes the loss of endogenous zyxin and VASP from FAs while vinculin levels 
remain unchanged27,63. Thus, at FAs a distinction between paxillin/vinculin and 
VASP/zyxin behaviour seems to be a previously unrecognised recurring theme. 

In summary, we examined the dynamics of two pairs of functionally related FA 
proteins, paxillin/vinculin and zyxin/VASP. For each protein we demonstrated 
the presence of a stably associating, a dynamically exchanging and a mobile pool 
within FAs. Moreover, we show there is a distinction between the dynamics of 
paxillin/vinculin and VASP/zyxin. A literature search revealed this distinction is 
a previously unrecognized but recurring theme in their behaviour at FAs. Fur-

location. This is especially true for zyxin and VASP and most especially at FAs 
that are located close to the nearest ventral membrane edge and orientated with 

to facilitate the coupling of actin to these FAs since both proteins are directly 

dynamics are more subtle, but it is noteworthy that at FAs close to the membrane 

dynamics of these FAs since paxillin is a key structural component. Overall, the 
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presented data add to unraveling and understanding the mechanisms by which 
FAs function in adhesion and cell migration.

Materials and Methods
Cell culture

MDCK cells were cultured in DMEM (Lonza) and U2OS cells in phenol-red free 
DMEM (Lonza) at 37 °C and 5% CO2. Culture media were supplemented with 
10% FCS (Gibco), 2mM L-glutamine (Lonza), 100 U/ml Penicillin and 100 μg/
ml Streptomycine (Lonza) and to maintain stable cell lines with 100 μg/ml G418. 
Transfections were performed using Fugene (Promega), followed by selection 
with G418 when creating stable cell lines. For experiments 24 mm round glass 
coverslips were coated overnight at 4 °C with PureCol bovine collagen type I 

coated coverslips 24-48 h prior to imaging. 

Constructs

The zyxin-GFP plasmid was created by replacing the mMaple3 in Zyxin-mMa-
ple3 (Addgene101151) with eGFP from eGFP N1 (Clontech) as a BamHI NotI 
fragment.

The VASP-GFP, vinculin-GFP and paxillin-GFP plasmids were based on the 
VASP-mTurquoise (Addgene 55585), Vinculin-mTurquoise (Addgene 55587) 
and paxillin-mTurquoise (Addgene 55573) vectors, respectively. These use the 
multiple cloning site as a linker region between the protein and mTurquoise, 
hampering a simple colour swap. To still allow sticky-end ligation the protein, 

AgeI NotI fragment, VASP from VASP-mTurquoise as an AgeI BamHI fragment 
and GFP from eGFP N1 as a BamH1 Not1 fragment.

NheI NotI fragment, vinculin from vinculin-mTurquoise as a NheI EcoRI frag-
ment and GFP from eGFP as an EcoRI NotI fragment.  

BamHI NotI fragment, paxillin from paxillin-mTurquoise as a BamHI HindIII 
fragment and GFP from eGFP as a HindIII NotI fragment. 
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All constructs were checked through sequencing, one silent mutation was found 
(paxillin-GFP bp1461 C to G).

Time lapse TIRF imaging

Time lapse movies were made for 18 hours at 10 minute intervals on a Nikon 
Ti-Eclipse inverted microscope equipped with a TIRF unit and a 16 bit EM CCD 
camera (Photometrics) in TIRF mode using a 60x 1.45NA oil immersion objective 
(Apochromat TIRF). Cells were maintained at 37 °C and 5% CO2 using a stage-
top incubator (Tokai Hit). These were used to determine the lifetimes of a 100 FAs 

FRAP experiments

All FRAP data was acquired on a Nikon Ti-Eclipse inverted microscope equipped 
with a TIRF unit, a 3D FRAP scanning unit (Roper) and a 16 bit EM CCD camera 
(Photometrics) in TIRF mode and using a 60x 1.45NA oil immersion objective 
(Apochromat TIRF). Cells were maintained at 37 °C and 5% CO2 using a stage-
top incubator (Tokai Hit). Images were taken for 30 s prebleach and 6 minutes 

-

of bleached FAs from [number of cells] were for VASP 233 [34], zyxin 464 [70], 
paxillin 332 [40], vinculin 249 [37] and for MDCK cells for VASP 111 [16], zyxin 
81 [15], paxillin 152 [26] and vinculin 219 [44].

