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Zusammenfassung

Die Verankerung einer Zelle wird durch eine Ansammlung von multifunk-
tionellen Proteinen gewährleistet, welche Fokale Adhäsionen genannt wird.
In dieser Arbeit wurde die räumliche Anordnung einiger dieser Proteine un-
tersucht, indem die super-auflösende Mikroskopietechnik PALM angewendet
wurde. Dabei wurde gezeigt, dass alle Adhäsionsproteine definierte Bereiche
unterschiedlicher Dichte innerhalb von Fokalen Adhäsionen ausbilden. Pro-
teinakkumulationen mit sehr hoher Dichte können mehrere Dutzend Moleküle
enthalten und einen Durchmesser von über hundert Nanometern erreichen.
Eine übergeordnete Struktur, geschweige denn eine Polarität konnte für solche
Proteinansammlungen jedoch nicht nachgewiesen werden.

Des Weiteren wurden die Proteinakkumulationen auf ihre Entstehung
und ihre zeitlichen Veränderungen am Beispiel des Adhäsionsrezeptors β3-
Integrin untersucht. Dabei wurde gezeigt, dass eine molekulare Umverteilung,
welche auch zu einer Neuorientierung der Dichte führt, durch Kraftinhi-
bierung hervorgerufen werden kann. Ein kompletter Abbau der β3-Integrin-
akkumulationen wird durch Kraftinhibierung dagegen nicht verursacht. De-
mentsprechenend ist davon auszugegehen, dass Aktomyosinkontraktionen
eine modulierende, jedoch keine induzierende Funktion hat. Stattdessen liegt
es nahe, dass die Grundsteinlegung einer β3-Integrinakkumulation bereits
im frühen Entwicklungsstadium erfolgt. Der zeitliche Verlauf des Entste-
hungsprozesses Fokaler Adhäsionen wurde anhand von β3-Integrin verfolgt
und beobachtet, dass sich bereits anfänglich gebildete Cluster mit fortschrei-
tendem Adhäsionswachstum zu größeren Ansammlungen ausbreiten können.

Außerdem wurde gezeigt, dass das Signalprotein FAK bevorzugt zu flä-
chenlimitierten Gebieten in einer Fokalen Adhäsion rekrutiert wird, was für
eine erhöhte biologische Aktivität sprechen würde.

ix



x



Abstract

Cellular anchors are large accumulations of a multitude of multi-functional
proteins and are known as focal adhesion sites. In this work, the spatial
organization of a subset of cell-matrix proteins was analyzed, using the super-
resolution microscopy technique PALM. It was demonstrated, that all cell-
matrix proteins form distinct areas of varying densities inside single focal
adhesions. Highly dense protein accumulations can contain up to several tens
of molecules and can span a diameter of more than hundred nanometers.
However, no recognizable structure or polarity could be observed for such
large protein accumulations.

In order to study the temporal alterations and formation of such highly
dense protein accumulations, the dynamic behavior of the adhesion receptor
β3-integrin was analyzed. It was shown, that force inhibition can induce
structural rearrangements, also leading to the redistribution of the density
inside adhesion sites. However, force inhibition did not cause the complete
disassembly of dense β3-integrin domains. Therefore, it is suggested that
force can modulate the dense areas, but is not the initial inducer. Instead, it
seems that an initial formation of dense domains occurs already in the very
beginning of focal adhesion development, followed by a gradual immobiliza-
tion of β3-integrin and thus leading to the formation of new adhesion sites. It
was observed that the seed for some dense domains can be planted already in
early maturation stages with the potential to increase its size upon adhesion
expansion.

Dense domains could even have a particular signaling function, as it was
shown that the signaling protein FAK is primarily recruited to delimited
areas inside focal adhesions, which could represent dense domains.
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Chapter 1

Biological Background

For the development of cellular systems, individual cells must be able to in-
teract with each other to form a functional unit. This implies adhesion to the
surrounding cells and the environment as a fundamental feature. Adhesion
plays a major role in the survival of most cell types, as detachment induces
a shutdown of many survival transduction signals and is usually followed by
apoptosis.

Directly related to adhesion and of comparable importance is cell migra-
tion. Only mobile cells can insert themselves into an organized multicellu-
lar environment which is essential for initial embryonic development. Many
other processes can be carried out only by the interplay of motility and adhe-
sion like epidermal wound healing in vertebrates for example. Just minutes
after an injury, mobile platelets are recruited from the bloodstream to the
injured tissue. Here, they adhere and form a plug which temporary stops the
bleeding. Furthermore, they secrete inflammatory factors which supports
proliferation and migration of other bloodstream cells, like leukocytes and
neutrophils. Days after the injury, fibroblasts and endothelial cells from the
surrounding tissue start to migrate chemotactically towards the wound. The
invading fibroblasts initiate the healing process by providing extracellular
matrix components which attract cellular adhesion. Epithelial cells immobi-
lize and close the wound permanently [6, 129].

Thus, a functional immune system correlates with a balanced adhesion
system and can be easily perturbed by anomalies in the adhesion system
[62, 5, 48, 125]. Metastatic spreading of cancer is directly connected to cell
motility and often accompanied by mutations of the proteins involved in
adhesion [118, 26, 162]. The significance of adhesion - not only in diseases
but also in the evolution of life in general - has led to a growing scientific
interest to understand the basic mechanisms of the controlled directional
attachment of cells.
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4 CHAPTER 1. BIOLOGICAL BACKGROUND

1.1 Cell-matrix adhesion

Principally, adhesion is enabled by cellular affection for the surrounding envi-
ronment which is called the extracellular matrix (ECM). The components of
the ECM are produced and secreted by exocytosis in multicellular structures
and aggregate to a gel-like structure [54]. Fibrous proteins and proteogly-
cans are the main components of the ECM, but the particular composition
is unique for each tissue. According to the distinct composition, the func-
tion of the ECM varies from providing mechanical strength and stabilization
to the activation of signaling cascades, because it can also embed cytokines
and growth factors [120]. These ECM inhomogeneities are crucial for the
formation of functional tissue, as it induces polarity within a cell. Polar-
ity represents the first step of directed migration and can be separated into
chemotaxis [156] which is induced by signaling molecules, and haptotaxis [27]
caused by an ECM density gradient. As soon as the ECM composition alters
towards conditions favoring adhesion, motile cells embed in terms of tissue
formation. Therefore, the cellular reaction can encompass stable anchorage
to the ECM, as well as changes in morphology or migration and proliferation,
depending on the conditions provided by the ECM.

The most important receptor family linking the cell and the ECM is
represented by integrins [69]. Integrins recognize multiple ECM components
as ligands and serve as the first sensors of extracellular mechanical signals
[61]. Furthermore, integrins induce the recruitment of cytoplasmic proteins
which build large plaques, called focal adhesion sites [145].

1.2 The integrin receptor

The first link between the ECM and the cell is the transmembrane receptor
integrin [138] which consists of an α and a β subunit. So far, out of 18 α- and
8 β-subunits, 24 α/β distinct combinations are known to form functional re-
ceptor heterodimers [91, 68]. Some of these subunits are exclusively expressed
in specific cell types (such as β2 and β7 in leukocytes), but a high binding
affinity for ECM is shared by all of them. A frequently recognized ligand
is the peptide sequence arginyl-glycyl-aspartic acid (RGD) which is part of
many different ECM proteins. However, the integrin binding affinity highly
depends on the α-β combination, as RGD is usually not the only interac-
tion site. For instance, it was shown that the RGD-containing ECM-protein
Vitronectin is recognized with high affinity by β3-heterodimers, whereas β1-
heterodimers bind with significant lower affinity [56, 86]. The opposite is
true for Fibronectin, another RGD-motif-protein [102, 168].
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A unique characteristic of integrin receptors is their bidirectional activa-
tion mechanism. Besides the classical ligand-induced outside-in activation
mechanism, integrin receptor activation can also occur the other way around
(inside-out) by the assembly of cytosolic binding proteins at the integrin-tail.
Among the various intracellular binding partners (directly and indirectly) are
several kinases which enable signal transduction, because integrin receptors
contain no intrinsic enzymatic activity [152]. To gain a better understanding
of the complex activation steps, a closer look at the molecular structure of
the integrin receptor is useful.

1.2.1 Integrin: structure and activation

Since the beginning of the century, many crystal structures [164, 165, 163],
NMR studies [146, 25, 75] and electron microscopy observations [4, 137] con-
tributed largely to understand the domain structure of integrin-heterodimers,
and its role in the activation mechanism. Generally, all integrin subunits con-
sist of a large extracellular head domain, a single-spanning transmembrane
region and a short cytoplasmic tail which contains binding sites for cytosolic
proteins [87].

The ectodomain of the β-subunit

The extracellular section of the β-subunit of integrin can be described as
a globular head standing on a rather flexible stalk. This stalk consists of
a membrane-proximal β-tail domain, 4 EGF-repeats, a hybridized (plexin-
semaphorin-integrin) PSI-domain and a hybrid-domain, followed by the head
region. The decisive domain for ligand binding and receptor activation is the
inserted domain (I-domain) which is inserted in the hybrid domain, which
is in turn inserted into the PSI domain. Together these three domains form
the globular head of the β-subunit. The I-domain consists of 7 α-helices
and 6 centered β-sheets [164]. Serine residues within the connecting loop of
α1 and β1, and an aspartate of the β4α5-loop coordinate physiologically a
Mg2+ ion in the center of the I-domain. This cation binding site is named
MIDAS (metal-ion-dependent adhesive site) and is flanked by an ADMIDAS
(adjacent to MIDAS) and a SyMBS (synergistic metal ion-binding dependent
adhesion site) which both bind preferentially Ca2+ [31]. The ADMIDAS ap-
pears to function as a negative regulator of integrin activation, since Ca2+

ions have an inhibiting effect [113]. At the same time, the Ca2+ occupied
SyMBS synergizes activation [16]. Upon ligand binding, the Mg2+ in the
MIDAS alters its coordination towards the acidic ligand residue (often glu-
tamic acid) and induces steric changes in the organization of the secondary
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Figure 1.1: I-domain of the integrin receptor.
The Mg2+ ion in the MIDAS changes its coordination upon ligand binding.
The transition from the unbound (A) to the ligand-bound (B) state induces
a mechanical downward movement of the α7-helix.

structure of the I-domain, as illustrated in Figure 1.1. The α1β1-loop al-
ters its position but both serine residues remain coordinated, whereas the
aspartate of the β4α5-loop is only indirectly connected to Mg2+ via a water
molecule. Instead, a threonine of the α3α4-loop is directly coordinated. The
ligand-induced rearrangement of the loops involved in cation coordination
causes a shift of the β6α7-loop (not shown in Figure 1.1) leading to an axial
downwards movement of the α7-helix by 7 Å. In order to compensate the
α7-helix shift the following hybrid-domain of the receptor-subunit changes
its position by a swing-out mechanism. This induces the separation from
the loosely connected integrin α-subunit and a solidification of the following
stalk-domains [91, 58, 173].

The ectodomain of the α-subunit

The N-terminus of the α-subunit consists of a large β-propeller head, formed
by seven blade-like arranged β-sheets. Half of the α-subunits also contain
an I-domain including the ligand-coordinating MIDAS but lack the regu-
latory ADMIDAS and SyMBS. The I-domain of the α-subunit is inserted
between β-sheet 2 and 3 of the β-propeller, and regulates ligand binding
independently from the β-subunit. However, also the β-subunit requires a
Mg2+-recoordination within the MIDAS to induce the mandatory swing-out
of the hybrid-domain. This is achieved by a conserved glutamic acid residue
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in the loop between α7-helix and β-sheet 3, which is pushed into the MIDAS
of the β-subunit, where it functions as a pseudo-ligand. The β-propeller is
followed by the rather stalk region consisting of a thigh-domain, which is
separated by a flexible linker from two static calf-domains [4, 173].

Ligand binding

The ligand binding interface is formed by the conserved interaction of β-
subunit’s I-domain with the upper part of α-subunit’s β-propeller. This
interaction is supported by an additional segment in the head domain of the
β-subunit [105, 31].

In a heterodimer without an α-I-domain (e.g. αvβ3), the ligand binds pri-
marily to the interface of both subunits, becoming coordinated with the metal
ion in the MIDAS. RGD-ligands for example, interact via their aspartic acid-
residue with the MIDAS and bind with the arginine residue to an aspartate-
residue within the β-propeller. In receptors containing an α-I-domain (e.g.
α5β1), the ligand binds only to the β-propeller of the α-subunit, which re-
sults in a distinct binding specificity to the ECM components Laminin and
Collagen, but rather not to RGD-peptides. The β-subunit contributes also
to ligand binding specificity, because it possesses a specificity determining
loop, which significantly affects the affinity for distinct ligands [137, 91, 152].

Conformational change upon activation

It was already mentioned that ligand binding induces a mechanical displace-
ment of the C-terminal α7-helix within the I-domain, which causes a swing-
out of the β-subunit hybrid-domain. This movement effects the overall con-
formation of the integrin receptor.

There are at least 3 distinguishable conformational states of integrin,
which are directly correlated with the activation state, as shown in Figure
1.2. In the inactive, or low-affinity-state, the integrin-heterodimer remains in
a closed conformation. Thereby, the head domain is bent to the membrane
proximal leg domain, enabled by a 120◦ flexion of the linkers between the
thigh and the calf domains in the α-subunit and the first and second EGF-
module in the β-subunit. It is worth noting that a Ca2+ ion is coordinated
to the genu of the α-subunit. In this V-shape position, the ligand binding
site is unpropitiously oriented, which results in a lower probability for ligand
binding. In the bent conformation, both leg-regions are in close proximity,
as are the transmembrane α-helices, which are tightly packed and undergo
canonical glycine-glycine interactions within the membrane. The C-termini
of both subunits form a conserved salt-bridge in the membrane proximal
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Figure 1.2: Integrin activation.
The inactive state is characterized by a closed conformation (A). Thereby,
both ectodomains are in a membrane proximal, bent position. The extra-
cellular rearrangement of the Mg2+ ion in the I-domain, as well as the in-
tracellular disruption of the salt bridge between both tail domains result in
a switch-blade opening of the receptor. This is not always associated with
a tight ligand binding and can create an intermediate state, in which both
leg regions are in close proximity (B). A permanent ligand binding induces
the swing-open of the hybrid-domain in the β-subunit, which is always fol-
lowed by the separation of both leg-domains. This conformation represents
the extended high-affinity, ligand bound state (C).

region, including Arg995 of the alpha-subunit and Asp747 of the beta-subunit,
which prevents binding of cytosolic proteins [115, 163]. However, leg and tail
interactions are weak and can be broken easily by inside-out activation [92].

The active, or high-affinity state is characterized by a completely ex-
tended receptor with explicitly separated stalk-regions. The conformational
switch of the head-domains occurs at the genu, which functions as a pivot
and follows a switch-blade mechanism. The switch is initially induced by the
swing-open movement of the hybrid-domain which is generally connected
with ligand binding. Apart from the outside-in activation, the switch can be
induced also by intracellular disruption of the weak salt-bridge connection
by intracellular binding proteins. Consequently, the cytosolic integrin tails
separate, leading to a general connection loss of transmembrane-domains and
sometimes even of the stalk-regions. In this case, the mechanical switch takes
place because the high-affinity conformation, including the hybrid-domain-
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swing, is energetically favored. If the stalks do not separate, an intermediate
state can be observed of an already extended receptor but with the flexible
β-subunit-stalk in loose proximity to the α-subunit-stalk, resulting in insuf-
ficient ligand binding an thus an non-extended hybrid-domain. Usually, the
state of high affinity is reached as soon as tight ligand binding occurs [91].

Inside-out-activation via Talin

Relevant interactions have only been observed with the short cytosolic tail of
the β-subunit, whereas the tail of the α-subunit seems to have no function in
focal adhesion formation. The tail of the β-subunit contains the conserved
motifs NPxY and NxxY, which represent binding sites for phosphotyrosine-
binding (PTB)-domains. In addition, a less conserved membrane-proximal
HDRK motif also functions as potential binding site [85]. Considering that
the high-affinity state is energetically preferred when the integrin tail domains
are separated, an inside-out-activation mechanism is logical. Only Talin has
been shown to induce this tail separation by directly interacting with the
cytosolic tail of the β-subunit and causing the salt-bridge breakage [151].

Talin consists of an N-terminal FERM-domain (which contains the inte-
grin binding site), an unstructured linker region including a Calpain cleavage
site and a long rod-domain, which contains 14 helix-bundles with the po-
tential to unfold and extend the protein up to 60 nm [174]. The atypical
extended FERM-domain in the globular head can be separated in four sub-
units: F0, F1, F2 and F3. The F3 subunit contains a PTB-like domain
and has high affinity to the conserved NxxY site on the β-C-tail of integrin,
proximal to the membrane. As a result, Talin competes with the salt-bridge
binding and eventually disrupts it. Head binding of Talin leads to a separa-
tion of the receptor-subunits and induces the high-affinity-state of integrin
[153].

It is surprising that only Talin is able to induce inside-out activation, as
there are several PTB-containing proteins with an affinity towards integrin,
but do not activate the receptor in vivo. This unique ability of Talin could
be related to its additional hydrophobic pocket in the F3-region, which inter-
acts with two phenylalanine residues (723 and 730 in the β3-subunit) in the
integrin-C-terminus. This supporting interaction could enhance the binding
stability and additionally have a catalytic effect on the salt-bridge disrup-
tion. It was shown that also F0 and F1 are required for integrin activation
although the mechanism is not known [19, 24].

Furthermore, Talin needs supporting proteins for a successful integrin
activation. Kindlin1, 2 and 3, which consist mainly of a Talin-like FERM
domain, seem to have a potential effect on inside-out-signaling, however this
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has not been well studied yet. The role of the Kindlin family proteins could
be to displace potential inhibitory proteins from the β-subunit-tail, which
eases Talin access, or a direct binding to NxxY of the β-subunit to enhance
the exposure of Talin’s binding motif [92, 74, 24]. Additionally, recruitment
of cytosolic Talin to the membrane is a critical regulation factor, which is
mediated through several proteins.

1.3 Nascent adhesion formation

Integrin receptors can be understood as cellular anchoring tools with the
additional function of sensing the proximal environment. Usually, the for-
mation of new anchors (focal adhesion sites) occurs in the lamellipodia of
a polar cell during migration [2, 71]. Typical for these broad cellular pro-
trusions is a dense meshwork of fibrillar actin (F-actin), whose characteristic
branching is induced by the Arp2/3 complex [6, 111, 59]. The continuous
polymerization of F-actin in the cellular front induces the extension of the
lamelipodia by pushing the membrane in the direction of cell motility. This
is accompanied by a backwards movement of the F-actin meshwork, known
as retrograde flow [141].

The protruding membrane contains a high level of integrin receptors in the
high-affinity state [79, 81], resulting in ligand recognition in the ECM. The
ligand binding causes integrin receptor immobilization, which is the initial
step of cellular anchorage. The immobilized integrins form micro-clusters,
which entail the independent recruitment of intracellular cell-matrix adhesion
proteins, creating a link to the actin meshwork [51]. An accumulation of first
binding proteins at the cytoplasmic tail of the integrin receptor is known as
a nascent adhesion [144] and represents the precursor of a potential focal
adhesion site. Among these first binding partners are Focal Adhesion Kinase
(FAK), Src and Paxillin, as well as Talin and Kindlins. Cytoskeletal proteins
like Vinculin and α-actinin have been reported in nascent adhesions too.

1.3.1 Initial binding proteins

More than 50 different proteins are known to assemble in focal contacts
[168]. In order to keep it simple, only the ones relevant for this work will be
discussed here and are illustrated in Figure 1.3. The assembly of cytosolic
cell-matrix adhesion proteins at the cytosolic part of the integrin receptor
is generally strongly supported by creating a membrane environment that is
enriched in phosphoinositol-4,5-bisphosphate (PIP2) [154]. The formation of
a nascent adhesion is illustrated in Figure 1.4.
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Figure 1.3: Focal adhesion proteins.
This Figure presents all cell-matrix proteins that are relevant in this work.
The illustrated binding sites and phosphorylation sites are explained in detail
in this chapter.
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Talin and Kindlins

PIP2 recruits the Rap1-GTP-interacting adaptor molecule (RIAM) to the
membrane together with Talin, as RIAM binds to the rod-domain of Talin
[128, 24]. However, a potential receptor activator like Talin must be well reg-
ulated. This is ensured by an intramolecular auto-inhibition state, in which
the ninth helix-bundle of the rod-domain interacts with the F3-subunit of
the FERM domain and therefore masks the integrin binding site (cf. sec-
tion 1.2.1). When located at a PIP2-rich membrane, the negative charge
attracts the head domain and repulses the rod domain, which activates Talin
and ensures an advantageous positioning for integrin binding [135, 148]. The
released rod-domain reveals several binding sites for F-actin, which mark
Talin as the direct connection between the receptor and the cytoskeleton.
A connection to the branched meshwork of F-actin potentially functions as
a supporting scaffold for the nascent adhesion [107, 145]. The Kindlins, as
the second activators also show interactions with PIP2, as well as with PIP3
[166], but the recruitment mechanism is still elusive.

