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ABSTRACT. The cellular cortex is a thin actin layer attached to the cytoplasmatic
plasma membrane leaflet of mammalian cells. Through a complex interaction with
hundreds of actin binding proteins (ABPs), controlling e.g. the cortex organization
and dynamics, the cortical actin network is a key regulator of cell morphogenesis,
shape and motility. A crucial property associated with these functions is the direct
membrane attachment by linker-proteins such as ezrin/radixin/moesin (ERM).
The high complexity of the cortical actin network impedes the characterization of indi-
vidual component properties and functions in vivo. Thus, a biomimetic minimal actin
cortex (MAC) composed of solid-supported lipid bilayers, the constitutively active
ezrin mutant T567D, and pre-polymerized filamentous actin (F-actin) was utilized
to model the actin cortex plasma membrane linkage in a minimal component system.
The impact of in vivo mimicking conditions such as the plasma membrane lipid compo-
sition, branched actin filaments and a crowded media was investigated in terms of the
MAC organization and membrane attachment. It was demonstrated that the amount
of membrane-bound ezrin and F-actin not only increases with higher concentrations
of the ezrin receptor lipid l-α-phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2),
but also significantly in the presence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
l-serine (POPS), which resembles the composition of the cytoplasmatic plasma
membrane leaflet. In addition, it was shown that a methyl cellulose crowded media,
mimicking the cytoplasma density, increases the amount of membrane-bound F-actin.
Growing amounts of membrane-bound F-actin could further been shown to dictate
both single F-actin organization and MAC architecture, switching from single to
bundled filaments and entangled to nematic ordered MACs. In comparison to this
unbranched actin, it could be revealed that the amount of membrane-bound F-actin is
reduced by a co-polymerization with the actin related protein 2/3 complex, although
dense 3D networks could be formed in solution.
Atomic force microscopy indentation experiments on freestanding pore-spanning
membranes (f-PSMs) revealed a reduced lateral membrane tension and a viscoelastic
force response of f-PSMs with biomimetic attached MACs.
Analyzing the reorganization of membrane-bound minimal actomyosin cortices as
a function of the ezrin-PtdIns[4,5]P2 linkage and membrane composition, revealed
that a lipid composition of 1 - 2 mol% PtdIns[4,5]P2 and 17 mol% POPS, resembling
the inner plasma membrane leaflet, promotes the MAC contractility. These findings
highlight that lipids which do not directly interact with the actin cortex, such as
POPS, requires consideration in the design of actomoysin studies.
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1 Introduction

1.1 The cellular cytoskeleton network

Cells are the basic building blocks of tissues and organs. Since they are subject
to continuous structural changes due to growth, movement or external forces, cells
must be able to maintain their characteristic shape while simultaneously adapting
dynamically. In animal cells, this pivotal property is controlled by the cytoskeleton
network. [1] The cytoskeleton of mammalian cells is mainly composed of three different
filament classes, which are microtubules (MTs), intermediate filaments (IFs) and
actin filaments (AFs). [2]

Figure 1.1: Schematic illustration of the cellular cytoskeleton. Localization and
filament structure of microtubules (MTs, cyan), intermediate filaments (IFs, blue) and
actin filaments (AFs, red). Figure modified from HUBER et al. [3]

Although each filament class exhibits a defined localization within the cell, as
schematically depicted in figure 1.1, the three classes have been shown to interact
both directly via cross-linker and steric interactions (cf. figure 1.1, bottom) or
indirectly via gene regulation and biochemical signaling pathways. [3] While the
overall cell mechanics and dynamics are determined by these interactions, the
mechanical characteristics of the individual cytoskeletal subsystems are determined
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1 Introduction

by the respective filament organization. [1,3,4] MTs (cf. figure 1.1, cyan) are polar
and composed of 13 proteofilaments formed by the head-to-tail alignment of α- and
β-tubulin. [5] This hollow filaments exhibit fast (dis)-assembly rates, however MTs
are in comparison to ITs and AFs rigid, due to their large persistence length (lp) of
up to 5 mm. [4] In contrast, IFs (cf. figure 1.1, blue) encompass a large group of about
70 proteins, which all form highly flexible (lp < 1µm) [4] and nonpolar filaments
with turn-over rates of hours. [1,3] AFs (cf. figure 1.1, red), instead, are semi-flexible,
since their filament length of 10 - 20µm [6,7] (determined in vitro) is approximately
equal to their lp of 10 - 18µm [8,9]. This semi-flexible filament character combined
with a fast turnover and the localisation in the cell periphery causes AFs to be a key
regulator of cell migration, morphology and division. [1,4,10]

1.2 Actin

The monomeric actin protein (G-actin, M = 42 kDa) consists of around 374 amino
acids, forming a single polypeptide chain. While each known eukaryotic organism
express at least a single actin protein, the general actin structure is highly conserved,
shown e.g. a 94 % conservation between human cells and the yeast Saccharomyces
cerevisiae. [11] Mammalian cells express six different actin isoforms, with three smooth
muscle α-isoforms (αskeletal, αcardic, αvascular ) and the two non-muscle isoforms β

and γ. [12] G-actin itself is small globular protein with a size of approximately
55 × 55 × 35 Å and composed of two main domains: the large α- and small β-domain,
which are also called outer and inner domain (cf. figure 1.2 A). [13] These two can be
further subdivided into the subdomains (SD) 1 - 4, with SD 1 - 2 constituting the small
domain and SD 3 - 4 forming the large domain. [14] Through the structural construction
of the large and small domain to each other G-actin exhibits two clefts. [13,14] The
cleft between the subdomains 1 - 3 is composed of mainly hydrophobic amino acid
residues and referred to as the hydrophobic cleft or target-binding cleft. This cleft
contains the binding site for several regulatory actin binding proteins (ABPs) such
as gelsolin. [13,15] However, the hydrophobic cleft is not to be confused with the
hydrophobic plug between SD 3 - 4 (cf. figure 1.2 B), which is an essential component
of the interaction between individual G-actin monomers inside of filamentous actin
(F-actin). [11] Polymerizing G-actin into F-actin requires the binding of adenosine
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1.2 Actin

triphosphate (ATP) and associated divalent cations (e.g. Mg2+) to the second cleft
(nucleotide cleft) in between SD 2 - 4.

Figure 1.2: Exemplary crystal structure of G-actin. Frontal (A) and lateral (B)
views of the G-actin crystal structure with the DNase I-binding loop (D-loop) in SD 2
highlighted in green. Images were generated by means of PDB (1J6Z ) [16] and the software
PyMOL Molecular Graphics.

KORN et al. showed, that ATP-bound G-actin is capable to polymerize only above
a certain critical concentration (in vitro ∼0.1µm) [17]. [18] According to the authors
model, actin polymerization is initialized by the assembling of ATP-G-actin into
a trimer nucleus (nucleation phase, cf. figure 1.3 A). The binding of a further
monomers subsequently leads to fast elongation on both filament ends (elongation
phase, cf. figure 1.3 A). Due to the head-to-tail monomer organization within
actin filaments, schematically depicted in figure 1.3 C, and the resulting structural
polarity, F-actin exhibits two distinct ends which are referred to as barbed- (+) and
pointed-ends (−). [11,19,20] Further, the polymerization leads to a twist of the large
and small domain with respect to each other (∼ 20◦) [21], inducing the hydrolysis of
the actin bound ATP to ADP and Pi. While the ATP hydrolysis within F-actin
occurs at fast rates of ∼0.3 s−1, the Pi release from ADP-Pi-actin is slowed down by
two orders of magnitude. [11,22] Both, the enhanced ATP- and ADP-Pi-actin stability
compared to ADP-actin and the structural polarity contribute to an up to 10-fold
increased polymerization at the barbed-end (+). [20,23] Decreasing concentrations of
unbound ATP-G-actin during continuing polymerization lead to reduced elongation
rates at both ends. In this state the predominant polymerization at the barbed-
end and the predominant depolymerization at the pointed-end are equal, leading
to no net filament growth at a constant net flow of actin monomers (steady-state
phase, cf. figure 1.3 A). [18,20] Due to this flow, the steady-state is also called actin
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1 Introduction

treadmilling. [24]

Figure 1.3: Schematic illustration of the time-dependent actin polymerization
and F-actin structure. A: Proposed actin polymerization model by KORN et al.,
showing the actin nucleation, elongation and steady-state (treadmilling) phases of F-actin.
B: Illustration of the right-handed F-actin helix, showing the two left-handed single strands
(magenta, light rose) and filament polarity with the barbed- (+) and pointed-ends (−).
C: Representation of the head-to-tail organization of actin filaments, with SD 2 and 4
facing towards the pointed- and SD 1 and 3 towards to barbed-end. G-(1J6Z) [16] and
F-actin structure (3G37 ) [25] were generated by means of PDB and the software PyMOL
Molecular Graphics.

Cryo-electron microscopy revealed, that F-actin is composed of two left-handed actin
chains, forming a right-handed helix (cf. figure 1.3 B). [26] The F-actin helix exhibits
a diameter of around 5 - 7 nm and repeats after 36 nm respectively 13 actin monomers
with a rise of 2.76 nm per monomer. [13,27,28] Within the F-actin, monomers interact
with the two lateral opposing (lower and upper opposing) and the two longitudinally
neighbouring actin monomers. [20] An important longitudinal interaction appears
between the in SD 2 located D-loop (cf. figure 1.2 A, highlighted in green) and the
target binding cleft between SD 1 - 3. [13] The lateral contact of a respective actin
monomer with the upper and lower opposite neighboring actins is mediated by the
hydrophobic plug between SD 3 - 4 (cf. figure 1.2 B). The hydrophobic plug connects
the SD 2 of the lower and SD 3 of the upper opposing neighbours. [20]

Non-muscle cells show a total actin concentration of 50 - 200µm. [29] Since in vitro these
high concentration would lead to fast and spontaneous actin polymerization, cells
have to control actin nucleation and F-actin assembly/disassembly. For this purpose,
the cell possesses a broad spectrum of actin binding proteins (APBs) controlling

4



1.2 Actin

the F-actin polymerization. One of the most abundant APBs in eukaryotic cells is
profilin. Profilin regulates the actin homeostasis by binding to the barbed-end of
unpolymerized G-actin in the cytoplasm and preventing the actin nucleation. [20,29]

Furthermore, the profilin bound to G-actin barbed-ends inhibits the elongation
at the F-actin pointed-end. [29,30] Beside the nucleation control, ABPs such as the
heterodimeric actin capping protein restrict F-actin elongation by binding specifically
to the barbed-end. [31] Other barbed-end specific ABPs, such as gelsolin, do not
regulate elongation rates, but lead to severing of actin filaments. [29]

Beside the regulation of single filament dynamics, ABPs are of fundamental impor-
tance for the architecture and organization of actin structures in cells. Figure 1.4
illustrates a number of the elementary cellular actin structures that are formed and
coordinated by ABPs. For the macroscopic actin organization, cross-linking ABPs
are of central importance. Cross-linker are capable to connect polymerized F-actin,
as they exhibit two individual actin binding sides. [29] The distance between these
binding sides determine the cross link distance of the respective proteins, ranging from
a few nanometers up to 160 nm. [8,32] Cross-linkers with a small cross-link distance,
such as fascin or fimbrin, lead to a dense bundling of actin filaments. Parallel bundels
of F-actin are present in filopodias of migrating cells or hair-cells (cf. figure 1.4 A). [8]

In addition to parallel actin bundles, anti-parallel ordered filaments occur in stress
fibers, which are thick bundles of actin and the motor protein myosin II (cf. figure
1.4 C). [33] Within this fiber, ∼10 - 20 actin filaments are anti-parallel cross-linked via
the cross-linker α-actinin. Stress fibers are associated with focal adhesion sides and
fulfill a key role in cell adhesion and motility. [34] In contrast to bundling, cross-linker,
such as filamin, exhibiting a large cross-link range generate interconnected F-actin
networks, such as the lamellipodia at the front of motile cells (cf. figure 1.4 C). [8,29]

The lamellipodium is a dense, nearly 2-dimensional, actin protrusion driven by
the polymerization of branched actin filaments. Actin branching is controlled via
the actin-related-protein 2/3 complex (Arp2/3). [33] Arp2/3 is heptameric protein
complex composed of the actin-related proteins Arp2/Arp3 and five supporting
units (ArpC1-5). [35] By binding to pre-existing "mother" filaments and activation via
nucleating-promoting factors (NFPs) like the verprolin-homologous protein (WAVE),
Arp2/3 is capable to polymerize new "daughter" filaments (branches) at a defined
angle of ∼ 70◦ (cf. figure 1.4 C). [8,33] In addition to the lamellipodium, Arp2/3 is
also localized in the actin cortex (cf. figure 1.4 A), which will be reviewed in more
detail below. [33]
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1 Introduction

Figure 1.4: Cellular actin localization and organization. Schematic illustration of
the in vivo actin architecture regulated by specific actin binding proteins. A: Filopodia
formed by parallel organized F-actin bundled via the cross-linker fascin. B: Stress fibers
of anti-parallel cross-linked actin filaments and associated α-actinin and myosin II. C:
Lamellipodium formed by Arp2/3 branched actin filaments. D: Myosin II associated
contractile actin cortex, linked to the plasma membrane via ERM-proteins. Figure modified
from BLANCHOIN et al. [35]
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1.3 The actin cortex

1.3 The actin cortex

The actin cortex is a thin actin layer located at the cytoplasmatic plasma membrane
leaflet of the most mammalian cells (cf. figure 1.4 D). [10] Within the cortex, actin is as-
sociated with more than hundred different ABPs. [10,36] While cortical actin nucleation
has been shown to be controlled via Arp2/3 [37] and several formins [38,39], cross-linkers
such as, fascin, filamin and α-actinin, form a dens interconnected actin network
with a mesh size of 20 - 250 nm [8,40] and a thickness of around 200 nm [41]. [33] Actin
filaments are organized both, parallel and perpendicular to the plasma membrane
with the generally isotropic architectured network. [33] An important characteristic
of the actin cortex is the direct membrane-attachment via linker-proteins such as
myosin I motors or the ezrin/radixin/moesin (ERM) proteins. [10,42]

The three members of the ERM-family are evolutionary highly conserved and share an
amino acid sequence identity of over 70 %. [43] In mammals, the ERM-proteins show a
tissue specific expression, with moesin being enriched in endothelial cells and radexin
within hepatocytes. In contrast, epithelial cells exhibit a predominate expression of
ezrin. [44] The structure and function of the individual ERM domains will be described
in the following based on ezrin. Ezrin is composed of a single polypeptide chain
forming three characteristic domains: the N-terminal N-ERMAD domain (N-terminal
ezrin-radexin-mesion associated domain), a long α-helical region and the C-terminal
C-ERMAD domain (cf. figure 1.5 A). [44] The N-ERMAD, which is also referred
to as FERM domain (Four-point one, ezrin, radixin, moesin) [42], is the membrane-
binding domain of ezrin formed by around 300 amino acids. As illustrated in figure
1.5 B, N-ERMAD is composed of three subdomains (F1-3) forming a cloverleaf-like
structure. [43] N-ERMAD is linked via the ∼170 amino acids containing α-helical region
and a small linker to C-ERMAD. [44] C-ERMAD is composed of ∼80 amino acids,
exhibiting the F-actin binding site within the last 34 amino acid residues. [44] In cells
ezrin is present in two conformational stats, a closed (inactive) and opened (active)
conformation. [43] The closed conformation results from the interaction of N- and
C-ERMAD within a single ezrin monomer or between two monomers (dimerization),
masking the F-actin binding site (cf. figure 1.5 C I). For the transition from inactive
to active, a two-step mechanism has been proposed. [44–46] The first step, includes the
binding of N-ERMAD to l-α-phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2)
(cf. figure 1.5 C II). PtdIns[4,5]P2 is a negatively charged lipid, which is enriched
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1 Introduction

in the inner plasma membrane (PM) leaflet and accounts for 1 - 2 mol% of the total
PM-lipids. [47] The PtdIns[4,5]P2 binding induces a conformational change of the
associated N- and C-ERMAD, enabling a phosphorylation of the threonine residue at
position 567. [43] After phosphorylation erzin transitions from the closed into the open
conformation, as the negative charged induced by phosphorylation leads to repulsive
interactions between N- and C-ERMAD. [43] As schematically depicted in figure
1.5 C III, the opened ezrin is capable to link the actin cortex to the membrane.