Data analyses

In ImageJ software64 extended in the FIJI framework65 ROIs were manually drawn 

for control purposes and empty areas for background measurement. To control 
for monitor bleaching and/or bleaching of too high a proportion of the entire 
protein pool any experiments where the average intensity of the unbleached FAs 
fell below 90% of original levels were discarded. Separate experiments on MDCK 
cells expressing Paxillin-GFP, where the same FA was bleached a second time 4 
minutes after the original bleach pulse and followed a further 4 minutes ruled 

our experimental setup (Supplemental Fig. S2). Data from any FAs not bleached 

was background-corrected and normalised to prebleach levels using the follow-
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t BGt
norm

pre BGpre

I - II =
I - I

Where Inorm is the normalised FA intensity, It is the raw intensity of the FA at time 
point t and Ipre is the average raw intensity of the FA during the entire prebleach 
period, IBGt and IBGpre are the corresponding intensities of the average background 
signal for the experiment. 

-

t BGt 0 BG0
norm

post BGpost 0 BG0

I - I - I - I
I =

I - I - I - I

Where Inorm is the normalised FA intensity, It is the raw intensity of the FA at time 
point t, I0 post the average raw intensity 
of the FA during the last 25 time points of the experiment, IBGt, IBG0 and IBGpost are 
the corresponding average background signals for the experiment. 

For analysis of FRAP data, FRAP curves were normalized to prebleach values. 
A database of Monte Carlo based computer simulated FRAP curves was gen-

long and medium immobile fractions (random values between 0% and 70%) and 
time spent in immobile state, ranging from medium residence times (random 
values between 20 and 100 s) to long residence times (random values between 
600 and 3200 s). Database sizes of 5122/2027 simulated FRAP curves were used 
for the analysis of the FRAP data from the U2OS or MDCK cells respectively. The 

-
resenting the cell with ellipsoid volumes representing FAs and simple binding 
kinetics representing binding to the FA complex. Simulations were performed 
at unit time steps of 100 ms. Results of the simulation were evaluated every 500 

1 μm2 -

(xt+ t, yt+ t, zt+ t) at each time step t+ t for all mobile molecules from their current 
positions (xt, yt, zt) by xt+ t = xt + G(r1), yt+ t = yt + G(r2), and zt+ t = zt + G(r3), where ri 
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ri ri) is an 
inverse cumulative Gaussian distribution with μ = 0 and 2 = 2Dt, where D is the 

t is time measured in unit time steps.

Immobilisation in FAs was based on simple binding kinetics with two immobile 

Where Mmob are the mobile molecules and Mimm,medium and Mimm,long are the mole-
cules in the medium and the long immobile fractions respectively.

Each mobile molecule in the simulation can bind at the adhesion for a medi-
um length of time with a given chance. Once a molecule becomes a part of the 
medium immobile fraction it has a chance to either become mobile again or to 
become a part of the long immobile fraction. Molecules in the long immobile 

r

1koff =
t

Where k -1 for the medium or the long immobile frac-
tion and tr is the average time in s spent immobile for molecules in this fraction. 

,
, , , 

, ,

 •( )
1- -

imm medium
on medium off medium on long

imm medium imm long

F
k k k

F F

Where k  and kon,long
-1 for the medium/

long immobile fractions and F /F  are the relative number of medium/
long immobile molecules respectively. 

imm,long
on,long off,long

imm,medium

F
k = • k

F

The ellipsoid volume of the cell was based on experimentally derived estimates 
of cell size, for U2OS cells this corresponds to a width of 24 μm, a length of 44 
μm and a height of 2 μm, for MDCK to 15, 64 and 2 μm respectively. In each cell 
2 ellipsoid volumes with widths of 1.5 μm, lengths of 2 μm and heights of 0.5 μm 

imm,medium imm,long mobM M M
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were used to simulate FAs 

The FRAP procedure was simulated on the basis of an experimentally derived 

based on its 3D position, during simulation of the bleach pulse. The number of 

as the output of the simulation.

The experimentally derived FRAP curve for each individual FA was individually 

determined. For the parameters of interest, k and k  we determined 

in a k or k  

iteratively until the parameter fell within 1.5*IQR range.

To give the resultant kinetic parameters for a set of FAs of interest the average 

FAs.

-
-

ther inwards, with another FA located between them and the closest membrane 

axis ‘perpendicular’ (i.e. 90° ± 30°) to the closest ventral membrane edge. FAs 
-

allel’ (i.e. 180° ± 30°) to the closest membrane edge. FAs outside these boundaries 
were discarded in these analyses, which for the FRAP data amounted to 31 of 233 
FA for VASP (13%), 56 of 464 FAs for zyxin (12%), 62 of 332 FAs for paxillin (19%) 
and 35 of 249 FAs for vinculin (14%). Overall, from the FRAP data 184 of the 1278 
bleached FAs (14%) fell outside the criteria for ‘pointing’ and ‘parallel’ and were 
discarded from analyses looking at FA orientation. 