FAK and Src

The tyrosine-kinase FAK is also present in nascent adhesions and was shown
to bind to the β-subunit of integrin with its PTB-like domain [121, 32].
Like Talin, FAK rests in the cytosol in an auto-inhibited state, in which the
N-terminal FERM domain interacts with the central kinase domain, while
the FAT (focal adhesion target) domain is exposed to the surrounding cy-
tosol. Due to the high affinity of the FAT-domain towards Talin and Paxillin
[108, 52], FAK can be positioned in close proximity to the membrane. The
exact recruitment mechanism is still not known, and might be unrelated to
the FAT-domain interaction with Talin/Paxillin. Recent studies suggest that
FAK could function as the very first integrin-interaction partner - even up-
stream of Talin [82, 83] - which must involve another recruitment mechanism.
Inactive FAK was shown to interact directly with the Arp2/3-complex and
could represent an alternative mechanism for membrane localization in the
lamellipodia [126].

A membrane-proximal localization of FAK is further supported by an
interaction of the FERM domain with PIP2, which triggers a conformational
change [101, 23]. As a result, the kinase domain becomes accessible for either
cis or trans auto-phosphorylation of Tyr397. pTyr397 is a highly specific
binding site for the SH2-domain of Src tyrosine kinase and recruits Src to
nascent adhesions [52]. Src-binding induces a cascade of phosphorylation
events within FAK, including Tyr576 and Tyr577 in the activation loop [101].
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The FAK-Src-complex is the center of kinetic activity in an adhesion site as
integrin receptors themselves lack an intrinsic kinase domain [69].

Paxillin

The scaffold protein Paxillin belongs also to the first interacting proteins
in nascent adhesions [45, 127] and is furthermore a substrate of the FAK-
Src-complex [142, 14]. Paxillin had numerous binding partners because it
contains several LIM (zinc finger) domains and LD (leucine and aspartate)
motifs [21] as well as SH2 and SH3 (Src homology 2 and 3) binding sites. All
these domains are potential protein-binding sites. Therefore, it is not exactly
clear which protein is targeted by Paxillin in the nascent complex. However,
the existence of these multiple binding sites underscores Paxillin’s role as an
important protein organizer in focal adhesions [42].

Vinculin and α-actinin

The adhesion proteins Vinculin and α-Actinin were also mentioned as part
of a nascent adhesion, which is surprising as these proteins are known as cy-
toskeletal scaffold proteins [13, 70]. Since both proteins contain binding sites
for PIP2, their membrane-recruitment and therefore their early appearance
in nascent adhesions is explicable [168, 34, 145]. Further, Vinculin seems
to interact directly with the Arp2/3 complex [43] resulting in its localiza-
tion to the branched F-actin meshwork. In addition, both proteins have
distinct binding sites for F-actin. Still, the question remains whether these
proteins interact already in a functional way with other cell-matrix proteins
in a nascent adhesion.

1.4 Focal adhesion maturation

Many nascent complexes form in the lamellipodia, but most of them disas-
semble (turn-over) within seconds when they enter the lamella, which rep-
resents the border to the cell body [8]. The transition of nascent adhesions
to focal complexes and then to focal adhesions is rather vague and floating.
Not least, because many of the key proteins of a focal adhesion are already
present in nascent adhesions and focal complexes. The fate of a nascent
adhesion or a focal complex depends a lot on the functionality of the re-
cruited proteins, as well as on the linkage to the actin filaments and is not
yet completely understood. Still, some characteristics are specific for each
state, which allows to draw the line between the different states. Figure 1.5
illustrates schematically the transition into a maturing focal adhesion site.
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Figure 1.4: Nascent adhesion formation.
All proteins are illustrated in detail in Figure 1.3.
In the inactive state of the transmembrane integrin receptor, the intracel-
lular cell-matrix adhesion proteins are usually not membrane-localized. In
the cytosol, Talin, FAK, Src and Vinculin exist in an auto-inhibited closed
conformation (left).
In the lamellipodia, the branched actin meshwork interacts potentially with
Vinculin, α-actinin and FAK, which could represent a way to recruit these
proteins. Integrin activation induces the recruitment of cell-matrix proteins,
highly supported by PIP2 enrichment of the membrane (right). Talin, FAK,
Vinculin and α-actinin were shown to interact with PIP2. Kindlin, Talin and
FAK can interact with integrin directly. The illustration represents a possible
composition, derived from known protein-protein-interactions. However, the
exact molecular interactions and composition in this state are not known yet.
However, the release of the auto-inhibition of FAK marks the first step of the
formation of the signaling complex. FAK, Src and Paxillin interact tightly
and regulate the signaling transduction. It is most probable that this complex
is functional already in nascent adhesions.
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1.4.1 Focal complexes

The protein composition of a nascent adhesion overlaps to a large extent
with the one of a focal complex. What differs is the cellular localization,
the size and the application of force. Whereas the F-actin meshwork of
the lamellipodia polymerizes very rapidly and independently, the lamella-
entrance ensures a connection to the force-controlled cytoskeleton. Only
few of the F-actin strands formed in the lamellipodia will be gripped by the
actomyosin-network and potentially rescue nascent adhesions from turn-over,
whereas all other branched F-actin strands depolymerize again, together with
most of the nascent adhesions.

The actomyosin traction force, applied to the remaining nascent adhesions
in the early lamella induces the extension of Talin’s rod-domain [39], which
could represent the transition point to a focal complex. In turn, several
binding sites for the head-domain of Vinculin become exposed in Talin’s
rod, leading to its recruitment. Vinculin switches from a closed to an open
conformation, combined with the release of its tail-domain. The exposed
C-terminus has binding sites for F-actin as well as for Paxillin and assists in
scaffold and stability maintenance. The traction force in the early lamella is
significantly higher than in all other parts of the cell [17], and imposes a high
pulling force on the focal complexes. Depending on the integrin subunits, as
well as on the ligand, a single integrin receptor has an adhesion strength of
5-30 pN [88, 112, 80]. Consequently the focal complex needs to recruit more
cytosolic cell-matrix proteins, which enhance also integrin clustering [36].
As a result, the focal complex starts to grow, marking the initial phase of
focal adhesion maturation. Focal complexes have a lifetime of a few minutes
depending on the migration ability of the cell as they exist only in the junction
of lamellipodia and early lamella. Focal complexes mature either into focal
adhesions or disassemble as a consequence of failing to build a stabilizing
environment [60, 145, 9].

1.4.2 Focal adhesion sites

When the surviving focal complex passes the lamellipodia border, the initial
traction force decreases and induces Zyxin recruitment [17]. The mechano-
sensing protein Zyxin functions as a reinforcement factor for actin stress fiber
bundling and as a recruitment factor for α-actinin. α-actinin forms antipar-
allel dimers and thereby connects actin filaments. Both proteins support
the building of actin bundles, which in turn causes the enlargement of the
anchorage by recruiting more adhesion proteins. This process is generally
known as focal adhesion maturation and mainly defined by a growing size.
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Figure 1.5: Maturation process of focal adhesions.
All proteins are illustrated in detail in Figure 1.3.
A nascent adhesion transforms into a focal complex by resisting mechani-
cal force, which is applied in the early lamella. This force is provided by
the myosin-driven actin cytoskeleton, which connects with F-actin strands
of the branched actin meshwork. Non-connected actin filaments will depoly-
merize at the lamellipodia-lamella border (left). The actomyosin connection
stretches the rod-domain of Talin, which exposes Vinculin binding sites. The
recruitment of Vinculin and other cell-matrix proteins enlarges the focal com-
plex and marks the maturation process into focal adhesions. The strong ini-
tial traction force diminishes and Zyxin is recruited (right), which defines the
transition of a focal complex into a maturing focal adhesion.
This illustration represents one of several possible molecular compositions.
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Due to the centripetal movement of the actin bundles, also the focal adhesion
maturation orients in the centripetal direction and forms oval shapes, which
differ in size, depending on the tension applied. Focal adhesion sites can
persist for hours as predominantly steady structures and allow the cell body
to slide over them to enable migration. Focal adhesions have fixed positions
relative to the ECM but undergo continuous fluctuation in size and shape
[169]. These natural changes are accompanied by alterations in F-actin bun-
dle size, force and traction, but do not automatically lead to turn-over of
focal contact sites.

1.5 Adhesion regulation by GTPases

The small GTPases Cdc42, Rac1 and RhoA are the major controlling en-
zymes of the cytoskeletal organization and thereby influence migration and
adhesion of cells [65]. Cell migration is supported by Cdc42-induced polarity
and Rac1-mediated formation of lammelipodiae, promoting furthermore the
formation of nascent adhesions and focal complexes. An enhancement of the
Rac1 level triggers remodeling of the actin cytoskeleton, towards less stable
actin bundles resulting in a weakening of focal adhesion sites [152].

On the other hand, cell adhesion is sustained by a strong actin cytoskele-
ton, mediated by RhoA and the formation of solid focal adhesion sites [140].
The RhoA downstream effector ROCK (Rho-associated protein kinase) en-
hances the stability of focal adhesions by phosphorylating the myosin light
chain and synergistically inhibiting myosin light chain phosphatase. As a
result, myosin activity is catalyzed, leading to enhanced actomyosin traction
force. This supports the formation of mature focal adhesions, which can
lead to the creation of large plaques. The GTPase-typical activity-switch is
induced by GEF’s (“on”) and GAP’s (“off”), which are partly regulated by
the FAK-Src complex of focal contact sites [42].

Strong evidence suggests that high phosphorylation rates and the result-
ing signaling appears already in nascent adhesions [35]. Thereby, mainly the
Cdc42 and Rac1 pathway become activated in order to stimulate migration.
FAK-Src induces phosphorylation of p190RhoGAP, ASAP1(ARF-GTPase-
activating protein 1) and GRAF (GTPase regulator associated with FAK)
and turns these proteins into active RhoA inhibitors. Furthermore, the com-
plex p130Cas-Csk functions as a Rac1GEF. This complex is modulated by
pTyr861FAK-Src-complex interaction. Also Paxillin recognizes pTyr861FAK
with its LD-motifs and is consequently phosphorylated at Tyr31 and Tyr118

upon binding. This supports formation of the PaxillinGITPIX-complex, a
downstream signal for Rac activity [170]. Cdc42 activity is enhanced by
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FAK-Src mediated phosphorylation of N-WASP (neuronal WiskottAldrich
syndrome protein), which is a substrate of Cdc42 and enhances Actin branch-
ing in the lamellipodia [160].

The FAK-Src-complex can support RhoA activity as well, by activating
p190RhoGEF and PDZRhoGEF. The phosphatase PTP-PEST binds to the
LIM-motif of Paxillin and thereby inhibits signaling via PaxillinGITPIX [86].
PTP-PEST also inactivates p190RhoGAP via dephosphorylation, which en-
hances RhoA activity [72].

It is still not known how the balance between Rac and Rho is exactly
maintained [61], however, it was shown that the constitution of integrin re-
ceptors inside a focal adhesion plays a key role [99, 167]. Furthermore, focal
adhesion signaling influences also the signal transduction of Ras. A direct
link to proliferation enhancement is provided by capturing p120RasGAP,
which hinders its inhibiting function for active Ras. GRB2 (Growth fac-
tor receptor-bound protein) is known to support Ras activation and the
ERK2 (extracellular signal-regulated kinase-2) cascade and can be bound by
pTyr925FAK-Src [122]. Apparently, GRB2 binding excludes Paxillin bind-
ing and is connected with Dynamin2 recruitment [50], which might support
turn-over of focal adhesions.

1.6 Focal adhesion disassembly

In a migrating cell, detachment is as important as adhesion, which includes
the concerted work of several processes. It can be distinguished between a
turn-over of focal contacts in the leading edge, a reduction of focal adhesion
in the steady state by changes in the traction force, and a complete turn-over
of large focal contact sites, which are positioned in the cell rear after the cell
body has moved by.

Generally, focal adhesion dynamics are mainly controlled by the organi-
zation of the cytoskeleton, which includes alterations in the balance of RhoA,
Rac1 and Cdc42. The level of PIP2 in the membrane is another decisive factor
for adhesion protein recruitment and their proper membrane-coordination.
PIP2 synthesis is provided by PIPKIγ, which in turn is a regulating factor
for Talin [44, 104]. FAK-Src-mediated phosphorylation of PIPKIγ enhances
the binding affinity to F3 in the head-domain of Talin, which competes di-
rectly with integrin-binding [124, 84] and consequently destabilizes the ad-
hesion complex. The FAK-Src-complex phosphorylates furthermore Tyr12

in α-actinin, which weakens the actin binding affinity. As a result, F-actin
becomes destabilized due to reduced cross-linking [70] which also diminishes
focal adhesions. Disassembly of the FAK-Src-complex can be induced by
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ERK2-mediated phosphorylation of Ser910 in FAK, causing a significant re-
duction of focal adhesions. The Paxillin-associated phosphatase PTP-PEST
is able to dephosphorylate FAK at pTyr397 [171, 172], representing the initial
phosphotyrosine in FAK which is mandatory for activity [98]. The phos-
phorylation pattern of Paxillin, as well as its LD4-motif, seems to play an
essential role in focal adhesion turn-over but little is unraveled yet [150].

However, for large focal adhesion plaques more effort is required in order
to remove the tight anchorage of the cell. As already mentioned, the large
GTPase Dynamin2 can be recruited to focal adhesions by the FERM-domain
of FAK and can be bridged by GRB2 in order to become phosphorylated by
Src [149]. Active Dynamin2 is responsible for endocytosis and may cause
the partial internalization of focal adhesions [22]. Dynamin2 is moreover
associated with microtubuli which also promote focal adhesion disassembly
[78, 50]. Microtubuli seem to target mainly focal adhesion sites at the late
cell body and the trailing rear and involve clathrin-dependent endocytosis,
however with unknown mechanism [49, 46]. At the cellular rear, enhanced
levels of Ca2+ recruit the protease Calpain to focal adhesions, where it finds
cleavage sites between the head and the rod domain of Talin [53], as well as
between the kinase and FAT domain of FAK [29]. Vinculin and Paxillin have
also been reported to be Calpain targets [89, 38].

1.7 Composition and organization of focal ad-

hesions

Focal adhesion sites contain a large number of different proteins. The proteins
described in this chapter represent only some of the well studied proteins,
but are not necessarily more important than other non-mentioned proteins
in terms of their signaling or scaffolding function.

Such a complex structure can only work as a functional unit if all of
its components work in concert. Many cell-matrix proteins contain bind-
ing domains that are potential targets for several proteins (cf. Figure 1.3).
However, no simultaneous binding is possible, which allows several different
molecular organizations. Mechanical force is essential in focal adhesion de-
velopment and has been demonstrated to function as a modulator of focal
adhesion size and shape [159]. However, it was not revealed whether the
general protein composition alters upon traction force. It was shown that in
nascent adhesions and focal complexes, α5β1-integrin is predominantly ac-
tive, whereas mature focal adhesions are mainly anchored by αvβ3-integrin
[168, 77]. The receptor and the ECM composition of a focal contact strongly
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modulates the signaling events of Rho and Rac [99, 167]. Since integrin re-
ceptors have no intrinsic kinase domain, the regulation of small GTPases
must be provided by recruited kinases and phosphatases. Selective recruit-
ment to the cytosolic integrin-tail only can generate significant alterations
of the signal transduction. This selective recruitment could change the rel-
ative composition of all cell-matrix proteins, not just the signaling proteins.
However, this question has not been addressed in detail, so far.

1.7.1 Nano-scale organization

Many cell-matrix proteins are well studied, with respect to their domain
structure and their binding partners. Still, the molecular localization inside
focal adhesions is mostly unknown. The intrinsic organization of adhesion
sites has always been an active field of research and is still not completely
unraveled. However, recent advancements in microscopy techniques pave the
way for big steps forward.

Recent super-resolution studies revealed a distinct axial position for sev-
eral cell-matrix proteins in adhesion plaques [76, 33]. This suggests that
focal adhesions assemble in a highly organized fashion in order to build a
functional unit. Also in vivo experiments could obtain a fair nano-resolution
in adhesion sites [131] despite their highly dynamic nature, which supports a
general nano-organization of adhesion proteins within a focal adhesion com-
plex. Additional super-resolution observations of several adhesion proteins
exposed a relative spatial localization to each other in distinct areas [132].
However, the overall pattern of molecular organization has not been studied
yet.



Chapter 2

Objectives

Focal adhesion sites have a crucial function in cellular anchorage due to their
static positioning. Furthermore, they can persist for hours without showing
major changes in size and shape. This suggests a highly organized structure
in order to maintain their adhesive function, as high fluctuation rates could
negatively influence their stability and weaken the anchorage.

So far, little was done to propose a spatial nano-organization of focal ad-
hesion proteins in lateral directions [117, 133], which will be discussed in the
first part of this work. The focal adhesion receptor β3-integrin, the adhe-
sion activating proteins Kindlin1, Kindlin2 and Talin, the adhesion signaling
proteins FAK, Src and Paxillin, as well as the cytoskeletal proteins Vinculin,
α-actinin, Zyxin and β-actin will be investigated in terms of their general
structural features inside focal adhesion sites. For this purpose, the super-
resolution technique photo-activated localization microscopy (PALM) will be
used to visualize the nano-scale localization of individual proteins. These
localizations will be further analyzed by a localization proximity analysis,
which is inspired by degree distribution analysis [40].

In the second part of this work, the nano-organization of focal adhesions
will be studied in living cells. For this purpose, the dynamic behavior of the
receptor β3-integrin will be observed, using single particle tracking (SPT)
analysis. The lateral rearrangements of β3-integrin will be visualized under
conditions of focal adhesion assembly and disassembly, using localization
proximity analysis. Furthermore, the directed recruitment of the signaling
proteins FAK and Paxillin to focal adhesions will be studied in order to find
potential signaling centers.
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Chapter 3

Theoretical Aspects of
Microscopy

The localization and the dynamics of proteins in a living system can be
observed using fluorescence microscopy. However, this is severely limited by
the spatial resolution in the lateral and axial dimensions, which is dictated
by the diffraction limit. For that reason, advanced microscopy methods have
been developed to circumvent the diffraction limit.

In this chapter, the basics of fluorescence microscopy are described, fol-
lowed by a more detailed explanation of the super-resolution technique used
in this work.

3.1 Light

Light is defined as electromagnetic radiation, which is limited to the wave-
lengths visible to the human eye of about 400-800 nanometers. Light con-
sists of photons, which are defined energy bundles and show the physical
features of waves as well as the ones of particles. This is known as the wave-
particle-duality, and allows the application of the wave or the particle model,
depending on the experiment.

3.1.1 Fluorescence

The phenomenon of fluorescence appears when a fluorophore emits light after
the previous absorption of a photon. It can be understood via the particle
model and illustrated by a Jablonski diagram in Figure 3.1 [7].

The electrons of a fluorophore are usually in the ground state (S0), con-
sisting of several vibrational energy levels with the ability to enter higher

23
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energy levels (S1, S2, ...) by absorbing energy. This excitation energy can
be provided by a photon with a distinct wavelength, matching the energy
needed for entering a vibrational level of a higher energy state. After excita-
tion, the electron loses some energy within picoseconds and drops back via
vibrational relaxation to the first vibrational state of S1. This energy level
has a lifetime of a few nanoseconds until the electron finally drops back into
the ground state, emitting a photon. The emitted light is always shifted to a
longer wavelength (Stokes shift)[94, 116], because of the energy loss induced
by vibrational relaxation. In rare cases, an electron can flip its spin, which
transfers the electron to a triplet state (intersystem crossing). The relax-
ation to the ground state is spin forbidden, resulting in an extended lifetime
of seconds to hours, visible as phosphorescence.