Figure 1.5: Schematic illustration of the ezrin domains and two-step activation.
A: Ezrin domain organization: N-terminal ezrin-radexin-meosin associated domain (N-
ERMAD, green) with the subunits F1-3, α-helical region, small linker segment and C-
terminal ERM domain (C-ERMAD, orange) with the highlighted threonine at position 567
(T567, red circle) and the F-actin binding site. B: N-ERMAD crystal structure showing
the cloverleaf-like organization of the subunits F1-3. C:(I) Inactive (closed) conformation
of ezrin and two-step activation process (II-III) with the initial binding to PtdIns[4,5]P2
(II) followed by a phosphorylation of T567 leading to full activation (III). In the opened
(active conformation) ezrin is capable of linking the actin-cortex to the plasma membrane.
N-ERMAD crystal structure of human ezrin (1NI2 ) [48] was generated by means of PDB
and the software PyMOL Molecular Graphics. Figure partly adapted from FEHON et
al. [44]

Another important protein wich is associated with the cellular actin cortex is the
motor protein myosin II. Myosin II is a hexameric protein complex composed of
two heavy chains, containing the N-terminal motor domain and a long α-helical
tail domain, two regulatory light chains and two essential chains. [10,49] Myosin II
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1.3 The actin cortex

molecules assemble by the formation of a coil-coil structure between the α-helical tail
domains. [49] By a tail-to-tail assembly in a parallel and anti-parallel manner, several
myosin II hexamers are capable to form bipolar myofilaments. [50–52] In non-muscle
cells, this myofilaments are composed of around 30 myosin II hexamers with a size
of ∼300 nm, while the general assembly process is controlled by the phosphoryla-
tion of the regulatory light chains. [49,53] Myosin II is capable of binding F-actin
via the N-terminal motor domain at the presumed main binding sites at the actin
subdomains SD 1 and SD 3. [20,54] By hydrolysing ATP, myosin II moves specifically
towards the barbed-end of the bound actin filament. [49,55] Since the actin cortex is
a dense isotropic organized actin mesh, myofilaments are capable to reorganize the
actin cortex by contraction. [10,56] As the actin cortex is directly linked to the plasma
membrane, network contraction and arising cortical tension are propagated towards
the membrane, determining the cellular plasma membrane tension. [10] The myosin II
induced cortical tension is further dependent on the local actin cortex organization [10]

and membrane-cortex-linkage [57]. Plasma membrane tension gradients have been
shown to regulate cell shape during migration, cell division and cellular processes
such es membrane trafficking [58] and exocytosis [59]. [10]

The high complexity of the cellular actin cortices impedes a determination of individ-
ual components impacting the dynamics and organization of membrane associated
actin networks. Therefore, in vitro bottom up approaches of minimal actin cortices
(MACs) were established over the recent years. [60]
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1 Introduction

1.4 Actin cortex model systems

Since the cellular actin cortex is associated with motor proteins, such as myosin II,
and hundreds of different actin binding proteins, biomimetic minimal actin cortices
(MACs) have been evolved over the past decades to decipher functions and identify
fundamental components. [60] MACs are based on bottom up approaches, starting
with the minimal set of components and increasing the system complexity over
time. First approaches towards biomimetic minimal actin cortices were made via
the charge mediated attachment of F-actin layers to the inside of GUVs (cf. figure
1.6 AI). [61,62]

Figure 1.6: Schematic illustration of different approaches for minimal actin
cortices (MACs). A: Exemplary illustration of three dimensional MACs on the in- (I)
and outside (II) of GUVs. B: Illustration of a two-dimensional MAC on a solid supported
lipid bilayer linked via the constitutively active ezrin mutant T567D. Figure adapted from
SCHÖN et al. [60]

While three dimensional model systems of in- or outside actin coated GUVs (cf.
figure 1.6 AI/II) have been proven to be valid systems for the investigation of actin
related mechanical properties [63–67] and the polymerization behavior of encapsulated
actin [62,68], two dimensional (2D) MACs allow a more precise analysis of actin
network organization and filament dynamics (cf. figure 1.6 B). [60] These membrane-
bound 2D MACs, based on solid supported bilayers, have been formed in various
studies using in most instances artificial membrane-linkages. VOGEL et al. utilized
biotin-neutravidin interactions to generate contractical actin-myosin II (actomyosin)
networks on solid supported membranes. The authors were able to show, that
F-actin contraction was accompanied by an actin filament fragmentation, which
is also referred to as buckling and breaking. [69] Similar observations were made by
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1.4 Actin cortex model systems

GANZINGER et al., using a less artificial membrane-cortex linkage via a histidine-
tagged VCA-domain and Ni-NTA-DGS receptor lipids, inducing Arp2/3 branched
actin polymerization on solid supported membranes. [70] Beside actin fragmentation,
the authors were able to highlight the impact of myosin II on the actin turnover,
as actomyosin cortices were characterized by a dynamic steady-state resulting from
myosin II fragmentation/contraction and simultaneous actin polymerization. Similar
to this approach, KÖSTER et al. utilized Ni-NTA-DGS receptor lipids and membrane-
actin linkers constructed from variable histidine-tagged proteins and the F-actin
binding domain of ezrin to generate contractical actomyosin cortices. [71] The authors
were able to reveal, that the contraction length scale of membrane-bound actomyosin
networks is determined by the F-actin network organization, while actin network
contraction is capable to modulate the membrane architecture.
Recently, NÖDING et al., as well as SCHÖN et al., developed a physiological
minimal actin cortex by attaching pre-polymerized F-actin via the receptor lipid
PtdIns[4,5]P2 and the constitutively active ezrin mutant T567D to solid supported
membranes 1.6 B). [60,72] The point mutation in ezrin at position 567, from threonine
to aspartic acid, induces a negative charge and leads to a pseudo-phoypshorylation
and a constitutively activated ezrin. [73] While NÖDING et al. revealed that both,
MAC organization and viscoelasticity are determined by the membrane concentration
of the physiological receptor lipid PtdIns[4,5]P2, SCHÖN et al. were able to highlight
the dynamics of the ezrin-PtdIns[4,5]P2 linkage, as the architecture of preformed
MACs could be altered via cross-linkers. [60,72]
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2 Scope of thesis

One of the most important structures of mammalian cells is the cytoskeleton, which
forms an intracellular network by a complex interaction of various proteins, providing
both mechanical stability and high dynamics. A key component of this network is
the actin cortex which is involved in the regulation of cell shape and processes such
as exocytosis. The actin cortex itself is a thin layer of filamentous actin (F-actin),
linked to the inner plasma membrane of mammalian cells by proteins of the ERM
(ezrin/radixin/moesin) family. The actin cortex organization and dynamics such as
contractility are regulated by hundreds of actin-binding proteins (ABPs), making
this thin actin sheet a remarkably complex protein network.

Since the high complexity of this cortical actin network impedes the characteriza-
tion of individual component properties and functions on the actin cortex in vivo,
various bottom up approaches have been developed to detangle the complex inter-
relationships. In this work, biomimetic minimal actin cortices (MACs) composed
of a solid-supported membrane, the ERM protein mutant ezrin T567D, and pre-
polymerized F-actin will be utilized to model the attachment of the actin cortex to
the plasma membrane in a minimal component system. In a first step, the MAC or-
ganization and membrane attachment will be investigated for various concentrations
of the ezrin receptor lipid l-α-phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2).
Starting from this minimal system, the complexity of the MAC will be increased. For
this purpose, the influences of biomimicking conditions, such as plasma membrane
lipid composition or branched actin filaments, will be investigated in terms of MAC
organization and membrane attachment. The acquired knowledge will then be used
to establish biomimetic actomyosin cortices. The final aim is to investigate the
dynamic contraction of membrane-bound actin cortices by bipolar myofilaments in
dependence on parameters such as the ezrin-PtdIns[4,5]P2 linkage. To reveal how
the membrane-attachment of a biomimetic MAC alters the mechanical properties
of the underlying lipid bilayer, pore-spanning membranes with ezrin-PtdIns[4,5]P2

linked F-actin networks are to be established and probed via AFM-indentation
experiments.
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3 Materials and methods

3.1 Materials

3.1.1 Lipids

In this thesis model membranes were used to mimic and study the plasma membrane.
Therefore artificial bilayers were prepared out of various receptor and matrix lipid
mixtures to investigate their impact on the formation and reorganization of minimal
actin cortices. For fluorescence microscopic examinations the membranes were
additionally doped with lipid coupled fluorophores.

3.1.1.1 Receptor Lipids

Receptor lipids represent only a minor portion of the overall lipid composition,
however, as a target for protein binding they enable the specific interaction of
proteins with the lipid bilayer. Therefore receptor lipids play an important role, e.g.
in the specific adsorption of proteins on membranes.

In the present thesis, the receptor lipid l-α-phosphatidylinositol-4,5-bisphosphate
(PtdIns[4,5]P2) was used. PtdIns[4,5]P2 carries a negatively charged phosphorylated
inositol headgroup, which serves as binding target for cytoskeletal linker-proteins like
the ERM-protein erzin (cf. chapter 1.3). [74,75] For the experiments performed in this
thesis, a natural PtdIns[4,5]P2 mixture (Avanti®, Alabaster, AL, USA), extracted
from pork brains, was used. Crucial fatty acids within the lipid extract are stearoylic
and arachidonoylic acid (figure 3.1, C47H94N3O19P3, Mav = 1096.36 g mol−1).
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Figure 3.1: Chemical structure of PtdIns[4,5]P2.
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3 Materials and methods

3.1.1.2 Matrix Lipids

Matrix lipids are the major components within artificial bilayers. In contrast to
receptor lipids they do not interact with the target proteins. Dependent on the
utilized system and technique four different matrix lipids were used in this work.

Table 3.1: Chemical structure and molar mass of matrix lipids used for mem-
brane preparation.

Lipids

O

O O

O

H

O

P
O

O

O-

N+
M = 760.08 g mol−1

POPC

C44H84NO8P

O

O O

O

H

O

P
O

O

O-

N+
M = 846.25 g mol−1

DPhPC

C48H96NO8P

O

O O

O

H

O

P
O

O

O-

H

NH3
+

O

O-

M = 784.00 g mol−1

POPS

C40H75NO10P

For measurements on solid supported lipid bilayers (SLBs) 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC, table 3.1) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-l-serine (POPS, table 3.1) were used. Both are phospholipids with a glycerol
backbone carrying palmitic acid (16:0) at position 1 and oleic acid (18:1, ∆9) at
position 2. At position 3 POPC has a zwitterionic choline head group, whereas
POPS bearing a negatively charged phosphoserine head group.
For experiments on pore spanning membranes (PSMs) 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC, table 3.1) was used. DPhPC possesses a glycerol backbone,
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3.1 Materials

a choline head group and two phytanoyl fatty acids at position 1 and 2 forming
the hydrophobic tail. All matrix lipids were purchased from Avanti® polar lipids
(Alabaster, AL, USA).

3.1.2 Fluorophores

In this work fluorescence microscopy was utilized to investigate a variety of experi-
ments, like vesicle spreading and membrane formation or self-organization of minimal
actin cortices. Therefore, different kinds of fluorescent probes were used.

3.1.2.1 Lipid coupled fluorophores

Lipid coupled fluorophores were embedded in artificial lipid bilayers and used for
membrane detection as well as determination of homogeneity and lateral lipid diffu-
sion.

ATTO 390

ATTO 390 is a coumarin based fluorophore and was purchased coupled to 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (ATTO 390-DPPE, C57H97N2O11P,
cf. table 3.2) developed by Atto-Tec GmbH (Siegen, Germany). The excitation
wavelength was λex = 405 nm and the fluorescence was detected in the range of
λem 450 - 550 nm.

ATTO 488

ATTO 488 belongs to the large family of xanthene dyse and was purchased coupled to
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (ATTO 488-DPPE, C62H96N4O17PS2,
cf. table 3.2) developed by Atto-Tec GmbH (Siegen, Germany). The excitation
wavelength was λex = 488 nm and the fluorescence was detected in the range of
λem 520 - 570 nm.
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3 Materials and methods

Table 3.2: Chemical structure of lipid coupled fluorescent probes used for
membrane preparation.

Lipid coupled fluorophores
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3.1 Materials

Texas Red®

Texas Red® (TxR) is a rhodamine based dye and was purchased coupled to 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TxR-DHPE, C74H117N4O14PS2,
cf. table 3.2) from Thermo Fisher Scientific (Waltham, MA, USA). The excitation
wavelength was λex = 561 nm and the fluorescence was detected in the range of
λem 590 - 635 nm.

3.1.2.2 Protein staining fluorophores

Protein staining with fluorescent probes was performed for the investigation of protein
localization, self-organization and tracking within the experiments. Depending on
the target protein different fluorescent dyes were used.

Actin

Actin staining was performed for different actin variants. The monomeric G-actin
was labeled with a ATTO 594-N -hydroxysuccinimide(NHS)-ester (ATTO 594-NHS-
ester, cf. table 3.3) developed by Atto-Tec GmbH (Siegen, Germany). ATTO 594 is a
rhodamine based dye with a excitation wavelength of λex = 561 nm, the fluorescence
was detected in the range of λem 600 - 700 nm.
Filamentous F-actin was stained with the phalloidin conjugated dyes Alexa
Fluor™ 488 (M = 1320.00 g mol−1) or Alexa Fluor™ 633 (M = 1900.00 g mol−1)
(cf. table 3.3) from Thermo Fisher Scientific (Waltham, MA, USA). Alexa Fluor™ 488
belongs, like ATTO 488, with a excitation wavelength of λex = 488 nm and a detection
range of λem 520 - 570 nm structural to the family of xanthane fluorophores. The
Alexa Fluor™ 633 was excited with wavelength of λex = 633 nm and the fluorescence
was detected in the range of λem 650 - 750 nm.

Myosin II

The monomeric muscle myosin II was fluorescently labeled with the NHS-ester
conjugate DyLight® 488 (DyLight® 488-NHS-ester, cf. table 3.3) from Thermo
Fisher Scientific (Waltham, MA, USA). The excitation wavelength was λex = 488 nm
and the fluorescence was detected in the range of λem 520 - 570 nm.
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Table 3.3: NHS and phalloidin coupled fluorophores for protein staining.