Statistical analysis

 

two-tailed Kruskall-Wallis Rank Sum tests were used, if this generated a p-value 

tailed Mann-Whitney  tests. To curtail the number of Mann Whitney  tests to 
be performed on the FRAP data separated based on FA location and orientation 
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inner pointing, outer parallel versus inner parallel, outer pointing versus outer 
parallel and inner pointing versus inner parallel. As a further precaution against 
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Supplementary Figure S1. Prolonged FRAP applied to paxillin in MDCK cells.ementary Figure S1. Prolonged FRAP applied to paxillin in
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Supplementary Figure S2. Repeated FRAP applied to paxillin in MDCK cells.
Fluorescence intensity of paxillin-GFP expressed relative to prebleach levels. The bleach pulse was re-
peated after 3.5 minutes.
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Summary

large three-dimensional network of proteins and sugars, the extracellular matrix 
(ECM), surrounds the cells in a tissue and provides additional structural support. 

cells to the ECM is mediated primarily by focal adhesions (FAs), complexes of 

In chapter 1 the role of focal adhesions in biology is discussed. They are espe-
cially important for processes in which cell migration plays a major role, such as 
embryonic development, the functioning of the immune system or metastasis of 
cancer cells. Furthermore, the main molecular components of focal adhesions are 

In chapter 2 FA protein dynamics was studied using Fluorescence Recovery After 

to the four selected FA proteins. Since FA proteins bind to and accumulate in 

were exposed to a bleach pulse. This laser pulse is powerful enough to destroy 
-

rescence will increase again if the bleached proteins are able to exchange with 
other, unbleached, proteins. Analysis of FRAP curves showed that the dynamics 
of paxillin and vinculin in focal adhesions were surprisingly stable and similar, 

and vinculin proteins bound in focal adhesions were stably bound with binding 
times comparable to the average FA lifetime. Zyxin and VASP were more dynam-
ically associated with focal adhesions. In addition, we showed that the binding 
dynamics of FA proteins correlated with focal adhesion location and orientation. 
In focal adhesions close to the edge of the adherent cell membrane, paxillin, zyxin 
and VASP were more dynamically bound and had larger bound fractions than in 
FAs located further from this edge. Zyxin and VASP were also more dynamically 
bound and had larger bound fractions in FAs that were perpendicular to this 
membrane edge than in focal adhesions orientated parallel to it. The increased 
dynamics of an important structural protein such as paxillin, like in focal adhe-

Appendix
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sions close to the membrane edge, might increase the dynamics of the entire focal 
adhesion. A larger bound fraction of the actin-binding proteins zyxin and VASP 
potentially enhances actin coupling to the FAs in question.

In chapter 3
bound proteins within subcellular structures or organelles was developed. We 
successfully applied this technique to further investigate the large stably bound 
fractions of paxillin and vinculin in focal adhesions. This showed that, although 
paxillin and vinculin were uniformly distributed over FAs, the stable bound pax-
illin and vinculin proteins formed small clusters within focal adhesions. These 
clusters were much smaller for paxillin than for vinculin. This means that the 
stably bound paxillin proteins concentrated more strongly, since we showed in 
chapter 2 that the stably bound fractions of paxillin and vinculin are almost the 

likely to be at the focal adhesion half furthest from the adherent membrane edge. 

location appeared to be more subtle on the stably bound protein clusters than on 
FA protein binding dynamics, however the surface area of the stably bound vin-

edge compared to parallel FAs further away from this edge.

In chapter 4 the distribution of the selected FA proteins along the long axis of fo-
cal adhesions was studied using the superresolution technique structured illumi-
nation microscopy. At the FA end closest to the edge of the adherent membrane 
(‘head’), paxillin protruded further than the other three proteins. At the opposite 
FA end (‘tail’), vinculin, zyxin and VASP protruded, with vinculin protruding 
the furthest. When cells were stimulated with HGF, the paxillin heads became 
shorter and the zyxin tails longer. In addition, focal adhesions at protruding or 
retracting membrane edges had longer paxillin heads than focal adhesions at 

distribution of FA proteins along focal adhesions

Finally, in chapter 5 the coupling between focal adhesions and actin was studied 
-

croscopy in a single microscope. This revealed that, for nearly all focal adhesions, 
-

ly increased contrast indicates a higher protein density, possibly in combination 
with increased protein phosphorylation levels. In nearly three quarters of the 
focal adhesions, these areas of increased contrast had a forked nanostructure, 

increased contrast forming the fork.