Figure 3.1: Energy level diagram after Jablonski.
The transition of an electron from the ground state (S0) to an energetically
higher level (S1,2) is induced by the absorption of a photon. The electron re-
laxes back to the (S1) state via vibrational relaxation and finally to the ground
state by photon emission. This photon is visible as red-shifted fluorescence.
Excited electrons can enter an excited triplet state (T1) by intersystem cross-
ing. Here, the energy loss is visible as long-lived phosphorescence.

3.1.2 Monochromatic light

Every fluorophore shows a distinct absorption and emission spectrum, re-
sulting in variations of the excitation energy. Therefore, the use of a light
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source with an appropriate excitation wavelength can selectively excite a spe-
cific fluorophore. This enhances the signal-to-noise ratio and enables multi-
color-observations by excitation with different specific wavelengths. These
wavelengths can be generated from normal light by using a suitable filter
system, which transmits a distinct interval of wavelengths. In contrast, a
laser can produce monochromatic light and is therefore a convenient tool
for most fluorescence microscopy techniques. Furthermore, lasers emit the
monochromatic light as a coherent beam, which allows a spatially limited
excitation with high efficiency.

3.2 Diffraction barrier of light microscopy

In order to understand, why the diffraction of light limits the resolution of
a microscope, the wave model of light has to be taken into account. An
obstacle in the path of a light wave causes a deflection of the light wave
from its original path. This deflection is called diffraction. The diffraction
of light limits the resolution of a microscope, as was first described by Ernst
Abbe. This diffraction barrier depends on the wavelength and the numeric
aperture of the lens and was determined as approximately half the emission
wavelength [1].

The resolution limit for two point sources was further described by Lord
Rayleigh. According to his work the resolution limit of two distinguishable
point sources is given by:

dmin =
0.61 · λ

NA

where dmin describes the minimal distance between two point sources, λ the
emission wavelength, NA the numeric aperture, while the factor 0.61 is de-
rived from the distance of the first to the central maximum of the diffraction
pattern. This diffraction pattern is known as the Airy disk pattern and is
caused by the aperture of the lens, which diffracts the light. However, the
Airy disk reflects only the intensity distribution in the focal plane, while
the complete three-dimensional intensity distribution is known as the point
spread function (PSF).

3.2.1 Overcoming the diffraction limit in theory

The diffraction barrier seems to prohibit the visualization of multiple nano-
sized single proteins within the diffraction limit. Even the ideal aperture does
not allow a better lateral resolution than 200 nm, simply because the spec-
trum of the visible light is limited and highly energetic wavelengths damage
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living systems. A theoretical consideration makes it possible to evade this
problem by applying fitting methods to the PSF of the projected object.
Assuming a point source of light, the maximum of an Airy disk pattern can
be mathematically approximated as a Gaussian function. This makes it pos-
sible to determine the position of the point source and therefore localize the
object with an up to 100 times better accuracy. Therefore, spatially well sep-
arated objects can be resolved with enhanced resolution by the application
of a Gaussian fit to their PSF. The accuracy is then only dependent on the
signal-to-noise ratio and is thereby limited by the number of photons emitted
by the point source.

In a biological sample, the number of photons emitted by a fluorophore-
tagged protein enables a resolution of about 20 nm, however the high density
of interacting proteins lead to overlapping PSFs, which prevents the curve
fitting as illustrated in Figure 3.2.

Figure 3.2: Diffraction barrier.
A single PSF can be fitted with a Gaussian curve, which allows a significantly
higher localization accuracy (A). Several PSFs in close proximity cannot be
distinguished from each other, which is reflected by a single Gaussian fit (B).

3.3 Super-resolution microscopy

The theory allows to circumvent the diffraction limit, but conventional fluo-
rescence microscopy does not support a practical application. The discovery
of a new class of fluorophores enabled the implementation also in reality.
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3.3.1 Photoactivated localization microscopy

One prominent super-resolution technique, using photo-activatable fluoro-
phores and their stochastic switching behavior, was developed in 2006 by
three groups independently. They named it Photoactivated Localization Mi-
croscopy (PALM) [18], Fluorescence Photoactivation Localization Microscopy
(FPALM) [67] and Stochastic Optical Reconstruction Microscopy (STORM)
[119], respectively.

All three techniques share the same fundamental principle, but can be
distinguished by the choice of fluorophores used and therefore in the ex-
perimental procedure. The STORM experiments were performed by using
photo-switchable synthetic dyes in order to immuno-stain the endogenous
protein level of the cells after fixation. PALM and FPALM were performed
with photo-activatable fluorophores, which implies cell transfection and over-
expression of tagged proteins. Accordingly, nowadays the term “PALM” is
established for using fluorescent proteins, whereas “STORM” corresponds to
the usage of synthetic dyes. The basic features of PALM to overcome the
resolution limit will be explained in detail.

Photo-activatable fluorophores

Interacting proteins will always be in too close proximity to resolve with
conventional fluorescence microscopy, as the average protein size is about
3-5 nm. The theoretical resolution limit breakage was not feasible for dense
biological samples, until the discovery of photo-activatable (PA) fluorophores
[109]. Compared to conventional fluorophores, PA fluorophores have the
ability to change from a native emission state to an activated, red-shifted
state upon illumination with high-energetic light. Because of their unique
feature, many switchable fluorophores have been discovered in nature [155,
103] or were specially engineered [114, 64] in recent years. Nowadays, it
can be distinguished between photo-activatable, -convertable and -switchable
fluorophores. Photo-activatable fluorophores possess a native dark state and
become visible only via activation, whereas photo-convertible fluorophores
exist in a visible native emission state and change color upon activation.
Photo-switchable fluorophores have the ability to switch reversibly between
two states.

Generally, a conversion of color is achieved by modification of the conju-
gated π-electron-system within the chromophore. A conjugated π-electron-
system is achieved by a high number of molecular double bonds inside a
molecule, which allows the electrons to delocalize in the connected p-orbital
system. An enlargement of the conjugated π-electron system shifts the color
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of the molecule to an energetically lower wavelength and can be induced by
chemical reactions or conformational changes [136, 110]. The chromophore
modification within irreversible PA fluorophores is usually accompanied by
chemical reactions, such as decarboxylation (PA-GFP [109]) or chain break-
age via dehydration reactions (mEos2 [97]), while reversible PA fluorophores
function with cis/trans isomerization (Dronpa [109]).

3.3.2 Total internal reflection fluorescence

Photo-activatable fluorophores, tagged to a protein of interest enable super-
resolution imaging of biological samples. However, the existence of fluores-
cent proteins along the z-axis reduces the signal-to-noise ratio which in turn
diminishes the resolution. Therefore, another tool can be installed which
allows to minimize the excitation of fluorophores along the z-axis. Total in-
ternal reflection fluorescence (TIRF) microscopy is a suitable technique, as it
produces an evanescent wave of approximately 100 nanometers in the axial
direction [95].

Evanescent wave

Figure 3.3: Evanescent wave.
An evanescent wave can emerge in the interface between two media with
different refraction indices (n1 and n2). If n2 has a lower optical density
and the incidence light hits the glass slide at the critical angle Θ1 of total
reflection, an evanescent wave forms.

An evanescent wave is an electromagnetic wave that vanishes with an
exponential decay and penetrates only the sample region close to the objec-
tive. There are two conditions in order to produce an evanescent field: the
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incidence of light must occur at an angle of total reflection and the media of
the sample must have a lower index of refrection. This correlation for total
reflection is postulated in Snell’s law, by:

n1 sin(Θ1) = n2 sin(Θ2)

with n1 as the refractive index of the medium where the reflection takes place
and n2 of the sample medium. Θ1 describes the incidence angle, while Θ2

describes the refraction angle.
With Snell’s law, the angle of critical incidence can be calculated, in

which the refraction angle is 90◦ - the angle of total reflection. A further
increase beyond the critical angle will not disturb the total reflection, but
the amplitude of the resulting evanescent wave will decrease. Due to the
exponential decay of the evanescent wave the penetration depth is generally
independent of the laser power.

3.3.3 PALM procedure

By using TIRF illumination, the fluorescence excitation along the axial di-
rection will be limited, preventing background noise. The lateral resolution
can be remarkably enhanced by tagging a protein of interest with photo-
activatable fluorophores.

Here, the excitation wavelength corresponds to the color of the activated
state of the PA-fluorophore. This makes all fluorophores invisible, as long as
they are not activated. By using low-power activation pulses of high-energetic
light (mostly near-UV light), only small fractions of the PA-fluorophores
switch to the red-shifted state. During this stochastic process, the acti-
vated fluorophores tend to be spatially well separated and appear as single
molecules which can be localized by applying a Gaussian fit as described in
section 3.2.1.

A single activation pulse with high-energetic light enables the detection
of very few molecules until they bleach, as it activates only a small subset of
all present proteins. In order to obtain a complete picture, many activation
cycles must be performed until all PA-fluorophores are converted. As this
procedure can take some time, PALM measurements can be done only with
relatively static samples.

Figure 3.4 illustrates all relevant steps of a typical PALM measurement.
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Figure 3.4: PALM procedure.
First, all molecules are invisible in the detection channel. Upon a low-power
UV-pulse, very few molecules become activated and can be detected, until
they bleach. This small fraction is not enough to reconstruct a complete
super-resolution image, therefore, this cycle of activation and detection must
be repeated until all molecules are bleached. As all molecules appear spatially
separated from each other, a Gaussian fit can be applied, which enhances
the resolution. The fitted localizations can be used to reconstruct a super-
resolution image of the sample.
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Chapter 4

General biological methods

Microscopy experiments require the preparation of suitable samples. This
requires the construction of modified DNA-vectors, followed by the insertion
into mammalian cells. Further, sample dishes must be purified in order to
obtain a good foundation for super-resolution experiments.

4.1 DNA handling

4.1.1 Cloning strategy

All constructs mentioned in this thesis hold a cytomegalovirus (CMV) pro-
moter for high copy amplification and are listed in Table 4.1 including their
cloning details. DNA-inserts were obtained by performing polymerase chain
reaction with suitable primers, using AccuPrime Polymerase (Invitrogen) ac-
cording to the manufactor’s manual. The amplified insert and the cloning
vector (cf. Table 4.1) were digested by 10 U restriction enzymes (NEB), each
for 2-4 h at 37◦C under suitable buffer conditions. The cloning vector was
additional dephosphorylated, adding 10 U CIP (NEB) for 1 h at 37◦C. The
digested DNA was separated by gel electrophoresis using 1% agarose-gels.
The DNA-fragments were purified, using kits from Qiagen and Zymo. A
ratio of 1vector:5insert in the femto-molar range was ligated with the Quick
Ligation kit (NEB) for 10 min at room temperature.

4.1.2 Bacterial DNA expression

After ligation, the newly obtained DNA construct was amplified in chemically
competent Escherichia coli XL10 Gold cells. In order to select for positive
clones, the bacteria were spread on Ampicillin or Kanamycin containing me-
dia plates, according to the resistance of the cloning vector. The remaining
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bacterial colonies were screened for potential positive clones, using Paq5000
(Agilent Technologies) and after that sequenced with the BigDye sequencing
kit (Life Technologies).

4.1.3 Site-directed mutagenesis

For the induction of point-mutations in DNA constructs, modified primers
were used containing the desired mutation. The template DNA was ampli-
fied with Pfu Ultra (Agilent Technologies) by performing polymerase chain
reaction, using these primers. Additionally, 5% DMSO was added to the
reaction mix. The modified DNA construct was amplified in Escherichia coli
XL10 Gold.

4.2 Cell culture

For PALM experiments, rat embryo fibroblast (REF52) cells were used be-
cause they produce a high amount of extracellular matrix proteins, thus
forming well defined focal contact sites. For live cell experiments, the ep-
ithelial human cancer cell line HeLa was used, which shows generally more
robustness towards long-term measurements.

4.2.1 General cell line handling

Both cell lines were grown in 10 ml-culture flasks containing DMEM, sup-
plemented with 10% fetal calf serum, 1% glutamine, 1% non-essential-amino
acids and 1% antibiotics (DMEMcomplete) and incubated at 37◦C under 5% CO2

conditions. When a cell confluency of 80-90% was reached, cell splitting was
performed. For that purpose, DMEMcomplete was removed, the cells were
washed once with PBS and incubated with trypsin/EDTA until all cells de-
tached from the dish. To stop trypsin’s enzymatic activity, DMEMcomplete was
added and 10% of this cell suspension re-seeded into a new 10 ml-culture flask,
filled with DMEMcomplete. For experimental use, 2.5x104 REF52 or 5x104

HeLa cells were seeded into each well of a PAA 8-well-chambers and grown
in DMEMcomplete. If the cells were not needed for longer time, they could be
stored in liquid nitrogen. Therefore, 1-5x106 cells were placed into a vial with
500µl DMEMcomplete, containing 10% dimethyl sulfoxide (DMSO) and stored
at -80◦C for 2 days until passed on to a -196◦C freezer for long-term-storage.
For further use, the frozen cells were placed into a 10 ml DMEMcomplete con-
taining culture flask and incubated at 37◦C and 5% CO2. After initial cell
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adhesion (after 1-2 h), a media change was performed, as DMSO leads to cell
toxicity under cell culture conditions.

4.2.2 Transient transfection

PALM experiments required the transfection of a single protein, tagged with
the photo-convertable mEos2. In live cell experiment, the mechano-sensor
Zyxin was co-transfected in order to distinguish between focal complexes and
focal adhesions. 12-18 h after seeding, the cells were transiently transfected
with Lipofectamine 2000 (LifeTechnologies). For single transfections, 300 ng
DNA and 1µl Lipofectamine per well were used. For double-transfections
with mtagBFP-Zyxin and a mEos2-construct, a ratio of 2:1 was used while
the amount of Lipofectamine remained the same. The DNA-Lipofectamine-
complex could form in DMEM for 30 min at room temperature, before adding
it to the cells. The transfected cells were incubated for 24-32 h together with
the transfection reagent.

4.3 Experimental cell preparation

4.3.1 Preparation of cell dishes for microscopy

For all experiments 8-well LabTek chambers (Thermo Fisher Scientific) were
used. Due to cleaning issues, the chambers were incubated with 1% Hell-
manex III (Hellma) for 12h and subsequently washed 2x with ddH2O.

For live cell recruitment experiments, the cleaned LabTek chambers were
coated with the ECM protein Vitronectin (Sigma Aldrich). Vitronectin is
recognized by β3-integrin and provides a stable anchorage of the cell. Cell
migration is rather suppressed, which enhances the quality of live cell exper-
iments in terms of localization precision. Therefore, a solution of 0.5 g/ml
Vitronectin in HBSS was plated and incubated for 2h at 37◦C and 5% CO2.
Afterwards, the dishes were washed 3x with HBSS.

To avoid high background, caused by sediments of media additives and
cellular outturn, the transfected cells were re-seeded into a prepared LabTek -
chamber only 12-16 h before the planned experiment. For live cell integrin
cluster induction experiments, HeLa cells were incubated in serum- and ion-
free PBS before the experiment. All other experiments required no special
treatment and cells were grown in DMEMcomplete. 12-16h after re-seeding,
HeLa-cells were used for microscopy, whereas REF52-cells were further pro-
ceeded.
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4.3.2 Fixation and staining of REF52 cells

Fixed cells are mandatory for PALM experiments, as protein dynamics in
live cells would hamper PALM experiments. Transfected REF52 cells were
washed 3x with PBS before fixation in 4% PFA for 1 h at room temperature.
After washing another 3x with PBS the cells were either used directly for
microscopy or additionally stained with a FAKpTyr397 antibody (44-624G,
Invitrogen). FAKpTyr397 staining is required as a marker for control samples,
that over-express proteins which do not localize in focal adhesions. A suc-
cessful staining includes an incubation with 0.2% TritonX100 for 10 min in
order to permealize the membrane. After washing the dish 3x with PBS for
5 min each time, a 1:100 solution of the primary antibody FAK397 in PBS
+ 0.02% TritonX100 (PBSTX) was incubated for 1 h at room temperature.
After washing 3x for 5 min with PBSTX a 1:1000 solution of secondary goat
Alexa647-anti-rabbit antibody (Invitrogen) in PBSTX was incubated for 1 h
at room temperature. The cells were washed another 3x with PBSTX for
5 min at a time, followed by microscopy experiments.

4.3.3 Inhibition of mechanical force

The formation of F-actin stress fibers is inhibited by the ATP-competitor
Y-27632 (Sigma Aldrich) [143], which is selective for the Rho downstream
effector ROCK (Rho-associated coiled coil forming protein serine/threonine
kinase). Incubation with 10 µl Y-27632 causes a reversible loss of adhesion
sites and was implied for 30 min in PBS before fixing the cells. For live cell
experiments, the drug was added during measurement and incubated until
the adhesion marker protein Zyxin left the focal complex completely. This
took usually up to 30 minutes. Afterwards, the drug was removed in three
HBSS washing cycles.

CytochalasinD binds to the growing end of F-actin and thereby stops any
further actin polymerization. As it does not affect the de-polymerization
of the shrinking actin end, it supports the disassembly of stress fibers [50,
147]. This impedes the formation of focal adhesions and causes also their
dissassembly. REF52 cells were incubated for 1 h with 5 µM CytochalasinD
by HBSS before fixation. No live cell experiments were performed with this
drug.

4.3.4 Induction of Integrin clustering

The formation of new adhesion sites was observed in living HeLa cells. The
activation state of integrin receptors is highly dependent on the cation en-
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vironment, as explained in chapter 1.2.1. Non-physiological Manganese ions
induce the high affinity state of integrin receptors [137], followed by cluster
formation. In order to artificially induce this first step of adhesion sites for-
mation, 2 µM MnCl2 in HBSS containing 1 mM Mg2+ and 1 mM Ca2+, for
synergistic support was added to starved cells. The added media contained
also 5% fetal calf serum, which triggers migration and allows the formation
of mature focal adhesion sites.



Chapter 5

Data acquisition & analysis

All experiments were performed with an Olympus IX 81 (TIRF) microscope
equipped with a 60x TIRF oil objective. For PALM experiments, an objective
with NA 1.49 (Olympus) was used; for live cell experiments an objective with
NA 1.45 (Olympus) equipped with a heating device (Chromaphore). The
images were recorded with an Andor DU897bV camera, which amplifies the
detected signal by an electron multiplying charge-coupled device (EM-CCD).

As light sources served an Argon laser (Coherent) emitting at 476 nm,
a Krypton laser (Coherent), emitting at 568 nm, a diode laser emitting at
405 nm (UV) as the photo-activation provider and a diode laser emitting at
641 nm (far red) as antibody staining control.

The set-up is schematically illustrated in Figure 5.1. Both diode lasers
are equipped with optical density filters in order to prevent high laser power
exposure. The Krypton and the far-red laser are coupled to the same glass
fiber, but can be used individually. The microscopic aperture of the UV
laser regulates the area of activation and can be closed, if only a small area
should be activated. In the microscope, all laser beams are directed to the
TIRF objective, where they hit the sample. Emission and excitation light
are separated by a dichroic mirror before the emission light is detected by
the EM-CCD.

5.1 Photoactivated localization microscopy

For PALM experiments, the sample has to be fixed (cf. chapter 4.3.2), as all
single molecule detections are acquired over a long time, as explained in chap-
ter 3.3.3. For super-resolution imaging, the photo-convertible fluorophore
mEos2 was used. Due to its green fluorescence before photo-conversion, a
control in the green channel was done before and after the measurement.

39
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Figure 5.1: Super-resolution imaging set-up.
All experiments were performed with this schematically illustrated set-up.
The Krypton and the far-red laser share the same glass fiber. In the mi-
croscope, all laser beams are combined and directed to the TIRF objective
and focused in its back focal plane. Furthermore, the TIRF objective collects
the emitted fluorescence light. A dichroic mirror separates the emission light
from the excitation light and directs it to the EM-CCD, passing a suitable
filter.
During PALM experiments, an optical density filter of 0.1 for the UV laser
and 0.05 for the far-red-laser were used. For live cell spot activation, the
aperture of the UV-laser was closed. For all other experiments, it was open.

Hence, a pre-check of transfection efficiency and protein localization and a
post-check of successful photo-conversion is provided. mEos2 activation was
done by UV light exposures, whereby the time points and time spans were
chosen manually. FAK-stained samples could be imaged in the far red chan-
nel.