NHS-ester coupled fluorophores
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Phalloidin coupled fluorophores
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3.2 Proteins and biochemical methods

3.2 Proteins and biochemical methods

3.2.1 Ezrin T567D isolation

The recombinant expression of the encoding ezrin T567D sequence, with N -terminal
hexahistidine-tag (His6-tag), was performed according to the former work of HERRIG
et al. [76] Molecular cloning and recombinant plasmid preparation of a pET28a+ vector,
carrying the encoding ezrin T567D sequence, were conducted and provided by the
previous co-worker Markus Schön.
For the recombinant protein production of ezrin T567D the T7-expression system
of Escherichia coli (E. coli) was used. The T7-expression system divides into two
amplification levels. The first part consists of the lac operon (lacO) controlling the
T7-RNA polymerase expression and is located in the genome of the E. coli host cells.
The lacO is regulated by the lac inhibitor (lacI) encoding for the lac repressor, which
is binding and preventing the T7-RNA polymerase expression. lacI forms together
with the T7-promoter and T7-terminator, controlling the target gene, the second
amplification level within the pET28a+ vector. [77,78]

3.2.1.1 Plasmid transformation

The encoding pET28a+ vector was transformed via heatshock into the competent
E. coli strain BL21(DE3)pLysS purchased from Invitrogen (Carlsbad, CA, USA).
Owing to a treatment with calcium chloride and a still not fully resolved mechanism
competent E. coli cells are permeable for foreign DNA. [77]

Competent BL21(DE3)pLysS E. coli cells (50µL/aliquot) were thawed on ice. After-
wards 1µL plasmid (pET28a+, c = 166 ng µL−1), solved in ultrapure water, was
added and incubated for 30 min on ice. The heatshock was subsequently carried
out at 42 � for 30 s in a water bath. Cells were placed on ice for 5 min, afterwards
mixed with 450µL SOC medium (super optimal broth with catabolite repression)
and incubated for 1 h in a shaker (37 �, 180 rpm). For selection, each 250µL
cell solution was plated on a LB (lysogeny broth) agar plate (60µg/mL kanamycin,
34µg/mL chloramphenicol) and incubated overnight (37 �).
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3 Materials and methods

LB-agar 1.5 % (w/v) agar
1 % (w/v) tryptone
1 % (w/v) NaCl
0.5 % (w/v) yeast extract
pH = 7.4

SOC- 2 % (w/v) tryptone
medium 0.5 % (w/v) yeast extract

20 mm glucose
10 mm NaCl
10 mm MgCl2
10 mm MgSO4

2.5 mm KCl
pH = 7.0

3.2.1.2 Heterologous protein expression

Heterologous expression of the protein ezrin T567D was established following a
successful transformation and selection of single cell E. coli colonies carrying the
encoding pET28a+ (cf. chapter 3.2.1.1). A pre-culture was prepared by picking a
single colony and incubating overnight in 10 mL LB medium (60µg/mL kanamycin,
34µg/mL chloramphenicol). The main-culture (LB, 60µg/mL kanamycin) was
started by the addition of 2 %(v/v) grown pre-culture and incubated in a shaker
(180 rpm) at 37 �. The main-culture growing process was monitored until an optical
density (OD600, λ = 600 nm) of 0.6 was reached, subsequently the ezrin T567D gen
expression was induced by adding 1 mm isopropyl β-D-thioglactopyranoside (IPTG)
and incubated for 4 h (37 �, 180 rpm). Afterwards the cell suspension was placed
10 min on ice and centrifuged (2700 g, 20 min, 4 �, Allegra X-22R, Beckman Coulter,
Brea, USA). The obtained cell pellets were combined and the purification proceeded
or cell pellets were stored at -20 � until purification.

LB medium 1 % (w/v) tryptone
1 % (w/v) NaCl
0.5 % (w/v) yeast extract
pH = 7.4
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3.2.1.3 Cell lysis and protein purification

Cell lysis was performed mechanically by means of tip sonification (Sonopuls, Ban-
delin electronic GmbH & Co. KG, Berlin, Germany). For this purpose the cell
pellet was solved in lysis buffer and tip sonification was executed on ice (60 % power,
5 x 30 ). The lysed cell suspension was clarified via ultracentrifugation (Beckman
L70 Ultra Centrifuge, Beckman Coulter, Krefeld, Germany, 100000 g, 4 �, 1 h) and
the protein containing supernatant stored on ice until purification.

Protein purification was executed via immobilized metal ion affinity chromatog-
raphy (IMAC). IMAC is based on the transient complex forming properties of metal
ions like Ni2+ or Co2+ with histidine or cysteine residues. [79] The recombinant ezrin
T567D was therefore expressed with a N -terminal His6-tag and purified by means a
of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Quiagen, Hilden, Germany) column.
Within the Ni-NTA complex four of the six binding sites at the octahedral Ni2+

center are chelated by NTA. The remaining two ligand sites can be occupied by two
histidines (n/n+2) of the His6-tag. [79,80] Controlled protein elution can be achieved
by means of imidazole, which expresses a high affinity to the Ni2+ and displaces the
bound His6-tag.
Ni-NTA columns were filled with a bed volume of 2.5 mL Ni-NTA agarose, washed
with ultra pure water and equilibrated with equilibration buffer (EQ, each three
column volumes). The supernatant was loaded once on to the Ni-NTA column and
incubated during running through by gravity flow. After incubation, excess and
unspecific bound proteins were washed of by applying washing buffer I & II (WI &
WII, each one column volume). Ezrin T567D was eluted with one column volume
of elution buffer and aliquoted in fractions of 1.5 mL. Each step was performed at
4 � and fractions were collected during lysate incubation and WI- & WII-washing
steps.

lysis 300 mm NaCl
buffer 40 mm HEPES

20 mm imidazole
1 mm ETDA
10 mm β-mercaptoethanol∗

Roche® cOmplete™∗

pH = 7.4

EQ buffer 300 mm NaCl
40 mm HEPES
20 mm imidazole
pH = 7.4
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WI buffer 300 mm NaCl
40 mm HEPES
30 mm imidazole
1 mm MgCl2
10 mm β-mercaptoethanol∗

pH = 7.4

WII 150 mm NaCl
buffer 40 mm HEPES

40 mm imidazole
1 mm MgCl2
10 mm β-mercaptoethanol∗

pH = 7.4

elution 50 mm KCl
buffer 20 mm Tris

250 mm imidazole
pH = 7.4

∗added prior to usage

3.2.1.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

The successful ezrin T567D isolation was validated by means of sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Basis of the SDS-PAGE
is the movement of charged particles like proteins within an electric field, which
allows a separation by molecular mass. [81,82] The detergent SDS accumulates via
its charged head group and hydrophobic residue at the proteins, induces a protein
linearization, covers their intrinsic charge and applies a constant mass-to-charge
ratio. [81] Additionally the SDS-Page is performed under reducing conditions by means
of dithiothreitol (DTT) or β-mercaptoethanol, reducing intramolecular disulfide
bridges within the proteins. Beside the constant mass-to-charge ratio the porous
polyacrylamide gel is a key factor in the separation of proteins by their molecular
mass. Using a discontinuous gel electrophoresis with a stacking gel (here 5.2 %
acrylamide, pH 8.8) and resolving gel (here 12.5 % acrylamide, pH 8.8) allows a
protein stacking and focusing prior to separation.

The polyacrylamide gel preparation was performed with the gel electrophoresis kit
Mini-PROTEAN® Tetra Cell (Bio-Rad Laboratories Inc., Hercules, USA). Prior
to use, the glasses were cleaned in sequence with ultrapure water and isopropanol
p.a. and deployed inside the gel electrophoresis kit. Initially the resolving gel
(12.5 % acrylamide, pH 8.8) was filled in the gel chamber, covered with isopropanol
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p.a. and polymerized for at least 20 min. The polymerization of acrylamide and
bisacrylamide was initialized with ammonium peroxydisulfate (APS) and catalyzed
by N,N,N´,N´-tetramethyl ethylenediamine (TEMED). Afterwards, the isopropanol
p.a. was removed from the polymerized resolving gel and the stacking gel (5.2 %
acrylamide, pH 8.8) was layered above. Sample pockets were formed by placing a
comb inside the stacking gel and polymerization was carried out analogously to the
resolving gel. Afterwards the polyacrylamide gel was placed inside the electrophoresis
chamber and the comb was removed. The chambers in- and outside were filled with
electrophoresis buffer and the protein samples loaded into the sample pockets.
The protein samples were prepared during gel polymerization. The collected fractions
(cf. chapter 3.2.1.3) were mixed 1:1 with sample buffer and incubated for 10 min at
95 �. Per sample 10µL solution were loaded into a sample pocket and per gel one
pocket was filled with a molecular marker (PageRuler™ Plus, 10 - 250 kDa, 5µL).
Subsequently the chamber was connected to a power source applying an electric
tension of 200 V over 50 min. Afterwards the gel was stained with a water-Coomassie
brilliant blue solution (0.08 % (w/v) Coomassie brilliant blue G-250, 25 mm HCl)
in a microwave (800 W, 30 - 45 s). Decolorizing was performed with two rounds of
boiling ultrapure water (each 5 min) and a variable short incubated in destaining
solution. After destaining the gels were imaged (Azure c300, Azure Biosystems, Inc.,
Dublin, USA).

Figure 3.2: Exemplary SDS-PAGE of N -terminal His6-tagged ezrin T567D
(M = 73.25 kDa) with the flow through (FT), washing steps I & II (WI & II), sev-
eral elution fractions (E1-10) and a molecular weight marker (MW, PageRuler™ Plus,
10 - 250 kDa).
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Ezrin T567D (M = 73.25 kDa) containing fractions (cf. figure 3.2) were selected,
combined and dialysed (4 �, 24 h) with a 100-fold volume of ezrin buffer (E1).
E1 buffer was replaced after 4 and 16 h and ezrin T567D was stored at 4 � for a
maximum of 3 months after concentration determination (cf. chapter 3.2.3).

resolving 2.1 mL 30 % AAmix∗

gel (12.5 %) 1.6 mL H2O
1.3 mL 1,5 mm Tris
40 µL 10 % (w/v) SDS
40 µL 10 % (w/v) APS
2 µL TEMED
pH = 8.8

stacking 0.33 mL 30 % AAmix∗

gel (5.2 %) 1.4 mL H2O
0.25 mL 1,5 mm Tris
20 µL 10 % (w/v) SDS
20 µL 10 % (w/v) APS
2 µL TEMED
pH = 6.8

electroph. 25 mm Tris
buffer 192 mm glycin

0.1 % (w/v) SDS
pH = 8.3

sample 175 mm Tris
buffer 0.3 mm DDT

15 % (w/v) glycerol
5 % (w/v) SDS
0.02 % (w/v) bromophenol blue
pH = 6.8

E1 buffer 50 mm KCl
20 mm Tris
0.1 mm NaN3

0.1 mm EDTA
pH = 7.4

∗AAmix (acrylamide:bisacrylamide, 37.5:1)
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3.2.2 Skeletal rabbit muscle myosin II isolation

Isolation of skeletal rabbit muscle myosin II was performed together with Lucia
Baldauf in the laboratories of Prof. Dr. Gijsje Koenderink at the AMOLF institute

in Amsterdam.

The skeletal rabbit muscle myosin II was isolated from the leg muscles of a female
rabbit, purchased from Harlan Laboratories (Belton, Leicestershire, UK), according
to the work of MARGOSSIAN and LOWEY. [83] All isolation steps were performed
at 4 � or with all regents stored on ice.

Day 1

The isolation was started with 800 g rabbit muscular meat, which was cleaned
in the first step. Tendons and remaining fat were cut off and the muscles chopped
into small pieces. Subsequently, a meat grinder was rinsed with EDTA solution
(20 mm, pH 7.0) and dissected muscles (500 g remaining) were carefully shredded.
The muscle mince was extracted under slow constant stirring by hand for 15 min
with 1 L of buffer A. Actin isolation was minimized by not extending the extrac-
tion over 15-20 min. [83] Extraction was stopped by diluting the solution with a
4-fold of cold ultra pure water to a total volume of 4 L (cf. figure 3.3 A). Muscle
residues were separated by filtrating through three layers of cheesecloth. The ex-
tract was precipitated by dilution with a 1.5-fold of cold water to a total volume of
10 L reaching a final ionic strength of ∼0.04 (10-fold diluted buffer A). Myosin was
settled down overnight, forming a white cloud at the bottom portion (cf. figure 3.3 B).

Day 2

The clear supernatant was carefully siphoned off and discarded until a small layer
remained over the settled myosin. The remaining precipitated protein was centrifuged
(Avanti J-E, Beckman Coulter, Krefeld, Germany) for 15 min (8000 g, 4�) and the
obtained pellet resuspended in 150 mL buffer B for a maximum volume of 400 mL.
Afterwards, the protein suspension was dialyzed for 5 h against 4.5 L of buffer C.
After dialysis the volume of the protein solution was measured and the solution was
slowly diluted with an equal amount of cold ultrapure water. During this dilution the
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actomyosin precipitated, where the ionic strength should not be lowered under 0.3,
since the myosin may also precipitate (cf. figure 3.3 C). [83] The diluted suspension
was stired for 30 min and subsequently centrifuged for 15 min (16000 g, 4 �) to
pelletize actomyosin. The pellet was discarded and the supernatant centrifuged for
further 1.5 h (38000 g, 4 �). The pellet was discarded again, the volume of the
supernatant was measured and afterwards diluted with 8-fold cold ultrapure water
giving a final ionic strength of 0.04 precipitating myosin overnight (cf. figure 3.3 D).

Figure 3.3: Schematic illustration of critical steps within skeletal rabbit muscle myosin II
isolation. A: Rabbit muscular meat cleaning, grinding and myosin extraction. B: First
myosin precipitation for separation of soluble proteins. C: Separation of actomyosin via
precipitation from myosin solution. D: Final precipitation of myosin. E: Exemplary
SDS-PAGE of skeletal rabbit muscle myosin II with a molecular weight marker (MW,
PageRuler™ Plus, 10 - 250 kDa) and region expected for MLC’s highlighted in red.

Day 3

Analogously to day 2, the supernatant was carefully siphoned off and discarded
until a small layer remained over the precipitated myosin. The settled protein was
centrifuged for 25 min (8200 g, 4�). The arisen supernatant was discarded and the
pellet was solved in a minimum volume of buffer D. Afterwards the resuspended
myosin was dialzed overnight against 2 L of buffer E.
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Day 4

After dialysis, the myosin was centrifuged for 3 h (38000 g, 4 �) separating the
soluble myosin from remaining lipids and insoluble proteins. Thy myosin containing
supernatant was carefully siphoned off without any lipid material floating on top
of the protein solution. Afterwards, the myosin concentration was determined (cf.
chapter 3.2.3) and subsequently mixed in a 1:1 ratio with precooled glycerol. The
myosin/glycerol solution was stored at -20 �.
The myosin purity was validated by means of SDS-PAGE (cf. figure 3.3 E). Gel
preparation as well as all subsequent steps were performed according to chapter
3.2.1.4. The full length dimeric myosin II isolated from rabbit muscles is reported with
a molecular weight of 470 kDa. [83] Each myosin dimer consist of two myosin heavy
chains (MHC’s, ∼220 kDa) with each two additional myosin light chains (MLC’s,
∼10-25 kDa). Reducing conditions during SDS-PAGE leading to dissociation of the
dimeric myosin into two MHC’s and four MLC’s. [84,85]

buffer A 300 mm KCl
150 mm KH2PO4

∗∗

20 mm EDTA
5 mm MgCl2
1 mm ATP∗

pH = 6.5

buffer B 1 m KCl
600 mm KH2PO4

∗∗

25 mm EDTA
pH = 6.5

buffer C 600 mm KCl
25 mm KH2PO4

∗∗

10 mm EDTA
1 mm DTT∗

pH = 6.5

buffer D 3 m KCl
50 mm KH2PO4

∗∗

1 mm DTT∗

pH = 6.5

buffer E 600 mm KCl
50 mm KH2PO4

∗∗

1 mm DTT∗

pH = 6.5
∗added prior to usage
∗∗phosphate buffer stock of KH2PO4 and K2HPO4 at pH = 6.5
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3.2.3 Determination of Protein Concentration

The determination of protein concentration is a critical step, since the result forms
the basis for subsequent experiments and calculations. Within this work protein
concentration was determined by means of UV/Vis spectroscopy. This technique is
based on the absorption of light at a wavelength of 280 nm by the aromatic amino
acids trypsin, tryptophan and phenylalanine. [86] According the lambert-beer law
(cf. equation 3.1), the absorbance (A280, λ= 280 nm) is a linear function of the
protein concentration (c) with the molar attenuation coefficient (ε280, λ= 280 nm)
and the optical light path (d). [87]

A280 = logI0

I
= ε280 · c · d (3.1)

For calculation, the initial light intensity (I0) as well as the intensity after passing
the protein solution (I) were needed. UV/Vis spectroscopy measurements were
performed with the NanoDrop™ 2000c (Thermo Fisher Scientific, Waltham, MA,
USA). The molar absorption coefficient of myosin II was taken from ALVARADO and
KOENDERINK (ε280 myosin = 249000 m−1cm−1) and for ezrin T567D and non-muscle
G-actin (Cytoskeleton, Denver, CO, USA; human platelet, 85 % β-actin, 15 % γ-actin)
theoretically calculated with the online tool ProtParam (ε280 ezrin = 66935 m−1cm−1,
ε280 actin = 44350 m−1cm−1). [7]

For labeled proteins, the adsorption of the particular fluorophore at a wavelength
of 280 nm must be included. Therefore the correction factor (CF280), provided
by manufacturer, as well as the maximum fluorophore absorbance (Amax) at the
absorption wavelength maximum (λmax) must be taken into account. Following this,
the protein concentration (c) can be determined according to equation 3.2.

c = A280 − (Amax · CF280)
ε280

(3.2)

The degree of labeling (DOL) displays the moles of dye per mole protein and can be
calculated according to equation 3.3, needing the molar absorption coefficient of the
particular fluorophore (εmax) at λmax.
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DOL = Amax

εmax · cprotein

(3.3)

Table 3.4: Overview of the fluorophore-specific parameters used for concentration and
DOL determination.