Summary
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In meercellige organismen zijn verschillende cellen samen gegroepeerd en 

suikers, de extracellulaire matrix (ECM), omgeeft de cellen van weefsels en voegt 
zo structurele ondersteuning toe. Om de weefselintegriteit te kunnen garanderen 
is het belangrijk dat de meeste cellen op hun plaats blijven. Daartoe hechten 
cellen zowel aan elkaar als aan de ECM. Het hechten van cellen aan de ECM 
gebeurt voornamelijk via focale adhesies (FA’s), complexen van tot honderden 

met verschillende geavanceerde microscopie technieken bestudeerd, waarbij alle 

In hoofdstuk 1 wordt de rol van focale adhesies binnen de biologie besproken. 
Ze zijn vooral van belang voor processen waarbij celmigratie een grote rol speelt, 
zoals de embryonale ontwikkeling, het functioneren van het immuunsysteem of 

moleculaire componenten van focale adhesies, met speciale aandacht voor de vier 

technieken die in de verschillende hoofdstukken zijn toegepast geïntroduceerd. 

In hoofdstuk 2
van Fluorescence Recovery After Photobleaching (FRAP). Hiervoor werden 

dat de dynamiek van paxillin en vinculin in focale adhesies verassend stabiel en 
vergelijkbaar was, in twee celtypes van verschillende diersoorten. Bijna de helft van 

met bindingstijden die vergelijkbaar waren met de gemiddelde levensduur van 
FA’s. Zyxin en VASP bonden veel dynamische aan focale adhesies. Daarnaast 

de ligging en oriëntatie van een focale adhesie. In focale adhesies die dicht bij 
de rand van het gehechte celmembraan liggen waren paxillin, zyxin en VASP 
dynamischer gebonden en hadden zij grotere gebonden fracties dan in FA’s 
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die verder dan deze rand liggen. Zyxin en VASP bonden ook dynamischer en 
hadden grotere gebonden fracties in focale adhesies die een loodrechte oriëntatie 
t.o.v. deze membraanrand hadden dan in focale adhesies die hier parallel aan 
lagen. De verhoogde dynamiek van een belangrijk structureel eiwit als paxillin, 
zoals voor focale adhesies dicht bij de membraanrand, zou de dynamiek van de 
complete focale adhesie kunnen vergroten, terwijl een grotere gebonden fractie 

In hoofdstuk 3 

en organellen ontwikkeld. Deze techniek werd toegepast om de grote stabiel 
gebonden fracties van paxillin en vinculin in focale adhesies verder te kunnen 
onderzoeken. Dit liet zien dat, ondanks dat paxillin en vinculin uniform verdeeld 

kleine clusters vormden binnen focale adhesies. Deze clusters waren vele malen 
kleiner voor paxillin dan voor vinculin. Dit betekent dat de stabiel gebonden 

aan de helft van de focale adhesie die het verst van de rand van het gehechte 

van FA oriëntatie en ligging t.o.v. de membraanrand op de stabiel gebonden 

groter voor parallel georiënteerde FA’s dicht bij de membraanrand dan voor 
parallelle FA’s die hier verder vandaan lagen. 

In hoofdstuk 4 
lange as van focale adhesies bestudeerd door middel van de superresolutie 
techniek structured illumination microscopie. Aan het uiteinde van het FA 
complex dat het dichtst bij de rand van het gehechte celmembraan ligt (‘head’), 

FA-uiteinde (‘tail’) staken juist vinculin, zyxin en VASP uit, waarbij vinculin het 
verst uitstak. Wanneer cellen gestimuleerd werden met HGF werden de paxillin 
heads korter en de zyxin tails langer. Bovendien hadden focale adhesies bij een 
uitstulpend of terugtrekkend celmembraan langere paxillin heads dan focale 
adhesies bij een stilliggende membraanrand. Samen suggereert dit dat beweging 

hoofdstuk 5 de koppeling tussen focale adhesies en actine 
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elektronen microscopie in één apparaat worden gecombineerd. Dit liet zien 
dat vrijwel alle focale adhesies in de elektronenmicroscopie plaatjes donkerder 
kleuren rond de aanhechtingsplaats van de actine vezel. Dit lokaal verhoogde 
contrast duidt op een hogere eiwitdichtheid, wellicht in combinatie met een 
toename van de eiwit fosforylatie. In bijna driekwart van de focale adhesies 
vormden deze gebieden van verhoogd contrast een gevorkte nanostructuur, 
waarbij de actinevezel de stam van de vork vormt en de focale adhesie gebieden 
met verhoogd contrast de vork. 
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