5.1.1 Protocol of data acquisition

Prior to the imaging of the samples, the lasers and the TIRF field were
aligned. First, the Argon laser was used at low powers of 2-10 mW to search
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for a suitable cell. When Alexa647-immuno-stained cells were used, the far
red channel was imaged first. A power of 0.6-2.4 mW and an additional
optical density filter of 0.1 was sufficient and prevented overexposure and
bleaching. Afterwards, the sample was illuminated with the Krypton-laser
until all unspecific particles were bleached to obtain a super-resolution im-
age with minimal artifacts and background. Then, the recording of single
molecules started, using an exposure time of 100 ms (10 frames/sec).

When performing PALM experiments, ideally all molecules are detected
only once and are visible for only one frame to avoid multiple detections. On
this account, the mEos2 read-out laser was used at its maximum power of
100 mW. The UV laser was manually switched on and off, according to the
amount of visible molecules. The applied UV laser power was highly depend-
ing on the expression level and localization of the mEos2-tagged protein and
started at 0.1 mW, whereby an optical density filter (0.1) was used (resulting
in a power of 0.01 mW) and went up to 10 mW. Recording was performed un-
til no specific detections were observed, which took usually 4000-20000 frames
and was confirmed by taking an image of the Argon channel. If no fluores-
cence was visible there, all molecules were converted.

5.1.2 Data analysis

In order to obtain information about the nano-organization of molecules
within a cell, several processing steps are required. Starting from a general
transformation of image to xy-localization information (RapidStorm), con-
tinuing to the selection of regions of interest (in MATLAB) followed by the
analysis of the organization degree (based on degree distribution). Finally,
the dense structures were analyzed, aided by density-based spatial clustering
of applications with noise (DBSCAN) [47].

RapidStorm

In order to convert the imaged frames of the measurement to a data table
with all localizations, the software rapidStorm (version 2.21) [158] was used.
Each dataset contained up to 4086 frames and was analyzed with an esti-
mated PSF-FWHM (full width at half maximum of the optical point spread
function) of 250 nm, based on the emission wavelength. The output pixel
size size of 107 nm was determined by imaging a standardized micrometer
target. Furthermore, a threshold of 1000 photon counts per localization was
applied to all datasets, as well as an Two-Kernel -improvement. A Two-
Kernel -analysis applies a Gaussian fit to the PSFs, consisting of two Gaus-
sian functions. Therefore, the amplitudes, derived from the single molecule
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detections will be screened for potential double detections. Rapidstorm 2.21
is already capable of merging multiple consecutive detections of the same
molecule into a single position, by identifying a single fluorescent molecule
over consecutive frames.

Artifacts of the measurement

Even though the UV-activation in a running experiment was balanced well, in
a dense environment like adhesion sites several molecules in direct proximity
can be activated at the same time. Two-Kernel-analysis can correct such
cases only if the PSF of two molecules overlap completely. In other cases,
such detections will be considered as noise.

A long-lived or blinking fluorophore can induce multiple detections, re-
sulting in a false cluster. Even though, this is taken into account by the
analysis, photon emission fluctuation or an extended triplet state can induce
false localizations. Furthermore, some molecules are not considered, because
they emit too few photons (below 1000 photons), or do not photo-convert at
all.

Region of interest selection

The localizations of one image, determined with Rapidstorm 2.21 can be
divided into several output-files, due to memory storage reasons. Such local-
ization files can be merged with a custom-made MATLAB script. Further-
more, a second data cleaning step was applied, using the same parameters,
as in RapidStorm, but taking the triplet state into account. In rare cases
of intersystem crossing (cf. chapter 3.1.1) the emission can take longer than
100 ms (1 frame), which is considered in this MATLAB computation with
3 frames (300 ms). Then a super-resolution image is generated by plotting
the localizations.

The number of localizations of a whole cell is too big for further calcu-
lations. Therefore, only regions of interest (ROIs) were selected. This was
done manually, by choosing rectangular ROIs of focal adhesion sites of the
cell body and the leading edge, as well as membrane areas without visible
focal contact sites. Only these selected localizations were further analyzed.

Density determination

As an indicator for the expression level, the density of each focal adhesion,
selected in section 5.1.2 was determined. Therefore, a broadened Gaussian
blur was applied to all localizations. As a result each localization covered a
circular area with a diameter of about 100 nm, which was used as a mask for
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the total area. The total number of localizations was divided by the total
area and represents the average density of each ROI.

Degree distribution

The localizations of the selected ROIs were used to get a deeper insight
into the nanometric structure of each observed adhesion protein. Therefore,
the number of connections of each molecule to neighboring molecules was
counted using degree distribution analysis [40]. This algorithm is generally
used for network reconstruction and counts the number of connections for
each network node, which is defined as the degree. To obtain a probabil-
ity distribution of the connections, the degree is divided by the number of
molecules and can be plotted against the connections. This histogram rep-
resents the degree distribution and mirrors the average connections in each
network, peaking at the most probable one.

Degree distribution can be implemented on localizations, obtained by
super-resolution imaging and unravel information about the nano-scale or-
ganization. Therefore, each localization was treated as a node. The network
was artificially defined by a radius, in which the number of localizations were
counted. To do so, an adjacency matrix A was calculated, which contains
the matrix elements aij, representing the connection between molecule i and
molecule j. If two molecules are closer together than the chosen radius, the
particular matrix element is set to 1. Otherwise, the value is set to 0.

A =


a1,1 . . a1,j
. . . .
. . . .
ai,1 . . ai,j


The degree di of the molecule i is defined as the sum of elements along

row i. The degree distribution is then the fraction of nodes (molecules) with
their calculated degree d:

di =
∑
j

aij

The difficulty here is to chose a suitable radius. Some proteins might
interact directly, which requires a rather low radius. Other proteins might
organize on a higher level and require a higher radius. Considering this, a
range of different radii was calculated, starting from 20 nm limited by the
resolution of the microscope and moved up to 50 nm, which corresponds to
the maximal ligand-spacing distance for successful focal adhesion formation
[10, 28].
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Application of degree distribution on the lateral positions revealed local-
izations in close proximity, which corresponds to protein aggregations. A
radius of 25 nm was applied in order to detect such clustered regions in a
lateral reconstruction of the localizations in fixed cells as will be further de-
scribed in chapter . In living cells, a radius of 150 nm was applied which will
be explained in chapter .

Cluster definition

Such dense areas were further analyzed, using a MATLAB implementation
of DBSCAN (density-based spatial clustering of applications with noise) [41].
As indicated by the name, DBSCAN defines proximal localizations as a clus-
ter by density reachability. Also here, a radius must be given in order to
define a density reachability, as well as a number for the minimal localiza-
tions forming a cluster. Due to the large variations in size and density of
protein aggregates, DBSCAN could not deliver suitable results. As an alter-
native, DBSCAN was only used for detecting and characterizing pre-defined
clusters. A cluster was defined, according to its number of connections, ob-
tained by degree distribution.

Due to the large variations in the number of connections of each cluster, it
was mandatory to manually choose an individual threshold of the number of
connections for each focal adhesion site. Localizations, with more connections
than 65% of the applied threshold belonged to very dense regions. Therefore,
only localizations of this upper third were used for further analysis. The
reduction of localizations enabled DBSCAN to trace clusters, which were
further fitted using a custom-written MATLAB script. Not all clusters were
round-shaped, so an elliptical fit was applied. The area of the clusters as
well as the axial radii of the elliptical fit were calculated. Furthermore, the
standard deviation s was calculated by:

s =

√√√√ 1

n− 1

n∑
i=1

(xi − x̄)2

whereby n represents the total number of datasets, xi is an individual
dataset and x̄ corresponds to the mean value of all datasets.

5.2 Single particle tracking

When using living cells, a TIRF objective was used, equipped with a heating
device, set to 37.5◦C. For live cell experiments, an exposure time of 31.6 ms
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was used, resulting in 30 frames per second due to the read-out time of the
camera. Contrary to PALM, it is important to reduce bleaching of the sample
to gain the longest possible trajectories during single particle tracking (SPT).
Hence, the Krypton laser power was set to 10-20 mW.

5.2.1 Data aquisition for β3-integrin tracking

For SPT-experiments, usually mEos2-transfected HeLa cells, co-transfected
with mtagBFP-Zyxin were used. Then, a suitable cell was searched in the
Argon channel. Before the actual measurement, the Krypton channel was
bleached in order to minimize unspecific detections.

At first, an image of the blue channel was taken with the UV laser at
about 5 mW, directly followed by SPT in the Krypton channel, as the UV
laser induced the photo-conversion of mEos2-tagged proteins. During the
acquisition of one dataset of 2000-4000 frames (1-2 min) no further exposure
to UV light took place. This repetitive cycle was performed throughout the
experiment.

5.2.2 Data acquisition of spot activation

For recruitment experiments, only mEos2-tagged proteins in a defined part of
the cell were photo-converted, which could be realized by closing the aperture
within the beam path of the UV laser. The position of the UV spot is defined
by the aperture and cannot be changed. The area exposed to the UV-light
cannot be considered in the data analysis, which excludes all adhesion sites
in this region. Therefore, the cellular position must exhibit a good amount
of well localized adhesion sites outside the activation area. The adequate
positioning can be done in the Argon channel.

Before the measurement, an obligatory bleaching step took place until
only random blinking was visible, which occurred due to spontaneous photo-
conversion of a sub-fraction of mEos2 upon illumination with low-energetic
light.

A control dataset of 2000 frames was taken with random blinking before
two consecutive datasets of 2000 frames each, were recorded. Right in the
beginning of one dataset the UV laser was switched on for 10 sec at 5 mW.
This time, the UV laser was in wide field mode instead of TIRF to ensure
the illumination of the cytosolic fraction.
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5.2.3 Data analysis

In order to detect trajectories, single molecule localizations must be extracted
from the raw data, fitted with a Gaussian and further connected to whole
trajectories depending on their proximity in consecutive frames. This was
done by u-Track - a software, specialized for data with high particle den-
sity [73] and therefore suitable for investigations in dense domains like focal
adhesion sites.

Afterwards, the diffusion constant D can be extracted for each track,
using a mean square displacement (MSD) analysis on the base of a Brownian
motion model [100]. MSD calculates the distance, that a particle moves
within a given time ∆t (here: one frame to the next in 31 ms).

MSD = (ε− 4

3
Dte) + 4D∆t

with ε = 4 σ and σ as the Gaussian-distributed localization uncertainty. σ
is derived by determining 15 MSD points of each trajectory. Then, a linear
fit was applied to this curve using 4 points. Each trajectory must exceed a
defined length of 5 frames (0.2 seconds) in order to be considered for MSD
analysis.

In some cases, only determined regions, like focal adhesions, were ob-
served. Therefore, a suitable mask was produced in ImageJ [3] and applied
during MSD calculation.

Furthermore, general normalization and standard deviation calculations
according to section 5.1.2 were applied to the diffusion constants.
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Chapter 6

Super-resolution imaging of
adhesion sites

The static position of a focal adhesion is achieved by the relatively immobile
binding of integrin receptors to their extracellular ligands. All cytosolic pro-
teins assemble to this initial anchoring. Hence, a spatially well structured
organization of focal adhesion sites was hypothesized [12, 55, 131]. This hy-
pothesis is further supported by super-resolution images [76, 117, 33], show-
ing a distinct organization of adhesion sites, but mainly in axial than in
lateral direction.

In Figure 6.1 a typical PALM image of the mEos2-tagged scaffolding
protein Zyxin is shown. The molecules seem to form equally distributed and
laterally defined clusters. This molecular composition can be analyzed and
compared with other proteins, involved in a functional focal adhesion in order
to unravel the individual lateral nano-organization of each protein.

The receptor β3-integrin, the first binding partners Talin, Kindlin1, Kind-
lin2, the signaling complex components FAK, Src, Paxillin, the scaffolding
proteins Vinculin, Zyxin, α-actinin and the cytoskeleton builder β-actin were
imaged by super-resolution microscopy according to section 5.1.1 and section
5.1.2 of chapter 5. A randomly distributing α-helical transmembrane domain
with cytosolic mEos2-tag (TMD) was also measured, serving as a reference.

6.1 Spatial organization

The lateral localizations of adhesion proteins, obtained by PALM experi-
ments were analyzed according to their molecular proximity using degree
distribution analysis (cf. chapter 5.1.2). The degree distributions of one par-
ticular protein were merged together into a 3-dimensional plot, showing the
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Figure 6.1: PALM image of mEos2-Zyxin.
This super-resolution reconstruction of Zyxin suggests a rather symmetric
organization, in which clustered areas alternate with non-clustered areas.

number of neighbors of each detected molecule (x-axis) versus a nanometer
range of 20-50 nm (y-axis). This range corresponds to studies of the adhesion
ability in terms of integrin ligand spacing, which revealed a maximum dis-
tance of ligands below 60 nm for a successful cell adhesion [10, 28]. The third
dimension corresponds to the probability and is encoded by color, whereby
red represents the highest probability and blue the lowest.

6.1.1 Degree distribution of simulations

Three parameters can be derived from degree distribution analysis, which are
visualized in Figure 6.2A on the basis of a simulated random distribution.
First, the distribution with the highest probability (peak value), which states
the most probable number of molecules in a cluster and the corresponding
nanometer size of such a cluster. Second, the width of the most probable
composition in terms of connections can be defined using the full width at
half maximum (peak width). A narrow distribution would correspond to a
more defined organization of the proteins within the observed radii-range of
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20-50 nm. Third, the inclination of each protein distribution is defined by
drawing a diagonal with an angle of 45◦ from the peak value. This diagonal
defines the upper and the lower area of the degree distribution. Then, the
particular probabilities in both areas are calculated, followed by determining
the ratio of upper and lower area. Simulated distributions reveal a rather
high ratio for random distributions and a low ratio for highly structured
distributions.

Figure 6.2 illustrates further the degree distributions of two simulations,
with defined clusters. In Figure 6.2B a 4 nm cluster containing 4 parti-
cles is formed, whereas Figure 6.2C represents a 50 nm cluster, containing
100 particles. The x-axis of both plots was moved by +1 and represents the
particles instead of the neighbors, for a better understanding.

Figure 6.2: Degree distribution of simulations.
The degree distribution of a random distribution is shown in A. In this exam-
ple, the derivable parameters are demonstrated and explained. The degree
distribution of another simulation, shown in B has defined maxima, which
allow the prediction of a 4 nm cluster, consisting of 4 particles. No prediction
can be derived from degree distribution C, which represents a simulation of
50 nm clusters with 100 particles, each.
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The distribution is clearly distinguishable, as the defined clusters in Fig-
ure 6.2B exhibit sharp maxima in a step size of 4 particles, each. The lowest
y-value is per definition 20 nm and corresponds to the maximal peak value,
containing 16 particles. However, the 3-dimensional degree distribution re-
veals also smaller organization with lower probability. Even well below reso-
lution limit, a fainting peak can be observed corresponding to 4 particles.

Larger clusters of intrinsic randomness produce a different degree distri-
bution, as observable in Figure 6.2C. Here, the distribution does not peak
at distinct values. Instead, the distribution allows no conclusions about po-
tential clusters, since the cluster size coincides with the maximal nanometer
value of 50 nm. Particles within this simulated cluster are not organized,
thus resembling a random distribution. Still, Figure 6.2C does show alter-
ations in the degree distribution, compared to a complete random distribu-
tion shown in Figure 6.2A. Therefore, larger clusters with a random intrinsic
organization cannot be well defined by degree distribution; though they are
distinguishable from complete random organizations.

6.1.2 Degree distribution of adhesion proteins

The degree distributions, obtained from real PALM data of adhesion proteins
can be interpreted on the base of the simulations in Figure 6.2. Figure 6.3
illustrates such degree distributions and Table 6.1 lists the derived parame-
ters. In all illustrated degree distributions the highest probability (colorbar)
was set to 10% for better comparison.

Generally, all degree distributions in Figure 6.3 exhibit a rather narrow
distribution. Only a single peak value with a broad peak width can be
observed, which contradicts a distinct clustering on a nanometer-level (cf.
Figure 6.2B). However, none of the distributions corresponds to a complete
random distribution (cf. Figure 6.2A). Therefore, the tendency of adhesion
proteins to cluster must lie somewhere in between.

The non-functional TMD should distribute randomly in the cell mem-
brane, whereas its degree distribution exhibits a non-random organization
(cf. Figure 6.2A and Figure 6.3). This observation indicates that transmem-
brane proteins do have the tendency to form complexes, even though they
have no biological function. The distribution of Kindlin1 is nearly identi-
cal to the randomly distributed TMD, which corresponds to the observation
that Kindlin1 is distributed across the entire plasma membrane, including
focal adhesion sites. Thereby, an equal distribution of Kindlin1 was observed
across the whole membrane, including focal adhesion sites. In this respect, it
is worth mentioning that Kindlin1 is a cytosolic protein, whereas TMD spans
the membrane. Still, both degree distributions match nearly perfectly, which
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Figure 6.3: Degree distribution of adhesion proteins.
The degree distributions exhibit only one peak value and mostly a broad dis-
tribution width, which contradicts a highly organized system. A tight and
defined clustering would reveal a similar pattern as in Figure 6.2B, which
suggests that none of the investigated adhesion proteins form such clusters.
Instead, larger clusters could be formed with an individual intrinsic distribu-
tion.
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validates the use of TMD as a control for receptors as well as for cytosolic
proteins.

No adhesion protein seems to organize in a distinct pattern, which is
conserved over multiple adhesion sites. Still, they do not match a random
distribution of membrane proximal proteins like TMD and Kindlin1, either.
Some cell-matrix proteins even show similarities in their probability distri-
bution.

Talin and Kindlin2, as well as Src seem to have surprisingly few neighbor-
ing molecules within a 20-50 nm range, with a comparatively distinct peak
distribution (cf. Table 6.1). In reverse this means that on average, these
proteins tend to keep larger distances and do not cluster extensively in a
radius up to 50 nm. Especially Talin and Kindlin2 exhibit a distinct peaking
at 1 or 2 for each chosen radius, which corresponds to maximal one neighbor
on average. Similarities in the spatial organization of Talin and Kindlin2 are
reasonable, as these proteins were shown to have a synergetic effect in terms
of receptor activation (cf. chapter 1.2.1). This suggests a tight interaction
on the molecular level.

Src exhibits a similar distribution, even though it is a major player of
the signaling complex and does not interact with Talin or Kindlin2 directly.
Instead, Src forms a complex with FAK and localizes tightly with Paxillin
(cf. chapter 1.3.1), which is neither mirrored in Figure 6.3 nor Table 6.1.
FAK shows a degree distribution, which resembles rather the degree distri-
bution of the TMD in terms of the calculated parameters in Table 6.1. The
degree distribution and the calculated parameters of Paxillin suggest a rather
individual organization, without similarities to any of the other cell-matrix
proteins. The cytoskeletal scaffolding protein Vinculin has no clearly favored
distribution that could be distinguished with a probability of 10% (setting
of the colorbar). A reason for this observation could be Vinculin’s multiple
binding sites in the rod-domain of Talin, which was shown to span an axial
area of about 40 nm [76]. Since a fully extended Talin can span about 60 nm
(cf. Chapter 1.2.1), Talin accumulates most probably in an angled position.
Therefore, also Vinculin accumulates multiple times in axial and lateral di-
rection, which complicates a proper lateral resolution. The distribution of
Zyxin is even more unspecific, as it spans a total distribution of nearly 80
neighbors (cf. Table 6.1). No preferred cluster degree can be defined pointing
to a broad and unresolvable spatial distribution caused by Zyxin’s multiple
interactions within the actin stress fibers, which are spanning the whole cell
in axial and lateral direction.

α-actinin is a cytoskeletal scaffolding protein too, but reveals a different
degree distribution than Vinculin and Zyxin. According to Table 6.1 the
nanometric organization of α-actinin is rather individual. Furthermore, the
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Protein Ratio y (radius in nm) x (neighbors) Peak width

Actin 1.4415 20 1 6
α-actinin 1.2068 20 1 8
β3-integrin 1.0199 20 1 11
β3-integrinprimed 1.2128 20 1 9
FAK 1.3255 20 1 7
Kindlin1 1.3293 20 1 8
Kindlin2 1.8628 20 1 5
Paxillin 1.2802 21 2 10
Src 1.4543 20 1 5
Talin 1.7233 20 1 4
TMD 1.3548 20 1 8
Vinculin 0.9079 22 3 14
Zyxin 0.7071 35 15 38

Table 6.1: Calculated parameters of the degree distribution of
focal adhesion proteins.
x and y correspond to the peak value.

degree distribution of Actin does not show significant similarities to any of
the other proteins.