CF280 λmax εmax

ATTO 594 0.500 603 nm 120000 m−1cm−1

DyLight® 488 0.147 493 nm 70000 m−1cm−1

3.2.4 Protein labeling

Fluorescence labeling of proteins is a common method for the visualization of protein
localization and interactions within experiments. N -hydroxysuccinimide(NHS)-ester
modified fluorescent conjugates are commonly used probes for modification of primary
amino groups in proteins and were introduced first by ANDERSON et al. [88,89] NHS-
esters are characterized by a high selectivity for aliphatic amines, low reaction rates
for aromatic amines or primary hydroxyl groups and a physiological reaction pH of
7.0 - 9.0 in aqueous solutions. [90]

Within this work two different N -hydroxysuccinimide(NHS)-ester conjugates (cf.
chapter 3.1.2.2) were used for the specific fluorescence labeling of actin and myosin II,
targeting different lysine residues. The reaction follows a nucleophilic acyl substitution
mechanism illustrated in figure 3.4.

Figure 3.4: Reaction mechanism of an (NHS)-ester conjugated fluorescent
probe with primary amino group. The N-hydroxysuccinimide ring activates the
carbonyl-C-atom for the primary amine nucleophilic attack, following a nucleophilic acyl
substitution mechanism.
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3.2.4.1 G-actin labeling with ATTO 594-NHS-ester

Non-muscle G-actin (nm actin, 2 mg, human platelet, 85 % β-actin, 15 % γ-actin)
purchased from Cytoskeleton (Denver, CO, USA) was solved in DTT free G-buffer
to a final concentration of 6.67 mg mL−1 and dialyzed (Slide-A-Lyzer MINI, 20kDa
MWCO, Thermo Fisher Scientifical, Waltham, MA, USA) overnight against 0.5 L
DTT free and N2-flushed G-buffer at 4 �. Subsequently, the actin volume was
measured and the solution filled up to 1 mL with a final actin concentration of
2 mg mL−1. The solution was transferred in a 1.5 mL eppendorf cup and polymerized
with 100µL F1-solution for 40 min at 20 �. ATTO 594-NHS-ester (cf. chapter
3.1.2.2) was solved in water free dimethyl sulfoxide (DMSO) to a final concentration
of 21 mm. Labeling was initialized by adding ATTO 594-NHS-ester (14.5µL, 21 mm)
to the polymerized actin for a final concentration of 0.3µm resulting in a 6.5 molar
excess. The solution was carefully and slowly mixed with a cut off 1 mL eppendorf
pipette, immediately transferred in a 1 mL ultra centrifugation tube and incubated
for 1 h at 20 �. The reaction was stopped by adding 10 mm Tris solution (0.5 m,
pH 7.8) and labeled F-actin was centrifuged (100000 g, 12 �) for 1 h. The obtained
supernatant was discarded, the actin pellet resuspended in 500µL cold G-buffer
and depolymerized on ice for 1 h. G-actin labeled with ATTO 594 was recycled
by repolymerizing with the addition of 50µL F1-solution (1/10 actin volume) and
subsequent incubation (40 min, 20 �) in freshly prepared ultra centrifugation tubes.
The polymerized F-actin was centrifuged (100000 g, 4 �) for 1 h, the resulting
pellet resuspended in 1 mL cold G-buffer and dialyzed (14KDa MWCO, ZelluTrans®,
Carl Roth GmbH+Co. KG, Karlsruhe, Germany) overnight against 1.5 L G-buffer
at 4 �. During dialysis F-actin depolymerized into G-actin, which was separated
from insoluble actin by means of centrifugation (100000 g, 4 �, 3.5 h). The G-actin
containing supernatant was saved and the concentration of ATTO 594 labeled G-actin
determined (cf. chapter 3.2.3). Finally the ATTO 594 labeled G-actin was aliquoted,
snap frozen in liquid nitrogen and stored at -80 �.

G-buffer 5 mm HEPES
0.2 mm CaCl2
0.3 mm ATP∗

0.5 mm DTT∗

pH = 8.0 (NaOH)

F1-solution 500 mm KCl
100 mm HEPES
20 mm MgCl2
20 mm ATP
pH = 7.4

∗added prior to usage
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3.2.4.2 Myosin II labeling with DyLight® 488-NHS-ester

Skeletal rabbit muscle myosin II (cf. chapter 3.2.2) was fluorescently labeled with
DyLight® 488 according to a protocol adapted from DEBIASIO et al. and E SILVA
et al. [51,91] All labeling steps were performed at 4 � or with all regents stored on ice.

The myosin II isolated from rabbit muscles was stored at -20 � in myosin storage
buffer (MS buffer) containing 50 % (v/v) glycerol. For the fluorescent labeling the
protein was dialyzed (14KDa MWCO, ZelluTrans®) overnight against 1 L gylcerol free
myosin buffer (M buffer) and subsequently for 2 h against 500 mL labeling buffer I.
Afterwards, the myosin II volume was measured and the concentration determined
(cf. chapter 3.2.3). DyLight® 488-NHS-ester (cf. chapter 3.1.2.2) was solved in water
free DMSO to a final concentration of 10 mg mL−1 and myosin labeling was initialized
by adding a 20-fold molar excess DyLight® 488-NHS-ester to the protein solution.
The mixture was incubated for 1 h on ice and the reaction stopped by adding 20 mm
d-lysine, with an incubation time of 5 min. The labeled myosin II was separated from
unbound dye by dialyzing (14KDa MWCO, ZelluTrans®) against 500 mL labeling
buffer II overnight with a complete buffer replacement after 3 h. The dialyzed myosin
solution was collected, 10 mm MgCl2 were added and the polymerized myosin II
filaments centrifuged for 10 min (8000 g, 4 �). The obtained myosin pellet was
resuspended in a minimal amount of labeling buffer III and subsequently dialyzed
overnight against 1 L of buffer III. After dialysis the finally labeled myosin II was
collected and the concentration, as well as the labeling ratio, was determined (cf.
chapter 3.2.3). For storage, the labeled myosin was mixed in a 1:1 ratio with
pre-cooled glycerol and stored at -20 �.

MS buffer 300 mm KCl
25 mm KH2PO4

∗∗

0.5 mm DTT
50 % (v/v) glycerol
pH = 6.5

M buffer 300 mm KCl
4 mm MgCl2
20 mm imidazole
1 mm DTT∗

pH = 7.4
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buffer I 10 mm HEPES
50 mm KCl
0.2 mm EGTA
2 mm MgCl2
2 mm ATP∗∗

pH = 7.0

buffer II 10 mm HEPES
50 mm KCl
0.2 mm EGTA
pH = 7.0

buffer III 600 mm KCl
50 mm KH2PO4

1 mm DTT∗

pH = 6.5
∗added prior to usage
∗∗phosphate buffer stock of KH2PO4 and K2HPO4 at pH = 6.5

3.3 Preparative methods

3.3.1 Vesicle preparation

3.3.1.1 Small unilamellar vesicles

Small unilamallar vesicles (SUVs, ø ∼ 100 nm) were formed from rehydrated lipid
films by means of sonification. All SUVs were manufactured on the basis of POPC
as matrix lipid. For each additional component added, such as receptor lipids or
fluorescent probes, the amount of POPC was reduced by x-mol%.

Based on stock solutions of the required lipids, with concentrations ranging from
1.0 mg mL−1 to 20 mg mL−1, lipid films with a final mass of 0.4 mg were prepared.
The desired lipids were mixed in a chloroform containing test tube and subsequently,
dried in a water bath above their phase transition temperature under a constant
nitrogen stream. For PtdIns[4,5]P2 containing lipid the lipids films were solved
in a methanol:chloroform (1:10 v/v) mixture. After solvent evaporation the lipid
films were dried in a vacuum chamber (Vacuum drying oven VD23, Binder GmbH,
Tuttlingen, Germany) for at least 2 h and then stored at 4 � until usage.

SUV preparation was initialized by rehydrating the desired lipid film in 500µL
sodium citrat buffer (Na-citrat buffer, c = 0.8 mg mL−1) for 30 min. Afterwards the
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aqueous lipid solution was vortexed three times for 30 s with dwell intervals of 5 min.
Subsequently, the obtained multilamellar vesicles (MLVs) were sonicated for 30 min
(Sonopuls, cycle x 4, 60 %, Bandelin Electronic GmbH & Co. KG, Berlin, Germany).
The resulting SUV suspension was immediately used for the formation of artificial
lipid bilayers.

Na-citrat 50 mm KCl
buffer 20 mm Na-citrat

0.1 mm EDTA
0.1 mm NaN3

pH = 4.8

3.3.1.2 Giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) are cell-size liposoms with a diameter ranging
from 1 to 200µm. [92] Today, a wide range of different manufacturing methods like
lipid film hydration, inverted emulsion transfer or microfludics are known. [93–95]

Within this work a modification of the lipid film hydration method was used, called
electroformation. These method was first introduced by ANGELOVA et al. and relies
on the lipid film hydration under a external applied electric field. [96] The applied
alternating electric field promotes the lipid film hydration after lipid deposited on a
conductive surface. [92]

Based on lipid stock solutions of the required lipids with concentrations ranging
from 1.0 mg mL−1 to 20 mg mL−1 lipid films with a final lipid mass of 0.2 mg
were prepared. The desired lipids were mixed in a chloroform containing test
tube and equal amounts deposited on two indium tin oxide slides (ITOs). The
lipid layers were dried in a vacuum chamber (Vacuum drying oven VD23, Binder
GmbH, Tuttlingen, Germany) for at least 2 h and subsequently assembled to an
electroformation chamber, as depicted in figure 3.5. The chamber was filled with
sucrose solution (iso-osmolar to the respective spreading buffer) and connected to
the voltage source. The electroformation was performed for 2 h at a frequency of
5 Hz and 3 V (peak-to-peak). Afterwards, the GUV solution was collected and
immediately used for the formation of artificial lipid bilayers. The used ITOs were
cleaned alternating with ethanol p.a. and ultrapure water. Cleaned ITOs were stored
for the next preparation.
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Figure 3.5: Schematic depiction of a GUV chamber. Two ITO slides with dry
lipid films (blue) are assembled with a silicon ring, forming the electroformation chamber,
and are connected via copper bands to a power source.

3.3.2 Artificial membrane preparation

3.3.2.1 Solid supported lipid bilayers

Solid supported lipid bilayers (SLBs) were prepared on glass substrates and silicon
wafers. High precision coverglass (no. 1.5, 170µm ± 5µm) were purchased from
Marienfeld GmbH & Co. KG (Lauda-Königshofen, Germany). Silicon wafers were
coated either with 100 nm (used for fluorescence microscopy) or 5000 nm (used for
RIfS experiments) SiO2 and were purchased from Silicon Materials Inc. (Glenshaw,
PA, USA).

Independent of the material all substrates were hydrophilic functionalized as de-
scribed in the following. The glass substrates (0.7 cm x 2.4 cm) and silicon wafers
(0.8 cm x 1.9 cm) were cut to the required sizes. Subsequently, both were cleaned
three times alternating with ultrapure water and ethanol p.a., the glass substrates
were additionally cleaned with argon plasma (PDC 32 G-2, Harrick Plasma, Ithaca,
NY, USA). The cleaned substrates were hydrophilized for 20 min in a aqueous am-
monia hydrogen peroxide solution (H2O:H2O2 (30 %):NH3 (25 %) 5:1:1 (v/v/v))
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at 70 � and rinsed with ultrapure water. The hydrophilized substrates were im-
mediately activated with oxygen plasma, installed in the measuring chambers and
chambers filled with spreading buffer. SLBs were formed by the addition of SUVs
(c = 0.8 mg mL−1) and a following incubation (cf. chapter 3.3.4.1).

argon 0.2 mbar process pressure
plasma 5.5 min gas supply

30 process duration
60 % power

oxygen 0.2 mbar process pressure
plasma 2 min gas supply

30 process duration
60 % power

3.3.2.2 Pore-spanning membranes

Pore-spanning membranes (PSMs) were prepared by spreading GUVs (cf. chapter
3.3.1.2) on top open porous substrates with pore diamater of 5µm (Aquamarijn
B. V., Zutphen, Netherlands). The 5 × 5 mm substrates with a porosity of ∼37 %
were composed of a Si-support (0.9 mm) and a 0.5 mm tick topside coating with
Si3N4. For the functionalization, the substrates were cleaned three times alternating
with ultrapure water/ethanol p.a. and subsequently dried in a nitrogen stream.
Afterwards, the substrates were orthogonally evaporated with silicon monoxide (SiOx,
30-40 nm) at a process pressure of 2 - 6 × 10−6 mbar and a rate of 0.3 - 0.4 nm s−1.
After silicon monoxide coating, the substrates were incubated for ∼16 h in ultrapure
water at 55 � to generate a hydrophilic surface. [97]

Figure 3.6: Depiction of pore-spanning membranes on SiOx functionalized
substrates. A: Small volume chamber within a petri dish. Illustration of the top view
(B, blue) and side view off pore-spanning membranes on SiOx functionalized Aquamarijn
substrates.

After the incubation the substrates were first rinsed for 20 s with isopropanol p.a.
and subsequently twice with Na-citrat buffer for the same duration. Petri dishes were
prepared by forming a two layered circle of glue (picodent twinsil®, ø = 0.8 mm) on the
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dish bottom, to enable a small sample volume (cf. figure 3.6 A). The wet substrates
were glued into the generated circle, which was then filled with 400µL Na-citrat
buffer. Immediately after substrate fixation, 10µL GUV suspension were added and
incubated for 1 h at 20� to generate PSMs (cf. figure 3.6 B-C). Excess lipid material
was washed of through multiple exchanges of spreading buffer (10 × 300µL).

3.3.3 Filamentous actin polymerization

Filamentous actin (F-actin) networks were pre-polymerized from lyophilized non-
muscle G-actin monomers (Cytoskeleton, Denver, CO, USA; human platelet, 85 %
β-actin, 15 % γ-actin). The purchased G-actin was solved in cold ultrapure water
and aliquots (10µL, c = 10 mg mL−1) were stored at -80 �. Pre-polymerization
was carried out by solving aliquots in cooled G-buffer to a final actin concentration of
0.4 mg mL−1. For F-actin labeling via ATTO 594 labeld G-actin, labeled monomers
were mixed with unlabeled G-actin (1:10 (n/n)) and solved in cold G-buffer to a
final concentration of 0.44 mg mL−1. Actin multimers were dissolved by adding ATP
(0.3 mm) and DTT (0.5 mm) followed by an incubation for 1 h on ice. Remaining
oligomers were separated via centrifugation (17000 g, 20 min, 4 �) and the super-
natant was polymerized with 10 % v/v polymerization solution (F1 solution). After
a polymerization of 20 min at 20 � the F-actin was mixed with phalloidin in a 1.5 %
(n/n) ratio, stabilizing the formed filaments. Unlabeled filaments were mixed with
Alexa Fluor™ 488- or 633-phalloidin (cf. chapter 3.1.2.2) and ATTO 594 labeled
F-actin with untagged phalloidin (from Amanita phalloides, purity ≥ 90 %, in MeOH
p.a.). The solution was incubated for further 20 min at 20 � and subsequently
stored for a maximum of 12 h at 4 �.