All cytosolic proteins could theoretically accumulate in axial direction,
which would produce denser areas like the simulation in Figure 6.2C. If these
axial accumulations are randomly distributed or fluctuate highly in their
composition, it will be reflected as a broad peak width in the degree distri-
bution. Compared to Figure 6.2C, the peak width is rather small for most
proteins. Therefore, adhesion proteins could form large and dense accumu-
lations, but the individual degree distributions could indicate a structured
organization inside such large accumulations.

Degree distribution of β3-integrin

The only functional protein accumulating exclusively in lateral direction is
represented by β3-integrin. However, Table 6.1 reveals that also β3-integrin
seems to build no defined cluster pattern within a 50 nm radius, as was
observed for all other adhesion proteins. Therefore, a potential structured
organization of adhesion proteins cannot be masked by their axial accumu-
lation. Still, a structured accumulation in larger clusters is possible, also for
β3-integrin. Assuming that β3-integrin does have a structured organization,
but in a way that is not easily resolvable with degree distribution, the de-
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gree distribution of a mutated form of β3-integrin could exhibit differences
in terms of neighborhood and favored composition.

The activation of integrin receptors occurs bidirectional (cf. Chapter
1.2.1). A different activation mechanism could entail a different molecular
distribution. As already mentioned, Figure 6.3 represents an average de-
gree distribution, including many datasets of different focal adhesions. It
is not possible to predict, which activation mechanism was responsible for
their cluster organization. Therefore, a mutated integrin was designed, which
only reacts on inside-out-activation (cf. Chapter 4.1.3) primed by Talin. β3-
integrinprimed has two mutations (D119Y and D747R), which prevent ligand
binding and disrupt the cytosolic saltbrigde formation of the heterodimer.
Therefore, outside-in activation is blocked and inside-out-activation sup-
ported, because Talin can access the cytosolic tail of the β-subunit easier.

The mutant β3-integrinprimed reveals a slightly different distribution com-
pared to the wild type β3-integrin, as is illustrated in Figure 6.4. Also Table
6.1 reflects such changes in a higher value for the ratio and a more distinct
peak width, although the peak value remains the same. β3-integrinprimed

seems to have less neighbors on average, which could be interpreted as a
different molecular patterning compared to the wild type.

However, it is questionable, whether such small changes can be considered
as an altered nanometric organization. The mutant might also localize in
focal adhesions, formed by outside-in signaling. However, due to its ligand
binding inability, its total amount in such adhesion sites might be smaller.
As a result, the average cluster size would shrink.

This suggests further, that the expression level of each protein could
influence the average degree distribution significantly, as less clustering is
observed in a low transfected cell.

6.1.3 Influence of the expression level

The results obtained by degree distribution analysis exhibit no distinct nano-
metric cluster formation of adhesion proteins below 50 nm. However, most
proteins do show an individual probability composition, that differs from a
random distribution. Whether cell-matrix proteins contain a conserved in-
dividual molecular structure, and to which degree, cannot be answered by
these results.

The cellular expression level could be a key criterion for a broad degree
distribution. In a poorly transfected cell, a high level of endogenous pro-
teins interfuse the focal adhesion. mEos2-tagged proteins would cluster with
the endogenous pool in order to scaffold the focal adhesion, which causes a
fragmentary picture of the composition in a PALM experiment. In a focal
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Figure 6.4: Comparison of the degree distributions of the wild
type β3-integrin and a Talin-primed mutant β3-integrinprimed.
Both integrins have a similar degree distribution, however the peak of the
mutant (B) is minimally shifted towards less neighbors. This could indicate
a different intrinsic organization of β3-integrinprimed compared with the wild
type in adhesion sites.

adhesion with high endogenous protein level, the over-expressed, activatable
fraction will deliver a super-resolution reconstruction, which has less proteins
in a cluster, meaning less molecules in close proximity. If these localizations
are mixed with localizations derived from cells with a lower endogenous level
in the adhesion sites, a degree distribution with less defined peaks would be
the result. The peak value could be shifted towards less clustering and the
peak width would increase dramatically.

For PALM experiments only cells with a high transfection level were
chosen to ensure an almost complete occupancy of tagged proteins in focal
adhesions. This could be verified by a high cytosolic pool of over-expressed
protein. Nevertheless, a further control of the expression level could help to
interpret the degree distributions.

The expression level corresponds to the density of the localizations in-
side a focal adhesion, which was calculated after Chapter 5.1.2. Significant
variations in terms of expression level between cells should be visible by
different density of their focal adhesions. In Figure 6.5 the densities of all
focal adhesions analyzed in section 6.1 were plotted according to their over-
expressed protein. Only the scaffolding proteins Vinculin and Zyxin, that
possibly localize axially in multiple layers, reveal a comparably broad spec-
trum of different densities. All other proteins show a tighter density range,
though not as narrow as the TMD control. The question remains, whether
such variations are caused by different expression levels or rather by a differ-
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Figure 6.5: Expression level.
The protein densities differ for each focal adhesion, suggesting variations in
the expression level. However, regarding only focal adhesions of a single cell
(red dots in the integrin plot), reveals that the density variations are based
on individual focal adhesions. Therefore, differences in the expression level
per se are of no decisive consequence for the further analysis. Instead, each
adhesion site must be considered individually.

ent molecular organization of single focal adhesion sites. To answer this, all
densities derived from several focal adhesions of a single cell were visualized.

In Figure 6.5, red spots are highlighted in the density variations of β3-
integrin and represent individual adhesion sites of only one single cell. This
means, all adhesion sites are formed by a similar amount of endogenous and
overexpressed β3-integrin since they are all derived from the same cell, how-
ever the density variations are large. Obviously, these variations cannot be
caused by the cellular expression level; instead focal adhesion sites them-
selves vary in their composition. With this observation the merging of all
localizations together in order to obtain reliable structural information, as
was done in section 6.1.2, seems questionable. Instead, single focal adhesions
could be examined to exhibit their nano-organization.

6.1.4 Nano-polarity of single focal adhesions

It is well established, that focal adhesion sites arise in a polar manner [20,
157, 61], induced by retrograde actin flow and actomyosin contractility. The
polarity could influence the molecular composition not only on the micro-
scale but also on the nano-scale. Regarding this, each focal adhesion could
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have an intrinsic polarity, thus showing a different molecular architecture in
the front (towards the cell edge) and in the back (towards the cell center)
part of the adhesion site.

Figure 6.6: Investigation of an intrinsic polarity of focal adhe-
sion sites.
The particular focal adhesions are marked with a red box and were observed
in terms of their nano-organization. The arrow points in direction of cell mi-
gration (front). The degree distributions show different patterns, depending
on the area within a single focal adhesion. However, there is no universal po-
lar organization but an individual one for each focal adhesion. This suggests,
that all adhesion sites have individual nano-organized structures.

In order to investigate a potential polarity in the nano-structure, single
focal adhesion sites were separated into front, middle and back part, and
analyzed to obtain the particular degree distributions. The resulting degree
distributions exhibit a surprisingly modified picture. Some focal adhesions
did not show significant alterations, while others reveal striking differences.
Some example degree distributions are illustrated in Figure 6.6. The average
peak value and its distribution varies according to the observed area indi-
vidually. The neighborhood of Paxillin (Figure 6.6A), for example, exhibits
a significant change in the back part of the focal adhesion. The degree dis-
tribution peaks at below 1 neighbor, whereas middle and front part have
peak values for 3-5 neighbors. It is worth noting, that such results are not
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predictable by observing the corresponding PALM image. In contrast to Pax-
illin, Talin exhibits the lowest peak value in the front region, with increasing
tendency towards the back part (Figure 6.6B). The last example degree dis-
tribution in Figure 6.6C is represented by Vinculin, which does not reveal
large intrinsic alterations in terms of its neighborhood distribution between
front, middle and back area.

These examples demonstrate a large variation of molecular organizations
in a single focal adhesion. Each focal adhesion reveals individual alterations,
which are not comparable to other focal adhesions. The polarity of adhe-
sion sites is not reflected in a molecular density gradient. Even two focal
adhesions, which are spatially close to each other, do not share the same
characteristics in their degree distribution (not shown). This observation
leads to the assumption that focal adhesions do not have a universally valid
polar nano-organization; however they do contain spatial differences in their
nano-architecture.

The output of the polarity check in Figure 6.6 proves that cell-matrix
proteins cluster in different compositions, without apparent pattern. Hence,
for a reliable information about clustering behavior of focal adhesion proteins,
it is not advisable to pool several raw datasets together. Even the merged
cluster information within a single focal adhesion contains only an average
value, which does not represent the real situation.

6.2 Spatial organization in single focal adhe-

sions

The intrinsic molecular organization of single focal adhesions differs signif-
icantly, without revealing a general polarity. The proximity information,
obtained by degree distribution, further contains the information about the
lateral xy-coordinates. Accordingly, the lateral positions can be plotted, in-
cluding the proximity information of the degree distribution by color. By
doing so, the mandatory radius cannot serve as a variable parameter any-
more and must be determined.

In Figure 6.7 the spatial distribution of Paxillin inside a focal adhesion
is depicted as a proximity plot. Strikingly, a single focal adhesion consists
of areas with different protein densities, culminating in high density areas,
as is highlighted in red. This confirms the assumption of section 6.1.2, after
which the observed degree distributions are the results of rather large clus-
ters. A super-resolution observation like this is not new, but was not further
investigated so far [133].
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Figure 6.7: Lateral visualization of the degree distribution of
Paxillin. Each localization is colored according to the number of its neigh-
boring molecules in a radius of 50 nm (A) and 25 nm (B), respectively. Dense
domains can be recognized in both plots. Plot B shows more details and
furthermore detects smaller clustered domains (arrow).

The applied degree distribution in Figure 6.7B used a radius of 25 nm,
which lies above the achievable resolution limit. In Figure 6.7A a radius of
50 nm was applied, which exhibits generally the same density distribution as
Figure 6.7B, when the color bar is adjusted accordingly. However, clusters
were more distinct with a smaller radius, visible in a more confined shape.
Furthermore, rather small dense areas could not be traced with a radius
of 50 nm, as indicated by the arrow. Consequently, a radius of 25 nm was
generally applied to all reconstructed PALM-images, leading to a spatially
resolved degree distribution of all observed proteins which can be further
analyzed.

6.3 Protein nano-clusters in adhesion sites

Strikingly, all investigated cell-matrix proteins exhibit randomly distributed
clustered domains within focal adhesions (not shown), matching the results
from section 6.1.4, where a random distribution was predicted.

It was already shown that the nanometric organization is independent
of polarity (cf. section 6.1.4). However, the cellular localization of focal
adhesions could influence their structure. Distributions of focal adhesions
in the cellular edge can be compared to focal adhesions localized in the cell
body. It is likely that differences in density distributions will be observed,
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as focal adhesions in the leading edge serve different purposes than the ones
in the cell body. Adhesion sites in the cellular edge do not only function as
an anchoring tool, but also as environmental sensors [61], directly involved
in cell signaling [159]. The edge contains the early lamella, and represents
the area of focal complexes and focal adhesions. Accordingly, the maturation
state ranges from focal complex to all maturation stages of a focal adhesion.
In the cell body, mainly mature focal adhesions and fibrillar adhesions are
present [77], whose main task is cellular anchorage. Furthermore, the edge
regions are exposed to significantly stronger traction force (cf. chapter 1.4).
Alterations in the molecular organization could be modulated by force and
should be distinguishable when comparing the molecular densities of cellular
edge and body.

The influence of force can further be studied by using force inhibiting
drugs, such as Y-27632 (Y27) which prevents cellular traction force and
causes the creeping degradation of actin bundles and focal adhesions, as it
inhibits ROCK (Rho-associated kinase), and Cytochalasin D (CytD) which
prevents F-actin polymerization by masking the plus-end, and thus induces
F-actin degradation. The proximity distribution of all adhesion proteins
was also studied after force inhibition. It was expected that force inhibition
would produce a condition, similar to membrane localization outside of ad-
hesion sites. Consequently such areas were selected in untreated cells. The
resulting proximity distributions can serve as a reference.

6.3.1 Molecular density degree in adhesion sites

In order to distinguish the amount of dense versus less dense areas, a thresh-
old for the maximal number of neighbors was applied to each proximity plot.

In section 6.1.3 it was demonstrated, that the difference in density is
not derived from expression level variations, but from individual alterations
among focal adhesions. All cell-matrix proteins reveal density differences in
every single focal adhesion. Dense domains in generally less dense adhesion
sites exhibit less neighbors than dense domains in dense adhesion sites. The
focus here lies on dense domains in general, which includes also dense do-
mains in less dense adhesion sites. In order to reach a statistical output,
an individual threshold for each focal adhesion was applied by defining the
maximal number of neighbors.

The results showed that the density differences in general were not that
big. For TMD, Actin and α-actinin the lowest threshold, defining a dense
domain, ranged between 45-55 neighbors. For all other proteins, a dense
domain was defined by more than 40-45 neighbors. One Zyxin-transfected
cell had generally very dense adhesion sites and therefore a threshold of
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more than 60-65 neighboring molecules was set. A threshold of 50 neighbors
was universally applied to proximity plots derived from force inhibited cells.
After individual threshold adjustment of each proximity plot, the molecules
in dense domains were indicated in red, and the molecules in sparse domains
(under 20-30 neighbors) in blue. Molecules in intermediate domains were
colored in green. The fraction of molecules in dense, intermediate and sparse
domains were plotted in a bar diagram. Due to the individual adjustments,
all percentage distribution of cellular edge, body or membrane, respectively,
were merged in a single bar diagram, represented in Figure 6.8. The same
procedure was applied to distributions of force inhibited cells.

It is worth mentioning, that the percentage distributions cannot be con-
nected with the degree distribution from section 6.1.2. Formerly grouped
proteins like Talin, Kindlin2 and Src do not exhibit similarities in their den-
sity distribution after manual threshold adjustment.

Cellular localization of adhesion sites

The percentage bar plots reveal no cellular localization dependency for pro-
tein aggregations in focal adhesions. Both, cell body and cell edge adhesion
sites, show basically the same distribution for all cell-matrix adhesion pro-
teins. A tendency in the direction of enhanced cell body localization of dense
domains can be interpreted for Src, Actin and Zyxin. Furthermore, the cell
body focal adhesions formed by over-expressed β3-Integrin and FAK contain
slightly more molecules in close proximity. However, considering the error
bars, the amount of dense domains seems to be equal for cell body and cell
edge for all proteins.

Cell-matrix proteins outside adhesion sites: An interesting observa-
tion can be derived from the reference showing the distribution of adhesion
proteins outside of focal adhesions. Here, the same threshold was applied as
for adhesion regions (40-60 neighbors). While there is nearly no dense mem-
brane clustering for FAK, Talin and Actin, a fair amount of dense areas can
be observed for Paxillin and α-actinin. Paxillin has many potential protein
binding sites, which could cause an involvement in other unknown membrane
processes. α-actinin contains a PIP2 binding site, which allows membrane
localization. In addition, β3-integrin has a tendency to form clusters outside
of focal adhesions. This is not surprising since many transmembrane proteins
exhibit a tendency to form clusters, as can be observed for TMD, as well.

A comparably large fraction of Vinculin, Src and Zyxin seems to cluster
already in non-adhesive membrane regions. Src is also involved in other bi-
ological processes than cellular adhesions [6], and is generally not strongly
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Figure 6.8: Percentage distribution of densities.
The percentage of molecules accumulating in high (red), medium (green)
and low (blue) densities is illustrated. The amount of molecules in dense
areas does not vary between cell body and cell edge, when the error bars are
taken into account. Force inhibition by Y27 or CytD does not influence the
molecular density. (Error bars shown are the standard error of the mean.)
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localized in focal adhesions. Therefore, the enhanced membrane cluster-
ing could correspond to interactions in other signal transduction pathways,
irrelevant for adhesion sites. Instead, Zyxin and Vinculin are known exclu-
sively as adhesion proteins, which makes their membrane localization very
interesting by itself. It could correspond to the unusual formation of nascent
adhesions within the cell body, since Vinculin localization appears in the first
steps of adhesion formation (cf. chapter 1.3). Zyxin instead, becomes only
recruited after actomyosin activity, which excludes a localization in nascent
adhesions. The high density outside of focal adhesions could also represent
a pre-formed membrane complex or a membrane-standing left over of such
proteins. However, this will not be further investigated in this work.

Controls for random spatial distribution: The investigation of the
controls TMD and Kindlin1 exhibit interesting information as well. Since
both proteins do not localize in focal adhesions, an additional FAK-immuno-
staining (cf. Chapter 4.3.2) was done to distinguish between adhesion and
membrane area. There are no differences in density distribution between
both areas, corresponding to their random distribution observed in section
6.1. However, a striking observation is represented by the large amount of
dense domains in Kindlin1 and TMD control. Even though, the threshold
setting was in the same range as for most other proteins, the number of
highly dense and medium dense clusters is comparatively large. This speaks
for a quite reasonable clustering affinity of randomly distributed proteins. It
seems that proteins, involved in large protein assemblies like adhesion sites,
do cluster even less than unspecific proteins. However, the induction of such
clusters can be caused by the fixation treatment, as success and efficiency of
fixation is still questionable [139].

Force dependency of dense domain formation

Figure 6.8 contains not only information about the density differences in
terms of cellular localization of the focal adhesions. It can also be used to
investigate the connection of dense areas to traction force, as it was men-
tioned that actomyosin contractility differs significantly between early and
late adhesions.

The equal distribution of dense areas in cell edge and body for all proteins,
observable in Figure 6.8 contradicts force dependency of protein aggregations.
The presented data contains only focal adhesions in all maturation states,
but no focal complexes or nascent adhesions (cf. sections 1.3 and 1.4 of
Chapter 1), which could possibly exhibit a different picture, as force could
influence the initial formation.
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The effect of traction force inhibition is illustrated in the percentage bar
diagrams derived from Y 27 and CytD incubated cells. Here, a distinction
of different focal adhesion sites could not be made, as most adhesion sites
disappeared completely, resulting in a merged area selection of former adhe-
sion sites and membrane. Interestingly, the proximity plots of force inhibited
proteins rather resemble the proximity plots of the adhesion sites than the
ones of the membrane control. This stands for the surprising maintenance
of adhesion proteins at the membrane, instead of being released into the cy-
tosol. After drug treatment, no distinct focal adhesions could be observed
by eye. However, on a nanometric level, fragments of the basic structure
still remain at the membrane. Since force inhibition is a reversible process in
living cells, it was observed that recovering adhesion sites assemble at similar
positions as before the drug incubation (unpublished observation). There-
fore, these dense areas, remaining after drug incubation, could function as
the foundation of new adhesion sites.

Generally, these results support a force-independent formation and main-
tenance of dense domains. However, a potential function as modulator cannot
be excluded, considering these results alone.

6.3.2 Cluster analysis

The proximity plots and their corresponding percentage bar diagrams already
give some information about general distributions, but no information can be
derived about the size and the amount of clusters. This might differ between
edge and body due to cluster density variations, which cannot be reflected
by the bar diagrams.

Dense domains were analyzed according to size and density using DB-
SCAN cluster analysis and a complementary elliptical fit (cf. Chapter 5.1.2).
The results derived by cluster analysis are listed in Table 6.2.

Most proteins show a mean cluster size of 50-65 nm and an average scat-
tering of about 3 clusters/ µm2, regardless of their localization inside the
cell.

The signaling proteins FAK and Src exhibit a slightly higher cluster size
of 75-90 nm, whereas Src clusters must be much denser, according to the
percentage distribution of Figure 6.8. Paxillin, which is known to interact
tightly with FAK and Src, reveals larger clusters of about 100 nm size. Pax-
illin’s average number of clusters per µm2 is also a bit higher than the average
number of most other cell-matrix proteins. However, according to Figure 6.8,
the chosen threshold seems to fit since the density fractions are comparable
to the ones of most other proteins. This alterations are probably linked to
the focal adhesions selected for analysis, but could also indicate a difference
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PROTEIN Localization AVG Diameter StdDev AVG No/ µm2

Actin edge 49 44 1.5
body 51 41 2
Y27 54 37 2

α-Actinin edge 50 47 3
body 53 35 3
CytD 62 68 2

β3-Integrin edge 56 45 3.5
body 54 37 2
Y27 25 15 4
CytD 37 31 3

FAK edge 76 40 2.5
body 90 49 2.5
Y27 67 29 4

Kindlin2 edge 25 4 1
body 27 16 2
Y27 45 42 1

Paxillin edge 100 38 4
body 107 70 4.5
CytD 172 96 1.5

Src edge 89 109 2.5
body 76 85 3.5
CytD 75 77 1.5
Y27 57 61 1.5

Talin edge 54 45 2
body 44 41 2
Y27 64 30 1.5

Vinculin edge 53 45 2.5
body 50 43 3.5
Y27 58 62 2
CytD 65 57 2.5

Zyxin edge 260 116 7.5
body 272 152 11
Y27 199 92 3

Kindlin1 cell 73 59 3.5
TMD cell 47 33 3.5

Table 6.2: Cluster analysis of dense domains inside focal adhe-
sions.
Most clusters span a diameter of less than 100 nm. However, the variations of
cluster size are rather big resulting in large standard deviations. A difference
between cellular localization or upon force inhibition cannot be predicted.
The average number of clusters per µm2 shows also a similar distribution for
most adhesion proteins.
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in the localization of Paxillin. Paxillin plays a role, not only in the signal-
ing complex, but it functions also as an important scaffolding protein which
could explain larger Paxillin aggregates in focal adhesions.

The smallest clusters of under 30 nm are detected for Kindlin2, which
shows also a very small percentage of dense areas in Figure 6.8. This in-
dicates an incorrect threshold, which is further supported by the average
number of clusters/µm2 . Here, only a comparatively low amount of only
1 or 2 was calculated. An additional threshold check revealed an adequate
choice, though. The localization of Kindlin2 in adhesion sites is rather loose,
which could be accompanied by less aggregation. Furthermore, the loose lo-
calization complicates a proper threshold setting and therefore can still be a
critical factor.

Zyxin in contrast, shows by comparison the biggest clusters of more than
250 nm in diameter. Furthermore, the average number of clusters is remark-
ably high, which corresponds to the density percentage in Figure 6.8. Zyxin
revealed many dense areas of undefined shape, which were often connected
with each other. The cluster parameters are derived from an elliptical fit,
which could induce problems with poorly defined cluster shapes. Therefore,
the cluster results of Zyxin should be treated with caution.

Kindlin1 and TMD as non-specific localizing proteins exhibit comparable
cluster sizes and distributions. However, as Figure 6.8 shows, the percentage
of dense areas is clearly higher than in adhesion proteins which implies a
formation of denser clusters.

The cluster analysis for force inhibited (Y27, CytD) samples reveals in-
teresting information. According to Figure 6.8, the number of molecules
forming dense domains remain mainly the same compared to focal adhe-
sions. Table 6.2 reveals that the size of a dense domain seems to increase
upon force inhibition. The average clusters per µm2 support this impression
by a lower number compared to untreated samples. Therefore, the dense
domains observed in focal adhesions, seem to rearrange into bigger, but not
denser clusters. The only significant outlier is represented by β3-integrin,
which exhibits cluster shrinkage upon force inhibition. Such a result is diffi-
cult to place, because especially β3-integrin was expected to be less affected
than all other cell-matrix proteins. As a receptor, β3-integrin is anchored to
the ECM which implies an additional stabilization of its position. The fact,
that all other adhesion proteins remain on the membrane implies further
that β3-integrin serves as foundation for their accumulation. Both cannot
be confirmed by the calculated cluster parameters of Table 6.2. The den-
sity percentage diagram in Figure 6.8 would predict another result, as well.
Therefore, the cluster shrinkage of β3-integrin upon force inhibition remains
puzzling.



6.3. PROTEIN NANO-CLUSTERS IN ADHESION SITES 69

Difficulties with cluster definition: Regarding the standard deviation,
the interpretation above becomes rather relative. For most proteins, the
variation is in the same range as the diameter itself. This is mainly caused
by the large differences in cluster size itself.

Figure 6.9: Proximity plot of Kindlin1. A large membrane region
is illustrated, which exhibits Kindlin1 aggregations in all densities and
sizes. Furthermore, most dense areas are not round but elliptic or of
undefinable shape. This example mirrors the observations of all other
investigated adhesion proteins, which show similar variations of dense
domains.

Figure 6.9 shows an example proximity plot of Kindlin1. It exhibits
several dense domains, which largely differ in their density, as can be dis-
tinguished by color. Therefore, already the choice of the right threshold is
not trivial and continues with a harsh cluster analysis. When a dataset con-
tains big and small clustered regions of diverse densities, the software applies
a threshold corresponding only to the regions of high density. As a result,
dense clusters will mask the less dense clusters, which is entailed by the in-
tegration of only a small part of less dense clusters. This affects the average
cluster size as well as the standard deviation. Furthermore, the clusters are
not uniformly round, but have elliptical shapes up to undefined formations,
which can cause fitting problems. The presented analysis in Figure 6.8 and
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Table 6.2 can give evidence for a possible clustering of focal adhesion proteins,
but does not reflect the real observations in a reasonable manner.

An acceptable conclusion of the presented cluster interpretation would be
that the observed clusters alter remarkably in size, position and density even
in a single focal adhesion. However, they do not exceed a size of 150 nm.
Besides, the clusters appear in all maturation states of focal adhesions and
do not differ significantly among the cell-matrix proteins. The mentioned
differences observed for Kindlin2 and Zyxin as well as for the force inhibited
β3-integrin could be a result of inaccurate thresholding or cluster definition
and fitting.

The results of force inhibited samples reveal not only the persistence of
nanometric clusters, but suggest even an enlargement compared to adhesion
structures. However, it is not traceable if these structures are localized in
former focal adhesions or if they are equally distributed in all membrane
areas.

6.4 Speculations concerning protein accumu-

lations

According to the conclusion of section 6.3.2, the protein aggregates within
focal adhesions most likely show a similar size and distribution across all in-
vestigated proteins. Therefore, it can be speculated that all involved proteins
accumulate together in these dense clusters. Protein aggregates could repre-
sent a potential center for signal transduction, or serve as a foundation for
strong traction force. In sections 6.1.4 and 6.2 it was demonstrated that there
is no visible intrinsic pattern, nor a general polarity. Instead, highly dense
domains scatter randomly in the entire adhesion site. Furthermore, their
appearance does not correlate with the localization or size of focal adhesions.

The PALM results suggest a force-independent formation of these dense
domains. However, the initial application of traction force could induce
protein aggregation by recruitment of supporting scaffolding proteins. No
nascent adhesions, which are generally force-independent, were observed in
this chapter to study this hypothesis. However, force inhibition did not neg-
atively affect dense areas. Instead, force inhibition led to a slight increase of
cluster size for most cell-matrix proteins.

Protein aggregations distribute equally in all focal adhesion maturation
states, starting from young adhesion sites in the early lamella. This indicates
an early formation of dense domains and a late disassembly. Once formed,
dense domains could persist until turn-over in the focal adhesions. Therefore,
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dense areas could occur via diffusion-driven formation, most probably based
on integrin receptors.

The steps of adhesion formation are still not completely understood, but
receptor-ligand binding is mandatory and induces further integrin clustering.
Since a recruitment mechanism is very unlikely for transmembrane proteins,
integrin clustering emerges, most probably, by randomly diffusing integrins,
hitting immobile receptors. An eventual integrin-integrin affinity would in-
duce deceleration and could increase the probability for integrin receptors of
getting trapped by ligand or Talin. Such diffusion-driven integrin clusters
recruit cytosolic proteins, which in turn form protein clusters in response to
their binding to the dense integrin-tails. In this case, a directed functionality
is questionable, though a signaling center is possible.

Both hypotheses cannot be verified by PALM experiments, because fixed
cell experiments provide no information about protein dynamics. However
live cell experiments can be performed to study the dynamic changes of
clustered areas, as was done in the following Chapters.
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Chapter 7

Single particle tracking in
living cells

In order to further investigate the dense domains discussed in Chapter 6, sin-
gle particle tracking was performed to monitor the dynamic behavior of the
transmembrane receptor β3-integrin, tagged with mEos2. Temporal alter-
ations of the diffusion constant were observed when inducing the formation
and degradation of focal adhesions. All other proteins are recruited from
the cytosol, which prevents the calculation of diffusion constants. Instead, a
spot-activation experiment was performed, to unravel whether the observed
protein aggregations are targets of enhanced adhesion protein recruitment.

7.1 Mobility changes of β3-integrin upon force

inhibition

In Chapter 6.2 it was shown that force inhibiting drugs do not significantly in-
fluence the density distribution of cell-matrix proteins. Furthermore, protein
aggregations persist even after force inhibition, suggesting force-independency.
However, these PALM experiments were performed upon high cellular stress
since the time of drug incubation was comparably long, followed directly by
fixation. After this kind of treatment, the formation of artifacts is possible.
Hence, such results obtained by PALM should be validated with additional
live cell experiments.

If traction force induces protein aggregation, force alterations should af-
fect the size and number of dense domains. The PALM results contradict
this, by showing equal amounts of dense domains in all maturation states of
focal adhesions (cf. Figure 6.8). In living cells, this result can be verified
by visualizing dynamic alterations upon force inhibition. If traction force

73
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functions as a major inducer of dense domains, subtraction of force should
even lead to the rapid disassembly of highly clustered domains. Further,
the lack of traction force should lead to an equally dense distribution for all
remaining adhesion fragments.

7.1.1 β3-integrin dynamics influenced by force inhibi-
tion

Figure 7.1B shows the disassembly of the force-dependent adhesion protein
Zyxin upon Y27 incubation in HeLa cells. Zyxin was co-transfected as a
reference for successful force inhibition, as the creeping disappearance of
Zyxin correlates with the loss of force in adhesion sites. β3-integrin is also
influenced by Y27 but with less obvious effect, as illustrated in Figure 7.1A.
This effect can be better demonstrated by changes in the mobility of β3-
integrin. Force inhibition supports the release of former immobile integrin
receptors from adhesion sites, indicated by increased diffusion constants, as
shown in Figure 7.1C.

The effect of Y27 on each cell can vary upon incubation time (5-30 min),
depending on the quality of Y27 as well as on the individual reaction of the
cell upon drug incubation. Furthermore, the recovery rate after Y27 wash
out differs among cells and can take 20 to 60 min. Due to these efficiency
variations, the averaged diagram in Figure 7.1C (left) provides only infor-
mation about initial drug incubation (Y27) and the subsequent time point
for drug wash out (W/O) directly after complete Zyxin loss. The average
diffusion constant of each cell can yield different values, too. This is mainly
caused by the number of focal adhesions. In a cell with many adhesion sites,
a large fraction of β3-integrin is immobile, while cells with less focal adhe-
sion sites have a larger fraction of β3-integrin in the unbound, mobile phase.
As a consequence, all values were normalized to the initial diffusion before
drug incubation. Despite considering such disturbing factors, the observed
Y27 effect in the normalized diagram does show little effect and large error
bars. Therefore, the diagram of a single experiment with apparent changes
is shown in Figure 7.1C (right), which in addition provides an insight into
the average diffusion constants.

When Y27 is removed, the cell can recover by forming new focal adhe-
sion sites, which is indicated by a drop of the average diffusion constant in
Figure 7.1C. As the amount of newly formed adhesion sites can be differ-
ent from the amount before drug treatment, no definite conclusion can be
given about the completeness of recovery. A cell contains two major integrin
receptor states. The active ligand-bound state in focal adhesions and the
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Figure 7.1: Effect of Y27 incubation.
Y27 induces focal adhesion disassembly. Subtle changes are observable for β3-
integrin (A), while Zyxin disassembles completely (B). The average diffusion
constant of β3-integrin increases upon Y27 incubation and drops again after
wash out, as can be observed in the normalized diagram as well as in the
single experiment (C-E).
The start-value represents β3-integrin diffusion before Y27 treatment, Y27
indicates the time point of Y27 addition and W/O stands for the timepoint
of wash-out. Error bars shown are the standard error of the mean.
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inactive state, diffusing in the membrane outside of focal adhesions. There-
fore, it should be distinguished between focal adhesion area and remaining
membrane area, to observe the temporal mobility changes of β3-integrin. In
order to remove the trajectories inside the focal adhesions, the wide field
localization of mtagBFP-Zyxin directly after addition of Y27 was used as
reference image for adhesion sites. A mask of this image was generated and
then applied to the β3-integrin trajectories. As Zyxin is only recruited to
focal adhesions being exposed to actomyosin contractility, the choice as a
reference protein seems valid.

Mobility in the membrane outside of focal adhesions: In Figure 7.1D
only membrane regions without focal adhesion sites are considered. Interest-
ingly, the average diffusion constant of β3-integrin increases after Y27 incu-
bation. This result is surprising, as freely diffusing integrin receptors should
not be affected by force inhibition. Nascent adhesion complexes, which con-
tain immobile integrin receptors, are not yet connected to the cytoskeleton
and cannot be impaired by Y27. Therefore, the observed mobility increase is
puzzling and might be an artifact of the mask application. It is conceivable,
that small focal contact sites were not included, because the recruitment of
transfected Zyxin was not sufficient to create a visible localization in wide-
field. In turn, the trajectories occurring in these regions are also included in
the diagram of remaining membrane. As both, single experiment diagram
and the normalized diagram reveal a visible mobility increase of β3-integrin
upon Y27 addition, an inefficient mask-selection of focal adhesions seems
plausible. Apart from that, a clear decrease of integrin receptor mobility is
visible, as soon as Y27 was washed out. This effect can be attributed to the
formation of new focal complexes, followed by their maturation into focal
adhesions. The recovery of focal adhesion sites was often not very efficient,
which is indicated by the large error bars after wash out in the normalized
diffusion in Figure 7.1D. In case of poor recovery, β3-integrin does not im-
mobilize to form new adhesion sites and maintains a rather high average
diffusion constant.

Mobility in adhesion sites: The alterations exclusively inside focal ad-
hesions are shown in Figure 7.1E, based on the same mtagBFP-Zyxin image
as a reference mask. Interestingly, the diffusion constant increases just very
slightly during Y27 incubation. Only after drug wash out, the diffusion con-
stants rise significantly. A possible reason can be found in the anchorage
of integrin receptors. The immobility of integrins is not only caused by the
intracellular connection to the actin cytoskeleton, but also by its binding to



7.1. MOBILITY CHANGES UPON FORCE INHIBITION 77

the extracellular matrix. Accordingly, the Y27 induced intracellular integrin
release does not automatically cause a ligand detachment. Hence, most inte-
grin receptors remain at their static position and show only minor diffusion
changes. The supportive Figure 7.2 shows the average diffusion constants of
the mobile (>0.2 µm2/s), immobile (<0.1 µm2/s) and intermediate fraction
and reveals observable changes. The immobile fraction decreases, while in-
termediate and mobile phase increase upon Y27 incubation. However, the
largest fraction remains immobile and drops only by about 10% compared to
the reference diffusion before Y27 incubation (start). As the effect is rather
small, other turn-over mechanisms might take over. β3-integrin could dis-
appear by endocytosis or simply by a lack of efficient β3-integrin exchange.
Low exchange rates would not reduce the amount of integrins in the vanish-
ing focal adhesion, but could induce the false impression of strong β3-integrin
reduction, as bleached molecules will not be exchanged.

Figure 7.2: Mobility changes of β3-integrin in focal adhesions.
Y27 affects the mobility of β3-integrin inside focal adhesion sites. The diffu-
sion constant of the mobile and intermediate fraction increase directly after
Y27 addition, while the immobile fraction decreases. However, the changes
are not that big, as the immobile fraction falls by average 10% until drug
removal. (The mobility classification corresponds to [117].)

When Y27 is removed, possibly the buffer flow breaks the binding between
ligand and integrin and causes an increase in diffusion, as observable in Fig-
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ure 7.1E. From the moment of wash out, β3-integrin’s mobility seems to stay
relatively constant. Still, noteworthy are the large error bars, as were seen
also for the recovery of remaining membrane (Figure 7.1D). The same prin-
ciple can be applied in regions of former adhesion sites. Some of the initial
focal adhesion sites recovered (the diffusion constant dropped) while others
disassembled completely or reassembled in new regions (diffusion constant
reached plateau). A look at the single experiment in Figure 7.1E exhibits a
maximum value at 15 min after wash out for the average diffusion constant.
Then the mobility declines again, but does not reach the initial value. Here,
focal adhesions did probably mainly disassemble but few recovered in the
initial area.

7.2 Density alterations upon force inhibition

In section 7.1 it was demonstrated that alterations in the diffusion of β3-
integrin receptors caused by Y27 incubation can be mapped by calculating
the diffusion constants. Since the largest fraction of the β3-integrin receptor
remains immobile in adhesion sites, the maintenance of dense domains and
their dependency on force can be studied.

If dense domains are induced by traction force, an asymmetric disassem-
bly of focal adhesion sites could be an indicator, since the release of strong
pulling forces should lead to rapid vanishing of the dense domains. A protein
cluster should disassemble as soon as the actomyosin contractility in this re-
gion stops. Therefore, the diffusion constants of β3-integrins inside a cluster
should be similar in the short time interval of release. Furthermore, the force
inhibition should induce a complete vanishing of dense domains and leave an
equal distribution.

Trajectories of β3-integrin-mEos2 were detected during Y27 incubation
in order to spot a potential loss of the dense domain structure. To further
verify the spatial organization, the number of immobile neighbors in a radius
of 150 nm was calculated according to Chapter 5.1.2. This radius corresponds
to the largest protein clusters observed and analyzed in Chapter 6. In live cell
experiments - as in PALM experiments - only single molecules were observed.
Still, the resolution in a living cell experiment is always lower than in a PALM
experiment, due to cell and protein dynamics, which allows the application
of a rather large radius.

Figure 7.3 visualizes the neighborhood changes inside focal adhesions of
two Y27 incubated cells. Both cells show a degree distribution peaking at
around 5 to 10 connections. No significant changes in the number of neigh-
bors can be detected upon progressing Y27 incubation, which reflects the
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maintenance of the initial average cluster distribution. This reveals that ac-
tomyosin contractility loss does not affect the cluster degree and does not
change the dense domain structure per se. Only the removal of the drug
causes the disassembly of the remaining structures. According to this ob-
servation, the general density of β3-integrins seems to remain mainly equal
upon Y27 incubation, which corresponds to the small changes in the diffusion
and mobility, observed in the Figures 7.1 and 7.2.

Figure 7.3: Alterations in the degree distribution during Y27
incubation.
The loss of traction force does not affect the average distribution of β3-integrin
receptors in a radius of 150 nm, which indicates the maintenance of the pre-
formed cluster structure. Only drug removal induces the disassembly of clus-
ters.

7.2.1 Dynamic distribution of β3-integrin in adhesion
sites

Force inhibition could affect only a subset of clustered areas, which will
not be mirrored in the average degree distribution. Therefore, only some
dense domains would disassemble quite rapidly, visible by higher individual
diffusion constants in a nearby area.

An example focal adhesion is visualized in Figure 7.4, which distinguishes
between mobile and immobile molecules [117]. Only the first localization of
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Figure 7.4: Distribution of the mobile (blue) and immobile
(red) fraction of β3-integrin upon Y27 incubation.
The mobile fraction is equally distributed in the entire adhesion site (A and
B), which does not support a sudden release of β3-integrin upon traction
force loss. However, former dense domains seem to vanish (indicated with an
arrow) while dense areas form in other areas.

each trajectory was plotted as a reference for its initial position. In Figure
7.4A some potential dense domains are visible by eye, which are mainly im-
mobile. Still, some mobile β3-integrin molecules are scattered quite equally
over the entire focal adhesion, including the rather dense areas. In Figure
7.4B, neither an accumulation of mobile molecules can be observed nor a
gradient that would indicate an asymmetric turn-over. The distribution of
mobile molecules in a focal adhesion contradicts traction force dependency.
However, an argument for force-dependency can be found since the dense do-
mains, visible at Y27 addition, are completely vanished after 5 min incubation
time, as can be observed by holes in the middle of the focal adhesion (arrow).
Such an observation could be caused by the bleaching of β3-integrin-mEos2
in this region. However, a dense domain contains at least 50 molecules (cf.
Chapter 6.3), so it seems rather unlikely that all of them become activated
and bleached during one single measuring cycle.