G-buffer 5 mm Tris
0.2 mm CaCl2
0.1 mm NaN3

pH = 8.0

F1- 500 mm KCl
solution 100 mm Tris

20 mm ATP
20 mm MgCl2
50 mm guanidine carbonate
pH = 7.4

Successful actin polymerization was validated in glass chambers composed of a strip
double coated adhesive tape (Tesa SE, Norderstedt, Germany) between a microscopy
slide (Thermo Fisher Scientific, Waltham, MA, USA) and a coverglass (22 × 22 mm,
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cover glass, VWR International, Darmstadt, Germany). Before assembling the
chamber, a window (0.5 cm x 0.8 cm) was cut into the adhesive tape and filled with
5µL polymerized F-actin. Subsequently, the chamber was assembled and stored for
a maximum of 12 h at 4 �. Polymerization was controlled by means of confocal
laser scanning microscopy.

3.3.4 Preparation of minimal actin cortices

In this thesis minimal actin cortices were prepared either on solid supported mem-
branes or pore spanning membranes. The preparation was performed as described in
the following chapters.

3.3.4.1 Solid supported minimal actin cortice preparation

For the preparation of solid supported minimal actin cortices either glass substrates
or silicon wafer were functionalized as described in chapter 3.3.2.1. Functionalized
silicon dioxid wafers were clamped in Teflon chambers whereas the glass substrates
were glued (picodent twinsil®) to the bottom of conical low volume chambers. The
chambers were filled with Na-citrat buffer and subsequently incubated for 1 h at
20 � with SUVs (m = 0.2 mg, cglass = 0.53 mg mL−1, cwafer = 0.08 mg mL−1),
prepared according to chapter 3.3.2.1. Excess lipid material was washed of through
multiple exchanges of spreading buffer and a subsequent transfer into protein buffer
(E1 buffer). The rinsed bilayers (cf. figure 3.7 AI) were incubated overnight with
ezrin T567D (cchamber = 1µm) at 4 �.
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Figure 3.7: Schematic illustration of MAC preparation on solid supported
and pore-spanning membranes. A: Solid supported membrane. B: Pore-spanning
membrane.

The ezrin decorated membranes were equilibrated to 20 � for 1 h and subsequently
rinsed multiple times with E1 buffer to remove unbound protein. For the binding
of pre-polymerized F-actin (cf. chapter 3.3.3) the buffer system was changed to F-
buffer. Afterwards the pre-polymerized F-actin was carefully added (cglass = 4.65µm,
cwafer = 1.05µm) and minimal actin cortices (3.7 AII) formed over an incubation time
of 4.5 h. In the final step, unbound F-actin was removed by rinsing with F-buffer.

F-buffer 20 mm Tris
50 mm KCl
2 mm MgCl2
0.1 mm NaN3

pH = 7.4

3.3.4.2 Pore spanning minimal actin cortice preparation

For the preparation of minimal actin cortices on pore-spanning membranes (PSMs),
PSMs were generated by spreading GUVs on top of the functionalized substrates
(cf. chapter 3.3.2.2 and figure 3.7 B I). After rinsing the samples with spreading
buffer to remove excess lipid material, the samples were transfered into protein buffer
(E1 buffer, 10 × 300µL). Subsequently, the PSMs were incubated for 1 h at 20 �
with 1µm ezrin T567D. Afterwards, the samples were rinsed with E1 buffer and
F-buffer (each 10 × 300µL) and then allowed to stand for 30 min to decay possible
flows through the pores. Next, pre-polymerized F-actin (cf. chapter 3.3.3) was added
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to c = 2.7µm and incubated over night at 4 �. At the following day, the samples
were equilibrated to 20 � for 1 h and subsequently rinsed with F buffer (10 × 300µL)
to remove unbound protein.

3.3.5 Reorganization of minimal actin cortices by myosin II

The dynamic reorganization of minimal actin cortices by the motor protein myosin II
was imaged by means of total internal reflection fluorescence microscopy (TIRF, cf.
chapter 3.5.1.4). For this purpose minimal actin cortices were prepared, according to
chapter 3.3.4.1, on glass substrates with 10 % (1:10, n/n) ATTO 594 labeled pre-
polymerized F-actin (cf. chapter 3.2.4.1, 3.3.3) and were transferred into actomyosin
buffer (AM-buffer). Unlabeled myosin II (cf. chapter 3.2.2) was mixed in a 1:10
(n/n) ratio with DyLight® 488 labeled myosin II (cf. chapter 3.2.4.2) and dialyzed
(4 �, Slide-A-Lyzer MINI, 20kDa MWCO, Thermo Fisher Scientifical, Waltham,
MA, USA) over night from the glycerol containing storage buffer into M buffer.
Subsequently, insoluble myosin II was removed by centrifugation (4 �, 120000 g,
20 min) and the concentration of the remaining myosin was determined according to
chapter 3.2.3. The high concentration of monovalent cations (300 mm KCl) within
the M buffer were used to prevent an uncontrolled self-assembling into biopolar
myosin II filaments. Controlled polymerization was induced by diluting the prepared
myosin II with polymerization buffer (P1-buffer, 0 mm KCl) to a final concentration
of 50 mm KCl. The solution was incubated for 10 min at 20 � and subsequently
directly used for reorganization experiments.
Reorganization of minimal actin cortices was performed in AM-buffer and the final
concentrations of reagents were choosen according to ALVARADO and KOEN-
DERINK (cf. table 3.5). [7]

Table 3.5: Final concentration of all reagents for the reorganization of membrane-bound
minimal actin cortices by myosin II.

0.4µm myosin II
0.1 mm ATP
10 mm creatine phosphate
0.1 mg mL−1 creatine kinase

During reorganization ATP is consumed via the myosin ATPase activity, providing a
dynamic myosin II motion. To maintain a constant ATP concentration of around

41



3 Materials and methods

0.1 mm an ATP-regeneration system composed of creatine kinase (CK) and creatine
phosphate (CP) was used. CK catalyzes the transfer of a phosphat group from
CP to ADP, and restore with this the accessible ATP pool. [7] For reorganization
experiments CK and CP were kept separated as long as possible and were added
immediately prior to myosin II addition. The AM buffer composition with DTT was
chosen to prevent actin-actin cross-linking via disulfid bonds, which can form under
oxidative conditions. [98] Trolox were added for the prevention of photobleaching
during long time measurements. [99]

P1- 0 mm KCl
buffer 20 mm imidazole

1.6 mm MgCl2
1 mm DTT∗

1.2 mm Trolox∗

pH = 7.4

AM- 50 mm KCl
buffer 20 mm imidazole

2 mm MgCl2
1 mm DTT∗

1 mm Trolox∗

pH = 7.4
∗added prior to usage
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3.4 Biosensing techniques

3.4.1 Reflectometric interference spectroscopy

Reflectometric interference spectroscopy (RIfS) is a non-invasive technique allowing
the observation of biomolecular interactions with a high sensitivity. RIfS is based on
the refraction, reflection and transmission of white light at transparent thin layers
and the resulting interference pattern. [100] The interference patter is a product of
the superposition of the partial beams and can be converted in a change of optical
thickness, which is given by the physical layer thickness, the angle of incidence and
the different refraction indices. [100–102]

Figure 3.8: RIfS setup and the light pathway during experiments. A: Depiction
of the flow-through chamber used for RIfS experiments assembled of an alumina base, an
acryle glass top and a silicon wafer clamped in-between. B: Exemplary scheme of ezrin
binding to PtdIns[4,5]P2 on a solid supported membrane in the flow-through chamber. C:
Scheme of the light pathway in RIfS, with the incident light being reflected (I1, black) at
the buffer/SiO2 interface and partly transmitted (I2, red). The transmitted light beam is
hitting the SiO2 - Si interface where it is reflected and subsequently refracted by passing
the buffer/SiO2 interface a second time.

In this work, RIfS experiments were performed in a flow-chamber (cf. figure 3.8 A)
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for the investigation of ezrin T567D binding to solid supported bilayers (cf. figure
3.8 B). The system was composed of three different optical phases separated in the
the aqueous protein buffer with n1 = 1.333 (λ = 589 nm, 20 �), a hydrophilic func-
tionalized silicon dioxid layer for membrane formation with n2 = 1.458 (λ = 589 nm,
20 �) and an opaque silicon layer. [103,104]

When light enters the interface of two media with different refraction indices (n)
under a given angle of incidence (θ1), the refraction angle (θ2) can be described by
Snell’s law (equation 3.23). According to this law, light gets refracted towards the
normal of the interface if n2 is higher than n1, causing θ1 > θ2. As depicted in
figure 3.8 C for the RIfS experiments, the irradiated light is split into a reflected (I0)
and partly transmitted (I1) beam, when traveling through an aqueous buffer and
hitting the buffer/SiO2 interface. The refracted beam crosses the SiO2 layer and is
fully reflected at the opaque silicon layer. By passing the buffer/SiO2 interface a
second time the transmitted beam (I1) is refracted by the initial angle of incidence
(θ1) and traveling parallel to the reflected beam (I0). The longer distance s of I1,
crossing the SiO2 layer, can be defined by equation 3.4.

s = 2 d

cos(θ2)
(3.4)

The distance s can further be converted in a difference in optical path (∆s, cf.
equation 3.5), by transferring the thickness d in an optical thickness (OT = n x d).
Therefore, extending ∆s with e.g. a solid supported membrane or a membrane-bound
protein layer with a refractive index (n = ∼1.44) similar to n2 (SiO2) index enable
the detection of biomolecular adsorption. [105]

∆s = 2 d n2

cos(θ2)
(3.5)

In the used RIfS setup the light was emitted vertical to the substrate surface, resulting
in θ1 = θ2 = 0◦ and allowing a simplification of equation 3.5:

∆s = 2 d n2 (3.6)

The different path lengths between I0 and I1 causing a path shift (∆φ) between
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both beams. By using an interference layer (n2, SiO2) thickness of 5µm, within the
coherence length of white light, the superposition of both beams results in a distinct
interference pattern. The superposition of both waves can lead to a constructive (cf.
equation 3.7) or destructive interference (cf. equation 3.8), when ∆s is a multiple
(m) of the emitted wavelength (λ) or a half of the wavelength.

m λmax = ∆s ; m ∈ N (3.7)

(m + 1
2) λmin = ∆s ; m ∈ N (3.8)

For an angle of incidence θ1 = 0◦ the phase shift ∆φ of the partial light is defined
by:

∆φ(λ) = 2 π

λ
n2 d = 2 π

λ
OT (3.9)

Following equation 3.9 enables the calculation of the optical thickness (OT ), accord-
ing the measured phase shift.

Data evaluation

The change in optical thickness (∆OT ) was tracked over time, using a MATLAB
script written by Dr. I. P. Mey from the University of Göttingen. For this purpose,
reference spectra of a full reflective surface (reflectivity ≥ 98.5 %, Chroma Technology
GmbH, Olching, Germany) were recorded with the light source switch on (Ir, bright
spectrum) and off (Id, dark spectrum). For each experiment the reflectivity spectrum
(R, cf. equation 3.10) of the substrates was recorded (Spectra Suite,Ocean Insight,
Duiven, Netherlands) taking the specific substrate spectrum (Im) and reference
spectra (Ir/Id) into account.

R = Im − Id

Ir − Id

(3.10)

The reflectivity of non-absorbing layers are defined by the reflective FRESNEL
coefficient (r123):
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R(φ) ≡ |r123|2 = r2
12 + r2

23 + 2 r12 r23 cos(2 ∆φ)
1 + r2

12 r2
23 + 2 r12 r23 cos(2 ∆φ) (3.11)

with the individual FRESNEL coefficients (rxy) defined as:

rxy = nx − ny

nx + ny

(3.12)

Combining the phase shift (equation 3.9) with the reflectivity (equation 3.11), allows
the determination of ∆OT within the RIfS measurements and results in:

R(λ, OT ) =
r2

12 + r2
23 + 2 r12 r23 cos(4 π

λ
OT )

1 + r2
12 r2

23 + 2 r12 r23 cos(4 π
λ

OT )) (3.13)

The aforementioned MATLAB script fitted equation 3.13 to the measured reflectivity
spectra and enabled the detection of adsorption processes e.g. spreading of solid
supported bilayers.

RIfS measurement setup and implementation

RIfS experiments were performed in flow-through chambers (cf. figure 3.8 A) com-
posed of an alumina base and an acryle glass top. Hydrophilic functionalized silicon
substrates (cf. chapter 3.3.2.1) were clamped with a silicone seal in-between and
in/out-flow via a tubing system were attached to the acryl glass top. A constant
flow of 0.7 mL min−1 was adjusted by means of a peristaltic pump (IDEX Health &
Science, Wertheim, Germany). An optical fiber was placed on top of the flow-through
chamber, perpendicular to the silicon surface, ensuring an angel of incidence θ1 = 0◦.
Light, generated by a light source (λ = 360 - 950 nm, HL-2000-LL, Ocean Optics
GmbH, Ostfildern, Germany), was emitted through the outer emitting fibers and
collected by the inner detection fiber connected to a FLAME-S spectrometer (Ocean
Optics GmbH, Duiven, Netherlands).
Data acquisition and baseline recording was started after flushing the system with
spreading buffer. Each rinsing step (duration ∼5 - 10 min) was performed in an open
system, whereas the addition of lipids and proteins were performed in a closed system.
Membrane spreading was initiated by the addition of a SUV solution (m = 0.2 mg,
c = 0.8 mg mL−1, cf. chapter 3.3.1.1) and recorded over 5-10 min until a bilayer
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baseline was formed. Excess lipid material was washed off by rinsing with spreading
buffer followed by a transfer into the protein buffer (E1). For the binding of ezrin
T567D to POPS containing membranes, the system was passivated with BSA in
E1 buffer (cBSA = 1 mg mL−1, 5 min) and rinsed with E1 buffer prior to protein
addition. Afterwards, ezrin T567D was added (cezrin = 0.8µm) and the binding to
the solid supported bilayer was recorded for 10 min. Reversibly bound protein was
washed off by rinsing in a final step with E1 buffer and the amount of irreversible
bound protein was determined. The data acquisition was stopped, the flow-through
system washed with ultrapure water and the acryl glass top cleaned, together with
the silicon seal, three times by ultrasonication (15 min each, 1 x Muca-sol® solution
(0.5 %), 2 x ultrapure water).
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3.5 Biophysical methods

3.5.1 Fluorescence microscopy

Fluorescence microscopy includes a variety of different light microscopy techniques,
which all rely on the use of small molecules, called fluorophores. These fluorphores
are characterized by the ability to absorb light at a specific wavelength and emit it at
a different one, which is called fluorescence. Fluorescence occurs within nanoseconds
after the absorption of light and is an intrinsic property of some natural organic
compounds or proteins e.g. the green fluorescent protein. However, the majority of
fluorophores are selectively synthesized and are characterized by conjugated double
bonds within their structure. The outer orbital electrons within these π-bonds have
a small energy difference between their ground state S0 and excited state S1 orbitals,
allowing a transition from S0 to S1 already by the absorption of low-energy light. The
wavelength difference between the absorbed and emitted light, known as Stokes-shift,
relies on the vibronic transition of an exited electron from a higher vibrational state
into the lowest energy state of S1, caused by vibrational energy transfer to the
surrounding molecules. The emission of a photon occurs, as the excited electron
transmits from the lowest energy state of S1 to S0. The emitted photon usually has
a lower energy than the excitation light, which is the origin of the Stokes-shift, and
enables a simultaneous excitation and detection with a high contrast. [106]

Starting from standard fluorescence microscopic methods such as wide-field mi-
croscopy, a significant improvement in resolution has been achieved through the
development of new methods like confocal laser scanning microscopy and total
internal reflection microscopy, which was utilized in this thesis. [107,108]

3.5.1.1 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) is an improved version of conventional
light microscopy and based on the exclusion of out-of-focus light, first presented
in the 1950s by MINSKY. [109] In modern CLSMs, this is achieved with a combi-
nation of a tightly focused laser beam, providing a point like illumination of the
sample, and a pinhole in front of the detectors, blocking out-of-focus light. As
the excitation light is focused point like in the optical plane, the focused spot is
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scanned in x-y-direction over the specimen, allowing a precise 2D mapping of the
sample. By changing the focal plane, the specimen can be scanned over several levels
enabling a 3D imaging of the sample. The key components of a CLSM are schemat-
ically shown in figure 3.9, together with the illumination and emission light path.

Figure 3.9: Schematic illustration of a principle confocal laser scanning mi-
croscopy setup. The excitation light (green), produced by a laser source, is focused
over the reflection at a dichroic mirror and the objectiv lens into the focal plane. The
illumination beam passes thereby the excitation pinhole, collimator and scanner unite. The
emitted fluorescence (red, solid line) is focused through the confocal pinhole, which blocks
the out-of-focus light (dotted lines), and is amplified after bandpass selection.

Coherent light (green), generated by a laser source at a defined wavelength, passes the
excitation pinhole and is converted in a parallelized beam via a collimator. The beam
is reflected at a dichroic mirror over the scanning unite and focused by the objective
lens into the specimen. The excited fluorophores within the focal plane emit light at
a lower wavelength (red, solid line), which is collected through the objective lens and
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focused on the confocal pinhole. The pinhole blocks out-of-focus light (dotted lines)
from non focal planes, and enables a selective fluorescence amplification by means of
e.g. photomultiplier tubes (PMTs).

Both, the excitation light as well as the emitted light of a point like emitter are
diffracted by apertures within the CLSM setup, e.g. at the end of the objective,
resulting in a 3D diffraction pattern generally referred to as a point spread function
(PSF). [110] As light can not be focused by an objective in a infinite small spot,
interference occurs leading to the typical lateral (cf. figure 3.10 A) and axial (cf.
figure 3.10 B) diffraction pattern of an PSF. The lateral PSF pattern is referred to as
an airy disc, with the diameter of the central maximum being defined as an airy unit
(AU, cf. figure 3.10 A). As schematically depicted in figure 3.10 C, the axial (blue)
intensity distribution of an PSF is in general larger than the lateral (orange) one.

Figure 3.10: Exemplary representation of the point spread function. (A) Lateral
and (B) axial geometric pattern of the PSF with their relative intensity distribution (C).
PSFs were calculated using the ImageJ plugin PSF Generator with λ = 488 nm, NA = 1.0
and n=1.33. [111,112] Scale bar: 1µm. Modified from M. Gleisner. [113]

The resolution in fluorescence microscopy is the minimal distance (d) between two
emitting objects, which is needed to distinguish them from each other. According to
the RAYLEIGH criterion, this distance is reached, if the PSF intensity maximum of
one emitter is overlapping exactly with the first PSF minimum of a second emitter.
This leads to the Rayleigh resolution (dRayleigh) given by:

dRayleigh = 0.61 λ

NA
(3.14)

at a specific wavelength (λ) and depending on the objective numerical aperture
(NA). [114] Since dRayleigh is difficult to determine in practice, the full width at the half
maximum intensity (FWHM) (cf. figure 3.10 C) is used more frequently to define
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the resolution in a microscope (dFWHM). In a confocal microscope the total PSF
(PSFtotal), measured behind the confocal pinhole, is a product of the illumination
PSF (PSFill.) and detection PSF (PSFdet.). While the PSFill. is mainly defined by
the wavelength, the numerical aperture of the objective and the optical aberrations
within the system, the PSFdet. can be additionally modified by the confocal pinhole
diameter. [115] While a small pinhole diameter (< 0.25 AU) would decrease the PSFdet.

into the range of the PSFill., which would increase the resolution, this is accompanied
by a simultaneous decrease in the signal to noise ratio (SNR). In theory, the resolution
could be increased by a factor of 1.4, compared to conventional light microscopy,
leading to a lateral and axial resolution of: [116,117]

dFWHM,xy = 0.37 λ̄

NA
(3.15)

dFWHM,z = 0.67 λ̄

n −
√

n2 − NA2
(3.16)

with λ̄ ≈
√

λex · λem, n being the refractive index of the immersion media and the
excitation/emission wavelength λex/λem. As a result of the significantly decreased
SNR, the pinhole diameter is traditionally set to 1 AU, offering a compromise between
resolution and SNR. [118] Consequently, the lateral and axial resolution of a confocal
microscope, with a pinhole diameter of ≥ 1 AU, is defined by: [110]

dFWHM, xy = 0.51 λex

NA
(3.17)

dFWHM, z = 0.88 λex

n −
√

n2 − NA2
(3.18)

Therefore, the resolution of conventional confocal laser scanning microscopes is
laterally limited to 200 - 250 nm and axial to 500 - 700 nm. [119]

3.5.1.2 Airyscan technique

The Airyscan technique, developed by Zeiss Microscopy GmbH (Oberkochen, Ger-
many), uses a new detector design, based on a 32-channel GaAsP-PMT, where each
of the 32 detector elements functions as a small individual pinhole, enabling an
increased resolution paired with a high intensity collection of a large pinhole. [118] This
is achieved by projecting 1.25 AU of the detected light onto the detector surface using
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focus lenses. As schematically shown in figure 3.11 A, the Airyscan detector diameter
is formed by six detector elements, where each element represents a sub-pinhole
diameter of 0.2 AU.

Figure 3.11: Schematic illustration of the Airyscan detector and its principle.
(A): Scheme of the 32 GaAsP-PMT detector elements arrangement in the Airyscan detector.
(B): Schematic comparison between the PSF of a confocal (blue) and the narrowed PSF of
an Airyscan detector (orange) after processing. (C): Schematic representation of the beam
path widened by the focus lenses with the different detected PSFs over the Airyscan detector
cross chapter. Figure inspired by KOROBCHEVSKAYA et al. and WEISSHART. [120,121]

While only the central detector element is adjusted to lie directly in the optical
axis, the other elements are displaced from the optical axis by a defined distance.
Therefore, the recorded PSFs of these elements, as shown in figure 3.11 C, are
displaced as well. Since each detector element records a separated PSF and with
this an individual image, the underlying position information stored in the detector
design, can be used for a linear deconvolution step. Thereby, the individual images
are applied separately to a deconvolution, followed by a re-shifting and summing of all
intensities according to their detector positions. This increases the spatial-frequency
contrast and with this the Airyscan detector can record images with a significantly
improved SNR and higher resolution (cf. figure 3.12). [118]

52



3.5 Biophysical methods

Figure 3.12: Exemplary resolution comparison between an confocal and
Airyscan image of a 3D F-actin network. The F-actin was recorded with a Zeiss LSM
880, using equal system settings. (A): Standard GaAsP-PMT detector, pinhole diameter
= 1 AU; (B): Airyscan detector, pinhole diameter = 1.25 AU. Actin was labeled 1:10 with
ATTO 594 G-actin. Scale bars: 10µm.

The Airyscan detector can increases the resolution by approximately 1.7, compared
to traditional CLSMs with a pinhole diameter of 1 AU, in all three spatial dimensions.
For a wavelength of 480 nm a lateral resolution of 140 nm and an axial resolution of
400 nm can be achieved. [118,121]

Within this work the LSM 880 (Zeiss Microscopy GmbH, Oberkochen, Germany)
equipped with an Airyscan detector and a 40x objective (W Plan-Apochromat M27,
NA = 1.0, Carl Zeiss Microscopy GmbH, Oberkochen, Germany) has been used for
sample imaging.

3.5.1.3 Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) is a frequently used technique for
the investigation of the diffusive behavior of fluorescently labeled molecules in lipid
membranes. [122,123] In this thesis, FRAP was used for the quantitative determination
of 2D-diffusion coefficients in solid supported membranes. For this purpose, the
intensity of lipid coupled fluorescent probes (blue circles, figure 3.13 A-C) was
recorded during the FRAP experiments in a region of interest (ROI, dashed circle,
figure 3.13 A-C). The principal procedure of a FRAP experiment is shown in figure
3.13. After recording the initial fluorescence intensity within the ROI (Is, cf. figure
3.13 A), the fluorescently labeled lipids were irreversibly bleached by means of a
high-energy laser radiation (t0, cf. figure 3.13 B). As a consequence, the measured
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fluorescence intensity drops to a respective minimum intensity (I0, cf. figure 3.13
D). The simultaneous diffusion of unbleached fluorophore molecules from the ROI
environment into and bleached fluorophore molecules out of the ROI subsequently
leads to a fluorescence recovery (cf. figure 3.13 C-D). The finally reached intensity
allows a determination of the diffusion coefficient and the immobility fraction. [124]

Figure 3.13: Schematic illustration of a typical FRAP measurement. Scheme of
lipid coupled fluorescent probes (blue circles) prior (A), immediately after photobleaching
(B) and after fluorescence recovery (C) in the region of interest (ROI, dashed circle).
(D): Illustration of a typical FRAP intensity profile corresponding to the schemes A-C,
with the initial fluorescence intensity (Is) prior and immediately after photobleaching (I0).
Simultaneous diffusion of bleached fluorophores out of the ROI and unbleached fluorophores
into the ROI leads to fluorescence recovery (I).

The FRAP recovery curve of planar and isotropic systems can be described with
Fick’s 2nd law (equation 3.19)

δci(r, t)
δt

= Di ∇2 ci(r, t) (3.19)

with ci(r, t) being the relative concentration of unbleached fluorophore, r the radial
distance from the bleach center, the time t and Di the diffusion coefficent of the ith

order. The amount of mobile lipids Fm can be calculated via the intensity ratios
during the FRAP experiment as shown in equation 3.20. [124]

Fm = I − I0

Is − I0
(3.20)
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In this work FRAP data were quantitatively analyzed according to JÖNSSEN et
al. with their provided MATLAB script. [125] The analysis is based on a Hankel
transformation of equation 3.19 in polar form, assuming a bleaching region with
circular symmetry, with the solution: [124]

fi(k, t) = fi(k, 0) exp(−4π2Dik
2t) (3.21)

where fi(k, t) is given for the spatial frequency k as:

fi(k, t) =
∞∫

0

(1 − ci(r, t))J0(2πkr)r dx (3.22)

with J0 being the 0th order Bessel function. For a single diffusing component, the
diffusion coefficient Di can therefore be obtained from equation 3.21. [125]

Experimental procedure

Solid supported membranes were prepared on glass substrates as described in chapter
3.3.2.1 and in the case of membrane-bound minimal actin cortices as in chapter
3.3.3. FRAP experiments were conducted with the settings listed in table 3.6 using
a FluoView 1200 CLSM (Olympus, Tokyo, Japan).

Table 3.6: Parameter settings for FRAP experiments on SLBs.

laser power 488 100 % (20 mW)
frame time 65 ms
N (frames) 200
resolution 256 × 256 pixels
t (bleach pulse) 65 ms
bleach pulse power 100 %
r (bleach radius) 1.25µm

3.5.1.4 Total internal reflection fluorescence microscopy

Total internal reflection fluorescence (TIRF) microscopy is a near-field fluorescence
imaging technique providing a high lateral and axial resolution based on sample
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illumination via a thin electromagnetic standing wave called evanescent field. [107]

The physical principle of TIRF microscopy can be described by SNELL’s law (cf.
equation 3.23) and the reflection, refraction and transmission of light at the interface
of two media with different refractive indices (n). [108]

n1 · sin(θ1) = n2 · sin(θ2) (3.23)

Since TIRF microscopy is typically based on inverted microscope designs, in which
the samples must be prepared on cover slips, the refractive indices of the immersion
oil (n = 1.51), the cover glass (n1, n = 1.52) and the aqueous sample (n2, n = 1.33)
must be taken into account. [126] As the refractive indices of the immersion oil and the
cover glass are matching, they can be considered together. According to SNELL’s
law, light will be refracted away from the normal, when it passes from a medium
with a higher refractive index (n1) into a medium with a lower one (n2, cf. figure
3.14 A).

Figure 3.14: Schematic illustration of SNELL’s law in terms of TIRF mi-
croscopy.(A) When incident light with the angle θ1 passes from a medium with a higher
refractive index (n1, cover slip) into a medium with a lower refractive index (n2, aqueous
sample), the light will get refracted with the angle θ2 being lager then θ1. (B) If θ1 is
chosen so that θ2 is equal to 90◦ the critical angle θc is reached. (C) In case of θ1 > θc the
entire light is reflected at the media interface leading to total internal reflection.

At a specific angle of incidence (θ1), called critical angle (θc), the angle of refraction
(θ2) corresponds to 90◦ (cf. figure 3.14 B, θ1 = θc), which enables a simplification of
SNELL’s law as shown in equation 3.24.

n1 · sin(θc) = n2 (3.24)
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The critical angle θc can therefor be expressed as described in equation 3.25.

θc = sin−1
(

n2

n1

)
(3.25)

If the angle of incidence is increased beyond the critical angle (θ1 > θc) the light
undergoes total internal reflection, preventing the transmission of light into the
second medium (cf. figure 3.14 C). [127]

The reflection of light at the coverglass-sample interface generates a thin electromag-
netic field within the sample, which is called the evanescent field, having the same
frequency as the incident light. In TIRF microscopy this evanescent field is used
for the excitation of sample fluorophores as schematically depicted in figure 3.15 A.
Since the intensity (I) of the evanescent field decreases exponentially with increasing
distance (z) from the coverglas-sample interface, only interface near fluorophores
get excited. This reduces photodamage and at the same time increases the signal-
to-noise ratio in TIRF microscopy, since background fluorescence is reduced to a
minimum. [108,126]

Figure 3.15: Schematic illustration of the evanescent field in TIRF microscopy.
(A) Increasing the incident illumination beam angle θ within TIRF microscopy beyond
the critical angle θc, leads to total internal reflection at the cover glass-sample interface
and generates an evanescent field within the sample. Depending on the distance to the
media interface, fluorophores can be excited (green dots) by the evanescent field. (B)
The intensity in z-direction Iz of the evanescent field decays exponentially with increasing
distance (z) from the interface. Figure inspired by MATTHEYSES et al. and FISH. [108,126]

The decreasing evanescent field intensity can be expressed as shown in equation 3.26,
with the initial intensity (I0) at the media interface (z = 0) and d being the distance
away from the interface at which I decreases to e−1 respectively 37 % of I0 (cf. figure
3.15 B).
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Iz = I
−z/d
0 (3.26)

The penetration depth d of the evanescent field can be described by:

d =
(

λ0

4π

)
(n2

1 sin2(θ) − n2
2)− 1

2 (3.27)

with the incident wavelength λ0, the angle of incidence θ and the refractive indices
of the cover slip/immersion oil (n1) and the aqueous sample (n2). [108,126]

Due to the low penetration depth of the evanescent field, TIRF microscopy is
characterized by a high axial resolution of 100 nm and a lateral resolution of 200-
300 nm. [119]

TIRF microscopes can be based on two different approaches to generate total internal
reflection, the prism-based and, the in this work used, through-the-objective TIRF. For
the objective based approach high NA objectives are utilized combined with a specific
off-axis focusing of the excitation beam at the back focal plane (BFP) of the objectives.
Since the off-axis focusing at the objective BFP directly correlates to the angle of
incidence at the cover glass-sample interface, fiber motors can be used to control the
off-axis adjustment and thereby apply a defined angle of incidence. [107,108,126]

Figure 3.16 illustrates the major modules as well as the beam path of the through-the-
objective TIRF setup (IXpolre TIRF, cellTIRF-4Line, Olympus Deutschland GmbH,
Hamburg, Germany) used in this work. In this system, the coherent excitation beam
(cf. figure 3.16 green), generated by a laser source, was coupled into the system via a
variable fiber motor, adjusting the off-axis position at the objective BFP. Beside the
off-axis TIRF mode the centered fiber position additionally enabled the specimen
investigation in a quasi-wide-field mode. By using a movable focus lens, the excitation
beam was focused over a field stop and the dichroic mirror through the objective
into the sample. The under total internal reflection emerging evanescent field excites
the sample fluorophores in a defined distance from the cover glass surface. The
emitted fluorescence (cf. figure 3.16 red) was collected back trough the objective,
over the dichroic mirror, and detected via a sCMOS camera (Zyla 4.2 sCMOS, Andor
Technology Ltd., Belfast, UK).
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Figure 3.16: Schematic illustration of a principle total internal reflection
fluorescence microscopy setup. Coherent excitation light, produced by a laser source,
is coupled in the setup via a variable fiber motor, controlling the off-axis/centered position
of the laser at the objective BFP. A focus lens focuses the excitation beam through the
objective, by passing a field stop and dichroic mirror, into the specimen. The emitted
fluorescence is collected by the objectiv, filtered through the dichroic mirror and detected
via a camera.
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3.5.2 Atomic force microscopy

The principle of atomic force microscopy (AFM) is the detection of forces arising
between a specimen surface and the AFM-cantilever tip, which is used to probe the
sample, in a range of p-nN. [128] For biological samples such as lipid membranes or
proteins, the AFM resolution limit is lateral around 1.0 nm and axial about 0.1 nm. [129]

In this work AFM has been utilized for the detection of sample topography and to
capture mechanical properties such as elasticity and surface tension of freestanding
pore-spanning membranes.