The indications for a possible force dependency of dense domains in Figure
7.4 must be further investigated. A distinction between mobile and immobile
receptors might be not sensitive enough to spot significant mobility changes
of β3-integrin.

Force inhibition induces the release of focal adhesion proteins, as soon as
the cytoskeletal anchorage breaks, which is connected with a large increase of
mobility, however, untraceable with SPT. Integrin receptors are additionally
anchored by extracellular ligand binding, which keeps them mainly static.
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Still, the general stability should be reduced in the absence of a cytosolic
anchor, which should be indicated by an increasing mobility of the former
immobile fraction.

The alterations of the individual diffusion constants in a single focal ad-
hesion, as well as the corresponding neighbor proximity in a 150 nm radius
are plotted in Figure 7.5. The diffusion constant of each trajectory was cal-
culated and plotted in Figure 7.5A, according to the localization coordinates
of the first frame. The different diffusion constants can be distinguished by
color. The colorbar was was set to a maximum of 0.1, reflecting the rather
immobile state. However, this adaption also reveals a very equal mobil-
ity distribution during the whole experiment. Again, no accumulations of
similar diffusion constants can be observed, indicating no sudden release of
dense integrin receptor domains upon force relaxation. This result supports
force-independent protein accumulations.

Figure 7.5: Spatial changes in diffusion and density.
The individual diffusion constants of β3-integrin molecules are equally dis-
tributed (A). No gradient or clustered release of receptors is visible. The
localization of dense areas seems to change upon Y27 incubation (B). Even
after drug removal areas of receptors remain in close proximity.

The proximity plot of the same adhesion site in Figure 7.5B contains
some surprising observations. The initial proximity plot reveals some dense
domains indicated by color. Upon progressing focal adhesion loss, the general
structure of the remaining focal adhesion also changes. A loss of β3-integrin
in the lower right part can be observed, involving also parts of the initial
dense domains. However, the other initial dense areas are still observable
after 5 min of Y27 incubation. Interestingly, at 10 min Y27 incubation the
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dense areas re-form or alter their shape and size, which allows the assumption
that force could appear as a modulator of dense areas.

After wash out it was further observed, that some of the remaining β3-
integrin receptors seem to remain still in close proximity, as if some dense
domains would survive the drug treatment. A similar observation was already
obtained in Chapter 6.3.2, which suggested the maintenance of β3-integrin
in smaller clustered structures at the membrane after force inhibition. These
remaining immobile receptors could cause the cellular re-adhesion at a similar
position after drug recovery, which was observed several times (cf. section
7.1).

Asymmetric disassembly at 5 min Y27 and alterations in dense domains
at 10 min Y27 support a force-dependency of dense domains. A plausible
explanation for this phenomenon without considering force-influence could
be the experimental procedure itself. First, only a small subset of molecules
is activated to generate an image. This might result in an inaccuracy in
localizing cluster centers, visualized as red spots in Figure 7.5. Second, flu-
orophore bleaching could have large impact. It was already mentioned that
force inhibition might negatively influence the exchange rates of integrin. As
integrin receptors show generally a low exchange rate of 2-4 minutes [15, 112],
the measurement intervals of 5 min may be too short for recovery.

Figure 7.6: Density alterations upon Y27 incubation.
Areas of high density (dark red) do not disassemble or change position in the
first 10 min. Smaller dense areas disassemble and are newly formed, or change
position. After 20 min a faint dense area remains, but its position does not
exactly match the position of the initial dense domain.

Therefore, the same experiment was performed, detecting more particles
in a larger time interval of 10 min, which should diminish the measurement
artifacts. Figure 7.6 demonstrates the result on the basis of a single focal ad-
hesion, showing the same phenomenon as in Figure 7.5. Initially dense areas
change its position within the first 10 minutes of Y27 incubation. Another
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10 minutes later, one dense domain disappeared completely, while another
one remained but revealed again fluctuations in its localization. Generally,
the density distribution seems more equal, which could be simply caused
by the release of integrins due to Y27 incubation, but could be also a sign
for a force-dependent vanishing of dense areas. It is worth mentioning that
the focal adhesion marker Zyxin disappeared between 10 and 20 min, which
means that the distribution of Figure 7.6 (right) must be force-independently
formed. However, as alterations happened also before, a modulation function
of force is possible.

These observations are demonstrated only by means of three focal adhe-
sion sites, but alterations in size and position of dense domains were observed
universally for β3-integrin in most focal adhesions influenced by Y27.

7.3 Induction of the high-affinity state of in-

tegrin

The results obtained in section 7.1 cannot clearly define, whether traction
force has an influence on dense domains in focal adhesions. Most results
represent the general maintenance of dense domains during force inhibition,
which supports force-independency. However, alterations in shape and posi-
tion of integrin aggregations have been observed, placing force into the role of
a modulator of dense domains. Hence, the initial formation of dense domains
could also be completely force independent.

Another theory is based on the observations made in Chapter 6, in which
randomly diffusing proteins have been shown to have a tendency to clus-
ter. Accordingly, the initial formation of integrin clusters could be simply
diffusion-driven and pursuing an intracellular recruitment of cell-matrix pro-
teins, which then culminate in the formation of an adhesion site. The first
ligand-bound immobile integrin receptor could induce the deceleration of
freely diffusing integrin receptors by clashing. If the clashed receptor is also
in an extended conformation, the mobility decrease could cause direct ligand
binding. A slowly moving inactive receptor could be easier accessible for
ligand or Talin, in terms of activation. Therefore, this cluster formation is
further referred to diffusion-driven clustering. In order to investigate this hy-
pothesis, outside-in activation of β3-integrin must be initiated. Manganese
ions have been proven to be effective initiators. The divalent cation Mn2+

rapidly exchanges the Mg2+ ion in the MIDAS [130] and the Ca2+ ion in the
SyMBS as well as the Ca2+ ion of the ADMIDAS [161], all present in the
I-domain of the integrin receptor. Mn2+ ion coordination in the I-domain
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mimics ligand binding [30] and therefore induces the conformational change
of the integrin receptor (cf. Figure 1.1). In its extended, high-affinity con-
formation, integrin exhibits its ligand binding site which becomes accessible
by a ligand of the extracellular matrix.

Figure 7.7: Mn2+ ions induce clustering and cell spreading.
Incubation with Mn2+ ion induces the high-affinity state of integrin receptors,
which goes together with enhanced membrane clustering (A) and a sudden
decrease in mobility (C, D). Zyxin is not affected by integrin clustering, since
there is no enhanced membrane accumulation (B). Furthermore, an enhance-
ment in cell spreading upon Mn2+ incubation is visible (A, B). Zyxin can
function as a marker for the formation of new adhesion sites. (Error bars
shown are the standard error of the mean.)

In Figure 7.8A the effect of Mn2+ ions on integrins is strikingly demon-
strated. The fluorescence images clearly show an enhancement of the β3-
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integrin membrane level, as well as the assembly in a clustered organization.
Figure 7.8B shows the fluorescence images of Zyxin referred to Mn2+ ion
incubation. The alteration of Zyxin localization can be attributed to cell
migration rather than membrane recruitment due to Mn2+ ion incubation.
Zyxin accumulates only in very distinct areas, whereas β3-integrin shows a
quite unsystematic distribution. This reveals that integrin clustering does
not automatically induce the recruitment of cytosolic cell-matrix proteins,
resulting in the formation of new focal adhesion sites. So far, recruitment -
directly connected to the incubation with Mn2+ ions - was only observed for
the inside-out-activator Talin [36] and its supporter Kindlin2, as was shown in
Figure 7.7. However, the recruitment of Talin does not automatically result
in adhesion formation, even though Talin can induce inside-out-activation.
Most likely, only the Calpain-cleaved Talin head-domain is recruited, whereas
full-length Talin will be not attracted by Mn2+ ion induced integrin exten-
sion.

Figure 7.8: Kindlin2 response on Mn2+ ions.
Mn2+ incubation induces the recruitment of Kindlin2 to the cell membrane.

The induction of the high-affinity state causes an immediate decrease
in mobility of nearly half the average diffusion constant, as shown in Figure
7.8C, corresponding to the literature [134, 117]. The normalized curve, as well
as the example plot in Figure 7.8D clearly show that under Mn2+ containing
buffer conditions the mobility of β3-integrin cannot recover. Instead, the
initial drop represents already roughly the maximal drop, which implies a
maximal degree of immobilization from the very beginning. This leads to
the assumption that integrin receptors in the extended conformation become
directly bound by a ligand of the ECM.

Regarding only the influence of Mn2+ ions on the alteration of inte-
grin clusters outside adhesions, degree distribution was applied to immobile
molecules and plotted in Figure 7.9. The focus here is on initial cluster for-
mation based on the reduction of the velocity of β3-integrin, which excludes
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the consideration of dense domains in adhesion sites. For degree distribu-
tion calculations a smaller radius of only 100 nm was applied, as this reveals
already significant differences. A membrane reconstruction exhibits a clear
enhancement of clustered areas, visualized by the colorbar (Figure 7.9A) and
the diagram in Figure 7.9B, which shows an altered connectivity upon Mn2+

ion treatment. In this experiments, the number of observed unbound β3-
integrin receptors (less than one connection) reduced to half after addition
of Mn2+ ions.

Figure 7.9: β3-integrin membrane clustering upon Mn2+ treat-
ment.
β3-integrin shows enhanced clustering after the addition of Mn2+ ions, indi-
cated by arrows (A). One red dot consists of at least 5 molecules in a radius of
100 nm. Also the degree distribution reveals a clear decrease of unbound re-
ceptors (B). The favored cluster composition seems to consist of 2-4 molecules
after Mn2+ addition.

7.4 Formation of new focal adhesion sites

In section 7.3 it was shown that Mn2+ incubation reduces the velocity of β3-
integrin and stimulates the accumulation of clusters. These clusters have no
biological purpose and are modulated only by diffusion, as no cell response
in terms of recruitment of multiple other cell-matrix proteins, leading to
the formation of functional adhesion plaques, is visible. However, in rare
cases, new adhesion sites appear during such an experiment. Since Mn2+ ion
influence is limited only to receptors and first binding partners, the further
recruitment of signaling and scaffolding proteins should be simply based on
diffusion based integrin clustering. Since all integrin receptors are in the
extended conformation, the adhesion formation should be induced by outside-
in-activation. Adhesion site induction, caused by the inside-out-mechanism
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(cf. Chapter 1.2.1) cannot be excluded, but is rather unlikely, since the large
amount of pre-extended integrin receptors - due to Mn2+ ion incubation -
should diminish the probability of inside-out-activation. The assembly of
co-transfected mechano-sensitive Zyxin serves as indicator for the formation
of functional focal adhesions. In Figure 7.8B, the merged fluorescence image
also exhibits cellular spreading during the experiment which is a known effect
of Mn2+ ions [93, 63]. As a result, the formation of new adhesion sites can be
investigated already from the nascent state, followed by maturation to focal
complexes and further to focal adhesions.

The temporal assembly of β3-integrin receptors in new focal adhesions is
visualized in Figure 7.10. After 2 min, Mn2+ ions were added, and another
6 min later, most of the new formed adhesion sites started to grow. For
many of these growth curves, an increasing slope can be observed after 10 or
14 min, respectively, which can be misinterpreted as an enhanced recruitment
rate. Instead, it represents the forced break of the measurements, due to the
limited memory storage of the computer, which required about 20 additional
seconds. Apart of these artifacts, no further irregularities were observed in
the slopes. Formation of adhesion sites seem to progress rather steadily, as
the curves are nearly linear. Zyxin recruitment proves the application of
actomyosin contractility upon focal complex formation and further adhesion
maturation, but cannot be picked out from this graph. In other words,
force does not lead to accelerated protein recruitment, which would induce
a sudden slope increase. This fact further substantiates the hypothesis of an
traction-force independent formation of dense domains.

A proximity reconstruction, showing the formation of new adhesion sites,
is provided in Figure 7.11. The colorbar indicates the proximity of molecules
calculated for 150 nm. The formation of dense domains can be followed from
the initial detection point of immobile β3-integrin receptors until the end
point of the measurement.

First, only few molecules immobilize, which already revealing an interest-
ing pattern. In both examples (Figure 7.11A and B), some receptors immo-
bilize in rather close proximity of 150 nm, whereas others are far away, which
indicates that initial adhesion formation is most probably not based on a sin-
gle immobile β3-integrin receptor. The receptors in rather close proximity
could represent a nucleation core, however they could be also too far away for
a direct interaction. As time passes, the initially denser areas become even
more dense and some of the distant molecules induce the formation of a new
dense areas (cf. Figure 7.11A). In contrast, some other receptors do not at-
tract the gathering of more molecules, as seen in Figure 7.11B, instead, new
small clusters form at another position. Whether such new formed clusters
are related to force application cannot be derived from these experiment.
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Figure 7.10: Development of new adhesion sites.
Manganese ions trigger the formation of new adhesion sites based on outside-
in-activation. The growth curve demonstrates the steady maturation from
nascent adhesion into early focal adhesion sites. As the curves do not reach
a plateau, the maturation process was not completed when the experiment
was stopped.

The final reconstruction of both adhesion sites clearly reveals the aggre-
gated protein structure into dense areas, which was already observed in the
PALM-images (cf. Figure 6.7). When interpreting this Figure, the condi-
tions of the measurement must be considered which imply the detection of
only a subset of molecules based on labeling, photo-activation and bleaching.
Therefore, Figure 7.11 gives only an incomplete picture of the overall situa-
tion and is not comparable with the PALM data. Still, as the colorbar was
adjusted, regarding this small number of detections, a comparison is justi-
fiable. Also the initial images of nascent adhesion site formation show only
a subset of molecules. Therefore, it is possible that also less dense areas in
Figure 7.11 could already be part of a cluster which includes receptors that
were not activated.

With the chosen two examples in Figure 7.11, it can be further shown that
some initially immobilized β3-integrin receptors can be regarded as the seed
of a developing dense domain. This suggests diffusion-driven clustering in
nascent adhesions as the initial producer of dense domains. However, Figure
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Figure 7.11: Proximity plots of newly formed adhesion sites.
The initial β3-integrin immobilization reveals a broad distribution (B), in
which some of the molecules are already nearby, indicated by color (A and
B). However, these β3-integrin receptors are mostly too far away for a direct
interaction. The final image proves that some of the initially immobile recep-
tors function as the seed of a dense domain (A and B), whereas other dense
domains seem to form at a later time point or shift their position (B).

7.11B exhibits that not all initial clusters survive in the process of focal
adhesion maturation. The reason cannot be predicted by the performed
experiments. A responsibility of traction force in terms of shape and size
modulator cannot be ruled out. However, traction force does not function as
the initiator, as dense domains appear already in very early time points of
adhesion development.

Another remaining question addresses the functionality of protein aggre-
gations. A diffusion-driven formation would rather not support a distinct
biological function. Force, as potential shape-modulator, could definitely
induce biological signaling processes.
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Chapter 8

Dense domains as potential
signaling centers

Protein aggregations within focal adhesion sites could function as centers
of enhanced signaling activity. Highly active signaling centers should show
a distinguishable frequency of protein recruitment compared to less active
areas. This could include a higher recruitment rate for proteins having a
second messenger function in the signaling machinery. However, also a lower
recruitment rate is possible for proteins that need to be bound in order
to maintain the signaling events. Single molecule recruitment experiments,
using UV spot activation as described in Chapter 5.2.2, can detect higher
recruitment rates.

8.1 Spreading efficiency of adhesion proteins

First, a protein with a rather high exchange rate must be found in order
to detect enough particles for significant results in the subsequent recruit-
ment experiment. Such experiments are based on precise localization and
do not require information about diffusion constants, which enables the use
of cytosolic proteins. The cellular spreading efficiency of β3-integrin, Talin,
Kindlin2, FAK, Paxillin, Vinculin, Zyxin and Actin was measured, induced
by a spatially limited UV-pulse. The spot-activation was performed in a
relatively large area of the cell in wide field. Fluorescence events in the
whole cell were detected, excluding the activation area. The obtained dis-
tribution information is a mix of random blinking and diffusion, as well as
exchange and recruitment rate. In Figure 8.1, the results were plotted. As
a reference, random blinking without activation was used, and all results
normalized accordingly. Random blinking appears in all experiments us-
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ing photo-activatable fluorophores. A very small fraction of fluorophores is
already activated by low-energetic light and produces a fluorescence event.
Such a spontaneous activation of PA-fluorophores is a stochastic process and
can be considered as random blinking.

Figure 8.1: Spreading efficiency of adhesion proteins.
Kindlin2 exhibits the highest spreading rate, which suggests a high mobility
and exchange rate. Actin, Talin and β3-integrin show only low spreading
rates comparable with random blinking. The signaling components Paxillin
and FAK, and the scaffold components Vinculin and Zyxin are in between.
The large error bars of FAK spreading can be explained by an all-or-nothing
spreading efficiency of the individual cells.

Basically no change, compared to random blinking, was observed for
Actin. That is not surprising, because big amounts of Actin are assembled
into F-actin bundles, which are quite stable [66]. Poor spreading rates were
also observed for Talin, as well as for β3-integrin, which is known to have a
low exchange rate [11]. Kindlin2 showed a comparably high spreading rate,
but spreads with a visible gradient around the activation spot, equally in fo-
cal adhesions and in the remaining membrane. This indicates an unspecific
recruitment and therefore Kindlin2 was not considered for further experi-
ments. An average distribution rate of 2.5 compared to random blinking was
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observed for the cytoskeletal scaffolding protein Vinculin, which is known for
rapid exchange in adhesion sites [37]. Vinculin recruitment correlates with
the accessibility of its numerous binding sites inside the rod of Talin, influ-
enced most probably by force. As the results of the sections 7.1 and 7.4 of
Chapter 7 suggest a force independent formation of dense domains, the use
of Vinculin as a marker for signaling events could induce artifacts. There-
fore, Zyxin will also not be further considered, although it shows a proper
diffusion rate.

Paxillin is known to be part of the focal adhesion signaling core [76] and
belongs to the first binding partners of a nascent adhesion. As its distribution
rate is rather high, Paxillin was used for further recruitment experiments.
The remaining protein, FAK, also reveals an acceptable distribution rate,
however with large error bars. These are explainable by a cell dependent
spreading rate, which varies more than usual in cells over-expressing FAK
compared to any other adhesion protein. This is an interesting result by
itself and could be an indicator for cellular signaling and motility. However,
no further experiments were done in this direction. Despite the distribution
anomalies, FAK was also used for further experiments. FAK - as a kinase
and important part of the signaling complex - could provide important in-
formation about recruitment upon signaling in focal adhesion sites.

8.2 FAK and Paxillin recruitment to distinct

areas

UV-spot activation was performed to investigate, whether Paxillin and FAK
are recruited to distinct domains inside focal adhesions. Random blinking
was again used as a reference, before the recruitment to focal adhesions
was monitored for two times 1 min. All maturation states of adhesion sites
were targeted in a similar way. No obvious gradient was observed between
lamellipodia, other cellular edge regions and cell body, which could have been
a sign for a directed recruitment. The detected localizations were scanned
for neighbors, using degree distribution and a radius of 150 nm. Everything
above zero neighbors was defined as clustering and plotted in comparison to
random blinking.

The result in Figure 8.2A shows no difference for Paxillin compared to
random blinking. As there were no changes observed for 1 or 2 minutes, all
results were plotted together. Diagram 8.2B contains the recruitment infor-
mation of FAK. Here, a pre-screen was performed, considering only cells with
a distribution rate higher than 2 compared to random blinking. This proce-
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dure excluded already half of the data sets. However, after this cleaning-step,
a significant increase of FAK within the set radius of 150 nm was observed.

When comparing both graphs, the rate for random blinking should be
considered. For Paxillin this rate is twice as high as for FAK. In contrast,
the recruitment rate of both within the set radius is very similar and lies
around 50%. This could lead to the assumption that only an artifact was
observed, because the recruitment rate of both proteins is practically the
same. However, it shoudl be considered, that the random blinking rate makes
a statement about the expression level, as a low random blinking corresponds
to a low overall expression. In turn, that diminishes also the chance to spot
two particles in close proximity, which explains the low reference value in plot
8.2B. As the expression level of FAK was obviously not very high, a proximity
recruitment rate of 50% of all molecules 2 min after spot activation should
be considered as significantly high.

Figure 8.2: Recruitment to dense domains.
Paxillin seems to be equally recruited to all areas of a focal adhesion, as the
recruitment rates do not differ from the reference (A). In contrast, FAK has
a clear trend towards recruitment into areas of close proximity. The initially
activated molecules assemble in a significantly higher amount in a 150 nm
radius after 2 min (B).

The questions remains, why Paxillin is not particularly recruited to dense
domains, but seems to organize equally in regions of all densities inside ad-
hesion sites. Even though it does not contain a kinetic domain, it is also part
of the signaling complex, in which Paxillin becomes highly phosphorylated.
Therefore, similar recruitment results for both proteins could be expected.
Figure 8.2A already revealed that half of all detected Paxillin molecules in
focal adhesions assemble with at least one other Paxillin molecule in a radius
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of 150 nm. An overlay of the wide field image of Paxillin and the recruited
particles is visualized in Figure 8.3. Figure 8.3A mirrors the calculated frac-
tion of Figure 8.2A, as there are 11 molecules in close proximity which might
correspond to dense domains and 10 molecules which target other areas in
the adhesion site. In Figure 8.3B, it seems like Paxillin would be recruited
rather to the surrounding area of a focal adhesion, which corresponds to the
scaffolding function of Paxillin.

Accordingly, Paxillin could also be recruited to clustered domains, but
seems to be an important protein for maintaining the shape of the adhesion
site, as well.

Figure 8.3: Overlay of adhesion site and recruited Paxillin
molecules.
Adhesion site A recruits only few Paxillin molecules. Here, a directional re-
cruitment could be assumed, even though the widefield image shows higher
intensities in other regions. In Figure B, Paxillin assembles rather in the edge
regions of the focal adhesions, which could be an indicator for its function as
a scaffold protein.

It should be considered that the observed protein recruitment to clus-
tered domains can simply be a result of probability, caused by density. It is
reasonable, that dense domains have a higher fluctuation rate than less dense
areas. In these experiments it cannot be distinguished between specific sig-
naling recruitment and usual protein exchange. Therefore, these experiments
only show that some adhesion proteins seem to be targeted from distinct do-
mains inside focal adhesions, without answering the question of the purpose.
Whether this event is caused by specific functionality or just by probability
stays elusive.
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Part IV

Discussion and future
perspectives
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Chapter 9

In this work it was shown that adhesion proteins form areas of different
densities inside focal adhesion sites. This dynamic process was studied with
the adhesion receptor β3-integrin, representing the foundation of a functional
adhesion site. The results suggest a force-independent formation of highly
dense areas, since the base of a dense area can develop already in the very
first steps of adhesion formation. Still, many questions remain unanswered
and will be discussed here.

9.1 Nano-organization in fixed cells

In the first part, PALM experiments in fixed cells were performed, exhibiting
fundamental information about the intrinsic structure of adhesion sites. The
density distribution inside a focal adhesion followed apparently no defined
system or polarity and varies a lot in every single adhesion site. Highly dense
domains form various shapes and sizes, which complicates the analysis.

9.1.1 Analysis of adhesion protein organization

In this work, a mixture of published software, established algorithms and
custom-made mathematical tools was used to study the nano-organization
of focal adhesions, which unraveled only a fraction of the actual structure.

The performed characterization of dense domains can give a rough in-
dication of the average size of protein accumulations and their scattering in
adhesion sites. However, all clusters were treated equally, although there were
large variations in size, shape and density among them. Therefore, no signif-
icant differences in terms of cellular localization or protein-dependency were
observed. However, it is possible that a more precise definition of cluster-
describing parameters could reveal a systematic lateral accumulation. The
performed analysis indicates a larger cluster size of some proteins in mature
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adhesion sites. This was not stated due to the large error bars, originated
by merging large and small clusters together. Nevertheless, this preliminary
cluster analysis exhibits promising prospects for further steps in terms of
cluster organization investigations.

Adhesion protein organization in dense domains

The protein composition inside dense protein accumulations could not be
identified, since the degree distributions in Chapter 6.1.2 are based on mole-
cules in a proximity below 50 nm. This applies to all densities, as it was
shown that less dense domains also accumulate in this range (cf. Figure 6.8).
Therefore, the degree distribution described the average nano-organization
of adhesion sites inside the entire adhesion site. However, it can be assumed
that the molecular nano-organization varies together with the density.

A reliable analysis of the dense area pattern was not possible with the
presented analytical methods. However, the calculated parameters of the de-
gree distribution suggest an individual cluster degree for each protein, sup-
ported by highly identical parameters of two randomly distributed controls
(Kindlin1 and TMD), which should be further considered. Chapter 6.1.3
proved that the variations in density are mainly independent from the ex-
pression level, but are rather based on the particular density of the partic-
ular over-expressed protein. Therefore, it can be assumed that a saturated
amount of tagged protein localizes in adhesion sites, which enables reliable
analysis of the molecular composition. However, it is possible that the effi-
ciency of an over-expressed protein to integrate is reduced by the large fluo-
rescence tag. This is a general problem of fluorescence microscopy and could
be counteracted by changing the position or the linker of the fluorophore.
Furthermore, there is always a subset of PA-fluorophores that will not be
activated, bleached without being detected or re-blinking after being in the
triplet state (cf. Chapter 5.1.1). An incomplete detection does automatically
influence the parameters of a detected protein cluster and should be consid-
ered. However, if there is a distinguishable nanometric organization between
protein accumulations and sparse areas inside a focal adhesion, PALM ex-
periments could probably unravel it, even with the problems derived by the
fluorescent tags.

However, to do so, the general cluster recognition must be improved, to
filter for highly dense domains in order to analyze them separately. Further-
more, the areas of low density should be analyzed, since a lower density could
even reveal a higher degree of organization. Obviously, there is room for fur-
ther improvement of the analysis, which would pave the way for pursuing
experiments.
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9.1.2 Dual-color PALM

Dense protein aggregations have been observed for each adhesion protein
and accordingly hypothesized, that all proteins accumulate together in such
dense areas. This assumption seems reasonable, as the initial accumulation
of integrin receptors entails also the accumulation of their cytosolic binding
partners. Furthermore, most investigated proteins contain a similar amount
and size of dense domains in focal adhesions (cf. Table 6.3.2). One method
to prove this assumption would be dual-color super-resolution microscopy.

However, the use of several PA-fluorophores in super-resolution microscopy
is challenging, as each fluorophore reveals individual activation efficiencies,
photon yields and blinking characteristics and requires careful experimental
optimization. A localization precision, exhibiting direct protein interactions,
is most probably not achievable with the current technologies. However, the
simultaneous detection of two different proteins, accumulating in dimensions
of 50-100 nm should be feasible.

9.1.3 Protein localization influenced by force inhibi-
tion

The effect of traction force inhibition was investigated, and revealed that all
cell-matrix proteins remain in proximity to the membrane. However, most
probably not only in regions of former adhesion sites but scattered all over
the membrane. Similar live cell experiments also exhibit such a remaining
membrane localization of Zyxin, even though just very faint (cf. Figure
7.1B). Further cluster analysis of cell-matrix proteins in force inhibited cells
suggested a similar nano-cluster behavior as in functional adhesion sites. The
only protein exhibiting a clear shrinkage of cluster size upon force inhibition
was the receptor β3-integrin. Such observation must be viewed critically,
as the fixation treatment is a stressful and time-consuming procedure for
cells. The accumulation of membrane-connected proteins in larger struc-
tures could represent simply an artifact, caused by membrane alterations
due to fixation. However, regardless the questionable clustering, the remain-
ing membrane-connection itself is worth mentioning. Similar accumulations
were not observed for adhesion proteins in non-drug treated cells, outside
of adhesion sites. Therefore, the membrane-connection seems to be directly
related to the relaxation-induced disassembly of adhesion sites.

This could be further studied by inhibiting the general formation of fo-
cal adhesions and then investigating the membrane-connection of cell-matrix
proteins. It was shown that a poly-lysine coating of the cell dish prevents the
formation of adhesion sites [90], due to the lack of suitable ligands. However,
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the electrostatic interaction of the positive lysine-coating with negatively
charged membrane components prevents the cell from detachment [96]. Cells,
which are seeded on poly-lysine coatings, are not able to form any adhesion
sites and should reveal a similar protein clustering as the non-treated cells,
outside of adhesion sites. However, they could also show a similar distribu-
tion as the force-inhibited cells, which would entail further discussions about
the general localization of inactive cell-matrix proteins in a cell.

9.1.4 Protein localization outside adhesion sites

The scaffold proteins Vinculin and Zyxin have been shown to cluster in a
significant amount outside of focal adhesions, even in comparable density
fractions (cf. Figure 6.8). The formation of nascent adhesions is unlikely, as
the selected areas did not include lamellipodae, and Zyxin does not localize
in the nascent adhesion complex. Moreover, the known nascent adhesion
components FAK and Talin did not cluster in a comparably large amount.
The protein accumulations could represent the remains of a former adhesion
site, as it resembles the protein distribution of force inhibited cells. However,
the question remains, why such clusters do not appear universally for all
cell-matrix proteins.

Since Vinculin and Zyxin show a similar density percentage distribution
exclusively outside of adhesion sites, even a direct connection of these pro-
teins is considerable. The LIM-motif of Zyxin is a potential binding site for
many proteins [123] and could also be a target for Vinculin. A remaining
complex of Zyxin and Vinculin after focal adhesion disassembly could trap
these proteins close to the membrane. Zyxin was shown to shuttle between
the cytoplasm and the nucleus, as it contains a nuclear export sequence [106].
It is possible, that a nuclear localization of Zyxin leads to a biological im-
pact, which would explain its membrane-maintenance, even after adhesion
disassembly. Zyxin and Vinculin could also interact independently from ad-
hesion sites or even build a pre-formed complex, which would describe a new
recruitment mechanisms for both proteins.

However, as a direct interaction was not reported so far, in vitro-interac-
tion studies should be performed first, before further live cell experiments
become conceivable.

9.2 Nano-organization in living cells

The observed protein aggregations have been further studied in live cell ex-
periments with β3-integrin as an example. It was shown that β3-integrin
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aggregates do not disassemble upon traction force inhibition, however un-
dergo fluctuations in their position. Therefore, force could function as a
modulator rather than an inducer of dense domains. Instead, it was sug-
gested that the seed of a dense domain is already planted in early stages of
adhesion development.

9.2.1 Influence of actomyosin contractility

The formation of protein clusters seems to evolve independently from trac-
tion force. This assumption is based on the preliminarily results derived
from fixed cells (cf. Chapter 6.3.1) and was further confirmed by the re-
sults obtained in Chapter 7.2. However, integrin aggregates exhibited alter-
ations in size and shape upon force inhibition. The shrinkage of clustered
domains could be explained by the general reduction of molecules in force
inhibited focal adhesion sites. However, this cannot explain the changes in
the localization of dense domains. A systematic error, caused by the mea-
surement conditions, was suggested. However, Figure 7.6 exhibits the same
alterations in lateral positioning of dense domains, even though this experi-
ment was adjusted in order to prevent possible measurement errors. Whether
such alterations were directly induced by force inhibition cannot be safely
predicted, but such observations did reveal a surprisingly high mobility of
dense areas inside focal adhesion sites, as the position varied several hun-
dred nanometers. Preliminary observations in untreated cells reveal similar
rearrangements (not shown). However, since the traction force is completely
uncontrolled in untreated cells, these observations only support the general
high mobility of dense areas without answering the question of force depen-
dency. Since the ECM-exposed ligand is relatively immobile, the density
alterations must be caused by the fluctuation rate of the integrin receptor.
This means, that the rearrangement of a dense domain must include the
formation of new ligand-integrin bindings. Such new connections could be
formed by additional, interfusing integrin receptors due to the exchange rate,
or by pre-bound integrin receptors, that are released due to force inhibition
and rearrange nearby. This assumption seems reasonable, since actomyosin
contractility is the main regulator of adhesion sites and could also trigger the
rearrangement of integrin receptors.

The Figures 7.5 and 7.6 exhibit rearrangements in a very limited area,
which could be explained by the immobility of the ECM ligand. A release
of the cytosolic tail-domain of β3-integrin from the cytoskeleton does not
automatically cause a release from its extracellular ligand, as can be also
concluded from Chapter 7.1. Furthermore, Talin exhibited a comparably
low disassembly rate upon Y27 incubation, similar to integrin (unpublished
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observation), which suggests a continuous binding. Therefore, it must be gen-
erally assumed that integrin receptors remain in their extended conformation
upon force inhibition. The high-affinity, as well as the intermediate state, is
directly connected with the immobilization of integrin, as was proven in Fig-
ure 7.8C and D. In turn, this means that an eventual extracellular release of
integrin could be followed by an immediate re-trapping induced by a suitable
ligand in close proximity. This hypothesis leads to a possible rearrangement
of dense areas in proximal areas.

In order to test this hypothesis, it would make sense to repeat the same
experiments using a dish coating. The ECM component Laminin represents a
ligand of some integrin receptors, however it is not the predominant ligand of
the αvβ3-heterodimer. Therefore, the cell could still form functional adhesion
sites via the anchoring of its other integrin receptors. β3-integrin however,
would form less tight bindings which should affect its mobility and in turn the
rearrangement of dense areas. The mutant β3-integrinprimed could be used as
well, as it has a mutation in the ligand binding domain. The binding affinity
is significantly reduced [117], and can be even more disturbed by using a
low affinity Laminin-coating. In both cases, β3-integrin release is facilitated,
which could affect the rearrangements of dense domains and could even lead
to a complete disassembly.

The αvβ3-integrin receptor has a high binding affinity for Vitronectin,
which could be used for dish coating, as well. Here, the position rearrange-
ments of β3-integrin should decrease, as an abundant amount of suitable
ligand would always be available.

Furthermore, a secondary coating could be considered, whereby a Laminin-
coated dish could be spotted with Vitronectin. The Vitronectin dots should
be distinguishably spaced without extending a size of 100 nm. Thereby,
αvβ3-integrin could be trapped exclusively in these Vitronectin spots, where
they should form a dense domain. If the ligand-receptor-binding is respon-
sible for the maintenance and the re-arrangement of dense domains, those
αvβ3-integrin clusters should only form in a Vitronectin-spotted area and
vanish completely upon force-inhibition, instead of re-arrange in neighboring
areas.

The investigation of cytosolic adhesion proteins could provide complemen-
tary information about force-dependent rearrangements. Their recruitment
is based on integrin-tail recognition, which assumes an integrin-dependent
clustering. Therefore, the same alterations in positioning of dense domains
derived from proximity distribution analysis would be an indication of the
integrin-ligand connection as the inducer of the rearrangements. Instead, a
rapid disassembly of cytosolic adhesion protein accumulations - leaving an
equal distribution - would support force-dependency. A steady disassem-
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bly of adhesion proteins without significant density rearrangements would
indicate a force and integrin independent cluster formation.

9.2.2 Diffusion-driven density formation

Figure 7.10 revealed that the formation of a focal adhesion is a steady pro-
cess, using β3-integrin as an example. No sudden increase of β3-integrin
recruitment can be observed within the recorded 8-12 min of the formation
process, which could be interpreted as the point of actomyosin connection.
This is another argument against force-dependency. Furthermore, Figure
7.11 suggests that the foundation of some dense domains is already deter-
mined during nascent adhesion formation. However, it was shown that the
initial receptors settle also with quite large distances from each other. The
measurement was mentioned to cause problems, as the photo-activated frac-
tion is only small. Distant immobilized receptors could therefore form dense
areas as well, but with invisible non-activated or endogenous receptors. Fur-
thermore, there is no continuous control of the current maturation state of
the emerging adhesion site, which would contribute to a better interpreta-
tion. Figure 7.11B revealed after 6 minutes a highly dense domain in the
upper part as well as a growing dense domain in the lower part of the adhe-
sion site. Later, the highly dense domain was still visible, but less dense than
some other domains, which were not detected before. The less dense domain
was completely disassembled. It is possible that the developing adhesion site
was first an accumulation of focal complexes. Some of them survived while
others underwent turn-over. However, there is no suitable control for such
transition except traction force itself.

β3-integrin is known to be mainly part of mature adhesion sites, while β1-
integrin is often localized in the lamellipodia [167]. Generally, both integrin-
subunits do accumulate in all maturation states, but it can be expected that
nascent adhesions are predominantly formed by heterodimers, containing the
β1-subunit. Hence, this protein should be included in the observation of
adhesion formation, as its over-expression enhances cell migration in general
[167]. The enhanced amount of β1-integrin in nascent adhesions could even
reveal a more defined formation of cluster seeds, ending in a dense domain
upon adhesion maturation.

The formation of new focal adhesion sites was proven by the recruitment
of the focal adhesion marker Zyxin. Only few images of Zyxin were taken
during the experiment, in order to not disturb the tracking experiment. How-
ever, it would be useful to measure with an alternating dual-color system,
which allows the simultaneous detection of the initial receptor clustering in-
dicating a nascent adhesion, and the time point of initial Zyxin recruitment
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determining the transition into a focal adhesion. This would give the final
prove of pre-defined dense domains, as the time point of enhanced actomyosin
contractility could be clearly defined.

9.3 Directed protein recruitment

Whether such areas of higher density have a distinct biological function or
not, could not be determined with the experiments performed in this work.
Figure 8.2B shows FAK recruitment preferentially in distinct areas, compared
to the negative control. This could be a sign for enhanced signaling in dense
domains, but could also be caused by the exchange rate of FAK. It should
be considered, that a recruitment rate of more than 50% FAK molecules in
close proximity of a 150 nm radius means in turn a recruitment rate of nearly
50% to other areas, which are not close by. This result is not easy to place,
as all given information about dense domains originate from super-resolution
experiments. Thereby, the amount of FAK molecules in highly dense domains
was below 10%, however the chosen radius was only 25 nm (cf. Figure 6.8).

Generally, most results point to a density formation based on the ini-
tial receptor-ligand binding, which should not affect the general ability of
signaling. Therefore, a higher amount of signaling events in areas of pro-
tein aggregations can be explained simply by a higher amount of proteins
available, which potentially induce signaling. Less dense areas contribute
to signaling as well, according to their number of proteins. Therefore, the
signaling function of dense domains is not considered to be higher than the
one of less dense domains. The high amount of FAK recruited to other areas
in adhesion sites (cf. Chapter 8.2) indicate a functionality also in areas of
low density.

However, a very surprising observation in Chapter 8.2 was not further
investigated in this work: the recruitment rate of FAK was highly cell-
dependent, meaning that some cells did not show any significant FAK-spread-
ing at all. Such observation could reveal interesting information about the
cellular migration state. FAK is a major component of the signaling complex
inside a focal adhesion, and was proven to enhance the migration rate of cells
by triggering the disassembly of focal adhesions [101]. This should involve
a rather high spreading rate of FAK, as disassembly of adhesions necessar-
ily releases FAK and other proteins, while the formation of new adhesion
sites requires protein recruitment. In order to address this question, the re-
cruitment rates of FAK as responses to different stimuli could be compared.
There are several methods to induce cell migration. Most of them include
cell-harming drugs, which create an unfavorable environment and therefore
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promote cellular migration. However, for studies addressing the activation
efficiency of FAK, such experiments could yield useful results.

Thereby, a change of cell line should also be considered. In this work,
fibroblasts (REF52) and epithelial cells (HeLa) were used, as they are rel-
atively immobile. Furthermore, the spot-activation experiments were per-
formed using Vitronectin-coated dishes. Vitronectin represents the primary
ligand of αvβ3-integrin and supports the strong attachment of mature fo-
cal adhesions. Since it was the purpose to detect neighboring molecules in
a nanometer proximity, this ligand coating was plausible since it prevented
cellular movement and therefore enhances the resolution. However, further
experiments should focus more on the dynamic behavior of cells and investi-
gate the directed cell migration, which could even include to observe a pos-
sible directed protein recruitment. Such information was not derivable from
the experiments performed in Chapter 8.2, as cell migration was prevented.
It is certainly conceivable that only particular adhesion sites are targeted by
protein recruitment. Pure anchor sites could have lower exchange rates than
focal contacts in the cellular edge region. The recruitment efficiency could
even reveal information about the direction of cellular migration. Further-
more, an active mutant of FAK [57] could be used, which should enhance cell
migration even more.

These results would represent a direct link between cell migration and
the dynamic alterations of the signaling process inside focal adhesions and
could open new perspectives regarding the sensing function of focal contacts.
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