3.5.2.1 Principal of atomic force microscopy

The general setup of the JPK Nanowizard 4 (JPK Instruments, Berlin, Germany)
AFM used in this work is schematically illustrated in figure 3.17. In this system, the
cantilever position was controlled by x-, y- and z-piezo elements, which allowed a three
dimensional scanning of the specimens. The attractive and repulsive interactions
occuring during the scanning process between the sample and the probe tip results
in a deflection of the cantilever.

Figure 3.17: Schematic illustration of the central modules of an atomic force
microscope. The sample topography is scanned via a piezo controlled cantilever in the x,
y and z dimension. Cantilever deflection is detected via the reflection of laser beam from
the backside of a cantilever, which focused on a position-sensitive photodiode (PSD).
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This lateral and vertical deflections were detected via a laser aligned with the
cantilever tip and reflected towards a position-sensitive photodiode (PSD). From the
PSD the deflection can be read out as described in equation 3.28, via the ratio of
the laser intensity difference (∆I) between the diod segments and the total laser
intensity (I) on the PSM. [130,131]

∆I

I
= I(A1 - A2) − I(B1 - B2)

I(A1 + A2) + I(B1 + B2) (3.28)

Since the interaction forces between the cantilever tip and the specimen are short-
range and both attractive and repulsive, the interaction potential can be described
approximately by the lennard-jones potential (ULJ(r), cf. equation 3.29). [132]

ULJ(r) = 4U0

[(σ

r

)12
−

(σ

r

)6
]

(3.29)

With U0 being the potential well depth, the sample-tip distance r and σ the distance
at which ULJ(r) is zero. Accordingly, for a larger sample-tip distance the interactions
are dominated by attractive forces (van-der-Waals interactions, − 1

r6 term), whereas
closing the distance leads to repulsive interactions (− 1

r12 term), as the electron
orbitals of sample and tip starts to overlap. [132,133]

The general force needed to deflect the cantilever can be described by hook’s law:

F = kc zc (3.30)

with the applied force F , the cantilever spring constant kc and the cantilever deflection
zc. [133]
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3.5.2.2 Force distance curves

Force distance curves (FDCs) are conducted by approaching the cantilever towards
the sample surface and recording the cantilever deflection, which is proportional to
the applied force. While the FDCs can be used to determine parameters such as
the specimen elasticity and adhesion forces [132], the cantilever deflection (zc) can be
described by equation 3.31: [131]

zc = F

kc

= 4FLc
3

Ewctc
3 (3.31)

With the applied force F , the Youngs’s modulus E and the cantilever specific
parameters kc (spring constant), wc (width), Lc (length) and tc (thickness).

A schematic illustartion of a typical FDC is dispaley in figure 3.18, showing the
detected force as function of the z-piezo movement. Approaching the cantilever
towards the sample (blue, I) leads in the first stage to no detectable force, as sample
and cantilever are not in contact. At a sufficiently small distance between the
cantilever and the specimen, van-der-Waals interactions lead to a snap on, which
is indicated by a small dip (II). Upon reaching the contact point (dashed line),
the recorded force increases linearly with z-piezo motion until a predefined force
(setpoint, III). Retracting the cantilever (red) leads to a similar force response as
during approaching (III).

Figure 3.18: Depiction of an exemplary force distance curve.
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Adhesion forces between cantilever tip and sample can lead to a snap off (IV), while
further retraction leads to the initial force situation and no detectable cantilever
deflection (V).

In order to represent the z-piezo motion as a function of the detected force, as
displayed in figure 3.18, the cantilever spring constant was determined by recording
a thermal noise spectrum according to equation 3.32.

1
2 kc ⟨∆zth

2⟩ = 1
2 kB T (3.32)

With the mean square of the thermal noise amplitude ⟨∆zth
2⟩, the cantilever spring

constant kc and the thermal energy kB T . [134] Further, FDCs were recorded and the
sensitivity S (nm V−1) was determined from the FDC slope (cf. figure 3.18 III).

3.5.2.3 Lateral membrane tension determination

In order to determine the mechanical properties of freestanding pore-spanning
membranes (f-PSMs), FDCs were recorded in the f-PSMs centers. By fitting the
recorded force response (F ) of the FDCs to equation 3.33, the lateral membrane
tension (σ) of the f-PSMs was extracted.

F = 2 π R σz
u(R)′√

1 + u(R)′2
(3.33)

With R being the pore radius and u(R) the indentation depth (z) dependent mem-
brane geometry. [135,136] The indentation tension σz is defined by equation 3.34:

σz = σ + KA
Az − A0

A0
, (3.34)

with the lateral membrane tension σ, as result of the energy difference between s-
and f-PSM [137,138], the area compressibility modulus KA and the initial (A0 = π R2)
area and increasing f-PSM area Az during indentation. The indenter geometry has
been taken into account as described by HUBRICH et al. [135]
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For the viscoelasticity of f-PSMs with membrane-bound minimal actin cortices the
time dependent (t) compressibility modulus KA(t) was described by:

KA(t) = KA
0

(
t

t0

)−β

, (3.35)

with t0 = 1s and the fluidity parameter β (0 ≤ β ≤ 1). Thus data have been fitted
according to JANSHOFF. [139]

3.5.2.4 Experimental procedure

AFM experiments on porous substrates were performed by preparing pore-spanning
membranes as described in chapter 3.3.2.2 for pure PSMs and 3.3.4.2 for minimal actin
cortices attached to PSMs. The samples were carried by a portable BIOMAT™ sta-
tion (JPK Instruments, Berlin, Germany) enabling a correlation of the CLSM field
of view (LSM 880, Zeiss Microscopy GmbH, Oberkochen, Germany) and the AFM
(Nanowizard 4, JPK Instruments, Berlin, Germany) scanning region as illustrated in
figure 3.19. Atomic force micrographs were recorded via the quantitative imaging
(QI™)-mode. This mode was chosen since the underlying recording of single FDCs
is performed at constant x/y-positions and thus no lateral forces are applied to the
specimen, which should be avoided in particular for membrane-bound minimal actin
cortices. [140,141]

AFM measurements were performed with a MLCT cantilever (”D” cantilever, Bruker
AFM Probes, Camarillo, USA). Prior to all experiments the cantilever was calibrated
as described in chapter 3.5.2.2. The calibration FDC was recorded at a constant
velocity of 1µm s−1 and a setpoint of 0.3 - 0.4 V. In order to correlate the observation
regions of the AFM and CLSM, a correlation-cross was first centered under the
CLSM and subsequently aligned with the AFM-scanning region (cf. figure 3.19,
top) After the alignment QI™ micrographs of the pore-spanning membranes were
recorded at a setpoint of 0.1 - 0.3 nN and a z-length of 0.3 - 2.0µm (cf. figure 3.19,
bottom).
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Figure 3.19: Schematic illustration of AFM-CLSM correlation. Top: Exemplary
atomic force (left) and confocal micrographs (right) of the correlation-cross. Scale bars: 5µm.
Bottom: Exemplary atomic force and confocal micrographs of pore-spanning membranes
after correlation. Scale bars: 20µm.

After AFM micrograph acquisition, indentation experiments were performed by
recording FDCs in the f-PSM centers at a constant velocity of 1µm s−1 and var-
ied setpoints of 0.15 - 0.3 nN. FDCs were evaluated according to chapter 3.5.2.3,
using a MATLAB script written by Prof. Dr. A. Janshoff from the University of
Göttingen.
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3.6 Data evaluation

3.6.0.1 Tube filter analysis and network skeletonization

Tube filter analysis was developed by apl. Prof. Dr. Burkhard Geil from the
University of Göttingen.

Fluorescence micrographs of membrane-bound F-actin networks were subjected to
the python™ based tube filter analysis in order to enhance the signal-to-noise ratio
of the images and enable a determination of filamentous and background pixels.

For this purpose, a two-step exposure correction of the F-actin network micrographs
(cf. figure 3.20 A) was performed initially. First, a contrast limited adaptive
histogram equalization (CLAHE) was used to equilibrate the global image intensity
and improve the local image-contrast by varying the applied image-tiles and contrast-
limit depending on the respective image. Second, high-frequency noise was reduced
by applying a two dimensional Gaussian-filter, which is given by equation 3.36

Gσ(x, y) = 1
2 π σ2 e− x2 + y2

2 σ2 , (3.36)

with the varied standard deviation σ and the respective x/y-positions. [142] The
exposure-corrected image (cf. figure 3.20 B1) was subsequently subjected to the
tube-filter. The tube-filter analysis is based on the calculation of the Hessian image
matrix (HI(x, y)), given by equation 3.37:

Gσ(x, y) HI(x, y) = Gσ(x, y)
 δ2 I

δ x2 (x, y) δ2 I
δ y δ x

(x, y)
δ2 I

δ x δ y
(x, y) δ2 I

δ y2 (x, y)

 , (3.37)

where δ2 I
δ x2 (x, y), δ2 I

δ y δ x
(x, y), δ2 I

δ x δ y
(x, y), δ2 I

δ y2 (x, y) are the second partial derivatives
of the input image (I(x, y)). The Hessian matrix describes the intensity dependent
three dimensional surface curvature of the two dimensional input image (cf. figure
3.20 B2). In order to determine the maximal curvature for each image pixel, which is
given by the maximum eigenvalue, the eigenvalues λ1(x, y) and λ2(x, y) of HI(x, y)
were calculated. The signal-to-noise enhanced tube-filtered images were generated
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via the second eigenvalue (λ2(x, y)) containing the minimal surface curvature at each
image pixel of I(x, y) (cf. figure 3.20 C). [143]

Figure 3.20: Exemplary illustration of the individual processing steps per-
formed by the tube-filter analysis. A: Initial fluorescence micrograph of a membrane-
bound minimal actin cortex (magenta), labeled with ATTO 594 G-actin. B1: Exposure-
corrected image of the fluorescence micrograph shown in A. B2: Illustration of the three
dimensional surface curvature of the two dimensional exposure-corrected image, given by
the F-actin intensity (Int.). C: Tube-filtered image, calculated via the Hessian matrix and
the magnitude of the maximum eigenvalue of each pixel. Scale bar: 10µm.

The tube-filtered images were subsequently thresholded by applying a global adaptive
threshold according to OTSU (cf. figure 3.21 A). [144] These images were binarized by
utilizing the skeletonization algorithm according to LEE et al. (cf. figure 3.21 B1) [145]

From the skeletonized-images filament intersections were detected, which are referred
to as nodes in the following. A node was defined as a filament-pixel (white) with more
then two directly neighboring filamentous pixels (cf. figure 3.21 B 2/3). Detected
nodes of the skeletonized image 3.21 B1 are exemplary displayed in figure 3.21 C as
red crosses. The node density of an image was calculated by dividing the detected
node number of the respective image by the image size (in µm2).
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Figure 3.21: Exemplary skeletonization and node detection of a tube-filtered
image. A: Adaptive thresholded image of the tube-filtered micrograph in figure 3.20 C.
B1: Skeletonized image with detected filamentous pixels (white) and background pixels
(black). B 2/3: Illustration of a filament intersection (B2) and the detected node (red,
B3). C: Overlay of the skeletonized image B1 and all detected nodes (red crosses). Scale
bar: 10µm.

The skeleton network density was calculated via the ratio of filamentous (white
pixels) to all image pixels of a skeletonized image (cf. figure 3.21 B1).

3.6.0.2 Nematic order parameter

The nematic order parameter (q) was calculated according to SEARA et al. in order
to obtain quantitative excess to the organization of membrane-bound minimal actin
cortices (cf. figure 3.22 A 1/2). [146] For this purpose, a director filed (cf. figure
3.22 B 1/2) was initially generated based on small pre-defined windows, which
overlap by 50 % (cf. chapter A.3). [147] This director field represents the local F-actin
orientation within the pre-defined windows (cf. figure 3.22 B 1/2). From the
determined director field, the nematic order parameter (q) was calculated according
to equation 3.38 for each local F-actin direction.

q = 2
〈

cos2 θ − 1
2

〉
(3.38)
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The angle θ was defined as the difference of the central F-actin direction in 3 × 3
kernel compared to the surrounding orientations (cf. figure 3.22 B 3). For a perfect
alignment of the F-actin orientations in the 3 × 3 kernel (θ = 0◦) q is maximized
and equals to 1. In contrast, for a minimal alignment (θ ∼ 45◦) q is equals to 0. [146]

By applying the 3 × 3 kernel to each local F-actin orientation, the local nematic
order parameter was determined (cf. figure 3.22 C). The averaged nematic order
parameter (qmean) of an entire image was calculated via the absolute values of local
nematic order parameters.

Figure 3.22: Exemplary illustration of a director and nematic order field.
A1/2: Fluorescence micrograph of an membrane-bound F-actin network (magenta). B1/2:
Director field (yellow), displaying the F-actin (gray) orientation. B3: Schematic depiction of
the 3 × 3 kernel, comparing the orientation of a central direction (red) with the surrounding
F-actin orientation (black) C: Heatmap of the nematic order parameter q. Scale bars: 5µm.
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4.1 Minimal actin cortex self-organization on lipid
bilayers

The cellular cortex is a thin actin network, which is directly coupled to the inner
plasma membrane of cells in a variety of eukaryotic organisms, controlling cell shape,
migration and further essential cellular functions. [8,10,33] In order to unravel the im-
pact of specific cortex components, membrane-bound minimal actin cortices (MACs),
based on solid supported bilayers, have been developed in the past decade. [60] Re-
cently, NÖDING et al., established a biomimetic minimal actin cortex by attaching
pre-polymerized F-actin via the receptor lipid PtdIns[4,5]P2 and the T567D mutant
of the ERM protein ezrin to solid supported membranes. [60,72]

In the present work, this model system was initially transferred to and characterized
on supporting cover-glass substrates, enabling the investigation of myosin II induced
MAC-contraction by means of TIRF microscopy. Further, aiming for an improved
understanding of the cellular interactions controlling membrane-bound cortical actin,
the MAC complexity has been increased by mimicking in vivo conditions, such as
the plasma membrane lipid composition, cytoplasm density and a branched cortical
actin network.
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4.1.1 The minimal actin cortex

Since the formation of solid-supported membranes depends on several parameters
such as the surface of the substrate and, in case of PtdIns[4,5]P2 containing systems
in particular on the pH value, as a first step the formation of a minimal actin cortex
(MAC) was investigated on glass substrates. [148,149]

Following the detailed instructions in chapter 3.3.4.1, MACs were formed by first
preparing solid-supported bilayers (SLBs) on hydrophilized glass slides and subse-
quently attaching pre-polymerized F-actin (ATTO 594-labeled) via the ezrin mutant
T567D. Ezrin is capable of binding the receptor lipid PtdIns[4,5]P2 via the N-terminal
domain, while the C-terminal part is able to bind F-actin. Confocal laser scanning
microscopy (CLSM) images were taken to analyze the critical preparation steps of
membrane spreading and specific actin binding.

Membrane-bound minimal actin cortices were obtained by binding pre-polymerized
F-actin to ezrin decorated membranes containing PtdIns[4,5]P2. The fluorescence
micrographs in figure 4.1 show an exemplary F-actin network attachment for a
membrane containing 3 mol% PtdIns[4,5]P2. While figure 4.1 A displays the ATTO
390-DPPE membrane fluorescence (gray), figure 4.1 B show the ATTO 594-G-actin
labeled actin network (magenta) at the same position.

Figure 4.1: Fluorescence micrographs showing the specific binding of
a minimal actin cortex to an ezrin T567D decorated membrane. A:
POPC/PtdIns[4,5]P2/ATTO 390-DPPE (96.6:3:0.4) SLB (gray), with brighter signals
originating from aggregated lipid material. B: Membrane-bound F-actin (magenta), la-
beled with ATTO 594 G-actin, forming the minimal actin cortex. C: Membrane (A) and
F-actin (B) overlay. Scale bar: A-C 5 µm.
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As shown in figure 4.1 A, homogeneous defect-free SLBs were generated on hy-
drophilized glass surfaces by spreading small unilamellar vesicles (SUVs), which was
qualitatively verified via fluorescence recovery after photobleaching experiments (data
not shown). Homogeneous SLBs were characterized by a uniform fluorescence (cf.
figure 4.1 A, gray), whereas membrane defects were recognizable as dark patches (not
shown). Aggregated lipid material, which is visible as bright signals, was observed in
certain cases, depending on the recorded substrate position. As illustrated by the
overlay in figure 4.1 C, a dense actin network was formed on the homogeneous SLB,
whereas no or reduced binding to lipid aggregates was observed in general.
To exclude a non-specific interaction of the matrix lipid or the membrane label with
the pre-polymerized F-actin, SLBs lacking the receptor lipid PtdIns[4,5]P2 were
prepared and incubated with ezrin T567D and F-actin. As shown in figure 4.2 A,
F-actin showed a non-relevant amount of binding to those membranes. Further, a
non-specific attachment of F-actin to PtdIns[4,5]P2 containing membranes without
the membrane-linker ezrin T567D could be ruled out as shown in figure 4.2 B.

Figure 4.2: Fluorescence micrographs of the F-actin binding to lipid membranes
lacking the receptor lipid or ezrin linkage. Each image shows an overlay of a solid
supported lipid membrane (gray) and the non-specific attached F-actin network (magenta),
labeled with ATTO 594 G-actin. A: POPC/ATTO 390-DPPE (99.6:0.4) membrane after
incubation with ezrin T567D and F-actin. B: POPC/PtdIns[4,5]P2/ATTO 390-DPPE
(91.6:8:0.4) membrane after incubation with only F-actin. Scale bar: A-B 5 µm.

Fluorescence recovery after photobleaching (FRAP, cf. chapter 3.5.1.3) experiments
were conducted to analyze the membrane fluidity of SLBs and to investigate the
influence of a MAC attachment. To ensure quantitative comparability, all experi-
ments were performed on SLBs doped with 0.4 mol% ATTO 488-DPPE and 3 mol%
PtdIns[4,5]P2. All time series were recorded in the same manner on defect- and
aggregate-free SLBs over 200 frames (tframe = 65 ms). The exemplary fluorescence mi-
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crographs in figure 4.3 A1-4 display the membrane pre-bleaching (A1, t = −0.32 s),
immediately after-bleaching (A2, t = 0.00 s) and the fluorescence recovery (A3-4,
t = +0.45 s and +12.6 s) during a FRAP experiment in the region of interest (ROI,
red circle).

Figure 4.3: Comparison of lipid diffusion in solid-supported bilayers with and
without attached MAC. A1-4: Exemplary time series with four frames (t = -0.32 s, 0 s,
0.45 s, 12.6 s) showing characteristic bleaching and recovering during a FRAP experiment
on a pure SLB (POPC/PtdIns[4,5]P2/ATTO 488-DPPE (96.6:3:0.4)) within the region of
interest (ROI, red circle). Scale bar 5 µm. B: Exemplary intensity profiles from FRAP
experiments with (black) and without (gray) membrane-bound MAC. Box plot diagrams
displaying the extracted diffusion coefficients (D, C) as well as the immobile fractions (γ, D)
for lipid bilayers without (3.1 ± 0.4 µm2s−1, 5.0 ± 2.3 %, n = 34) and with attached MAC
(2.2 ± 0.3 µm2s−1, 7.1 ± 2.2 % , n = 34). Boxes ranging from 25th to 75th percentiles of the
sample, while whiskers represent to the most extreme data points not considered outliers.
Medians are shown as red horizontals within the boxes. Statistical t-test: ***: p ≤ 0.001,
**: p ≤ 0.01.

The recorded intensity profiles for SLBs with (black) and without (gray) a membrane-
bound MAC, representatively shown in figure 4.3 B, were quantitatively analyzed
according to JÖNSSEN et al. (cf. chapter 3.5.1.3). [125] The determined diffusion
coefficients (D, cf. figure 4.3 C) revealed a significant reduced lipid diffusion for SLBs
with a membrane-bound MAC (2.2 ± 0.3 µm2 s−1, n = 34), compared to pure SLBs
(3.1 ± 0.4 µm2 s−1, n = 34). Simultaneously, a significant increased immobile fraction
(γ, cf. figure 4.3 D) was found for membranes with attached MAC (7.1 ± 2.2 %,
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n = 34) in comparison to pure SLBs (5.0 ± 2.3 %, n = 34).

4.1.2 Characterization of F-actin binding to solid supported lipid
bilayers as a function of the PtdIns[4,5]P2 content

Parts of the CLSM experiments presented in this chapter were performed by Loan
Vuong as part of her master thesis.

The organization and network density of membrane-bound minimal actin cortices,
linked via ezrin T567D, have been shown to be a function of the receptor lipid
(PtdIns[4,5]P2) concentration. [72] As the surface of the membrane supporting sub-
strates is known to alter the distribution of receptor lipids, increasing PtdIns[4,5]P2

concentrations of 1 - 8 mol% were investigated in terms of the minimal actin cortex
morphology on the in this work introduce glass substrates. [150,151] The obtained
results were used as reference data in following chapters, to reveal the effects of
the aforementioned in vivo mimicking conditions such as the influence of the actin
binding protein Arp2/3.
MACs were formed according to the detailed description in chapter 3.3.4.1 by spread-
ing ATTO 390-DPPE (0.4 mol%) doped and PtdIns[4,5]P2 (1 - 8 mol%) containing
SUVs on hydrophilized glass slides. Pre-polymerized F-actin, labeled with ATTO 594-
G-actin, was specifically attached via the ezrin T567D mutant. After rinsing, CLSM
images of the bilayer fluorescence were taken to validate the formation of continuous
lipid bilayers (data not shown), to ensure that the F-actin network morphology was
only analyzed for homogeneous and defect-free SLBs.

Exemplary fluorescence micrographs of F-actin networks bound to SLBs, containing 1,
2, 3, 5 and 8 mol% PtdIns[4,5]P2, are shown in figure 4.4. The visual inspection clearly
demonstrates, that the MAC density increases from single filaments at 1 - 2 mol%
PtdIns[4,5]P2 to dense networks, already present at 3 mol% PtdIns[4,5]P2. This
findings are generally in line with the observations of NÖDING et al., obtained on
silicon wafers, showing an increased network density with increased PtdIns[4,5]P2

content. [72]

To quantitatively analyze the network density, the F-actin micrographs were subjected
to a "tube filter" analysis.(cf. chapter 3.6.0.1) This filter allows a skeletonization of
the membrane-bound networks and subsequently the determination of the skeleton
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network density, as well as the node density. While the skeleton network density is the
ratio of filamentous pixels to all image pixels, filament intersections are represented
by the node density (cf. chapter 3.6.0.1). [72]

Figure 4.4: Exemplary fluorescence micrographs showing the F-actin binding
to SLBs containing 1 - 8 mol% PtdIns[4,5]P2. Fluorescence microgrpahs showing the
actin network (magenta), labeled with ATTO 594-G-actin, binding to SLBs doped with
1 - 8 mol% PtdIns[4,5]P2. Scale bar: 10 µm.

The visually observed increased network density, for 1 - 3 mol% PtdIns[4,5]P2 (cf.
figure 4.4; 1 - 3 mol%), is reflected in both parameters. While the node density
increases from 0.08 ± 0.06µm−2 (n = 30, N = 4) to 1.43 ± 0.39µm−2 (n = 34,
N = 4) between 1 - 3 mol% PtdIns[4,5]P2, the mean skeleton network density raises
in the same range by a factor of ∼5.5 (cf. figure 4.5 A-B). However, for 5 - 8 mol%
receptor lipid the mean skeleton network density decreases by a factor of up to
0.9, as well as reduced node densities of 1.29 ± 0.19 µm−2 (n = 20, N = 2) and
0.939 ± 0.10µm−2 (n = 31, N = 3) were detected (cf. figure 4.5 A-B). In contrast,
a visual inspection of actin cortices attached to membranes with these particular
PtdIns[4,5]P2 concentrations (cf. figure 4.4; 5 - 8 mol%) did not reveal a decreased
network density. However, these MACs showed an enhanced parallel organization of
the membrane-bound F-actin into local domains (cf. also figure 4.6 A). Since node
density, due to the definition of a node as the intersection of two actin filaments,
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depends in particular on the network organization, the mean coarse-grained nematic
order parameter (qmean) was calculated as described in chapter 3.6.0.2 according to
SEARA et al., giving quantitative access to the network organization. [146] qmean is a
quantitative measure of the uniform orientation of the membrane-bound filaments,
ranging from 0 to 1, where 0 corresponds to a maximum disorder and 1 to a maximum
uniform or parallel organization.

Figure 4.5: Box plots showing the actin network node density, skeleton network
ratio and qmean of membrane-bound MACs depending on PtdIns[4,5]P2 content.
Comparison of actin network node density (A), skeleton network ratio (B) and qmean (C) for
1 - 8 mol% PtdIns[4,5]P2. The analyses were performed with n images from N preparations.
1 mol% (n = 30, nq,mean = 30, N = 4), 2 mol% (n = 23, nq,mean = 24, N = 3),
3 mol% (n = 34, nq,mean = 39, N = 4), 5 mol% (n = 20, nq,mean = 20, N = 2) and
8 mol% (n = 31, nq,mean = 31, N = 3). Boxes ranging from 25th to 75th percentiles
of the sample, while whiskers represent to the most extreme data points not considered
outliers (red crosses). Medians are shown as red horizontals within the boxes. Statistical
t-test: ***: p ≤ 0.001, ns.: p > 0.05; Welch-test: ***: p ≤ 0.001.

The obtained qmean values are displayed in figure 4.5 C, as a function of the
PtdIns[4,5]P2 concentration (χ(PtdIns[4,5]P2)). While only the low receptor lipid
concentrations (χ(PtdIns[4,5]P2) = 1 - 3 mol%) show a siginificant qmean increase, the
global shift (1 - 8 mol% PtdIns[4,5]P2) towards higher nematic orders implies a change
in network organization from isotropic to anisotropic organized filaments with in-
creasing PtdIns[4,5]P2 content (cf. figure 4.5 C; 1 - 8 mol%).
Beside the overall network organization, the single filament structure of membrane-
bound actin filaments was investigated by means of a skeleton-based intensity analysis.
The exemplary fluorescence micrographs, displayed in figure 4.6 A, of membrane-
bound MACs for 3 and 8 mol% PtdIns[4,5]P2, suggest a modified single filament
structure for increasing PtdIns[4,5]P2 concentrations. While membrane-bound actin
filaments at low PtdIns[4,5]P2 concentrations appeared to be mainly bound as
single filaments (cf. figure 4.6 A; 3 mol% PtdIns[4,5]P2), binding to membranes
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containing a high receptor lipid content seemed to bundle filaments, indicated by a
broader diameter and higher actin fluorescence intensity (cf. figure 4.6 A; 8 mol%
PtdIns[4,5]P2).

Figure 4.6: Skeleton based actin intensity determination. A: Exemplary fluores-
cence micrographs of membrane-bound minimal actin cortices at 3 and 8 mol% PtdIns[4,5]P2
displaying an altered single filament structure. B: The fluorescence intensity of membrane-
bound F-actin was determined, masking actin fluorescence images (magenta) by means
of the corresponding actin skeletons (yellow). C: Actin fluorescence was read out at the
overlapping positions. D: Comparison of the mean actin intensity as a function of the
PtdIns[4,5]P2 content. The analysis was performed with n images from N preparations.
1 mol% (n = 30, N = 4), 2 mol% (n = 23, N = 3), 3 mol% (n = 34, N = 4),
5 mol% (n = 20, N = 2) and 8 mol% (n = 31, N = 3). Boxes ranging from 25th to 75th

percentiles of the sample, while whiskers represent to the most extreme data points not
considered outliers (red crosses). Medians are shown as red horizontals within the boxes.
Scale bar: 5 µm.

To get quantitative access to the single filament structure, fluorescence micrographs
of membrane-bound MACs were analyzed using the aforementioned skeleton-based
intensity analysis. Since a respective increase in fluorescence intensity can be expected
for bundled filaments in proportion to the number of individual filaments, the actin
intensity was extracted by masking the fluorescence images with the corresponding
skeletonized networks (cf. figure 4.6 B). As depicted in figure 4.6 C, the actin
intensity (magenta) was only quantified at the positions of tracked filaments within
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the skeletonized networks (yellow). The so determined averaged actin intensity
per image, shown in figure 4.6 D, confirm the visual observation of bundled actin
filaments for increasing receptor lipid concentrations, as the mean actin intensity
along a detected filament raises from 1 to 8 mol% PtdIns[4,5]P2 by a factor of ∼3.4.

4.1.3 Minimal actin cortices under cellular mimicking conditions.

4.1.3.1 Characterization of actin binding to solid supported bilayers with the
crowding agent methyl cellulose as a function of PtdIns[4,5]P2 content

Experiments in this chapter have been carried out by Iris Langebrake as part of her
bachelor thesis.

The cytoplasm of eukaryotic cells is a dense fluid containing a broad range of diverse
macromolecules, such as proteins, nucleic acids, polysaccharides and cytoskeletal com-
pounds. The fraction occupied by this biomolecules ranges between 20 - 40 % of the
total cytoplasmatic volume. [152,153] Since no single highly concentrated macromolecule,
but the entirety of all of them, is responsible for this particular characteristic, such
solutions are referred to as crowded media. [152] In vivo crowded solutions are known
to effect biochemical reactions and equilibria. [154,155] To mimic this cellular condition
in vitro, inert crowding agents like methyl cellulose (MC) can be used.
In order to reveal the effect of a crowded media on actin network organization,
minimal actin cortices were treated with MC. MACs were prepared, as described in
detail in chapter 3.3.4.1, on hydrophilized silicon wafers by spreading TxR-DHPE
(0.3 mol%) doped SUVs, containing various PtdIns[4,5]P2 concentrations (1 - 5 mol%).
Pre-polymerized F-actin, labeled with Alexa Fluor™488 phalloidin, was linked by
means of the ezrin mutant T567D to the preformed SLBs. During the membrane
binding process, MACs were treated with MC using different concentrations. CLSM
experiments were conducted after rinsing the samples with F-actin buffer.

Since MC concentrations above 0.2 - 0.3 w/v % are known to bundle F-actin filaments,
the impact of increasing MC concentrations was tested first in terms of the MAC
morphology. [156,157] To estimate the MC induced effect, actin cortices were prepared
on SLBs with 2 mol% PtdIns[4,5]P2 and exposed to MC concentrations of 0.06 -
0.44 w/v % during the actin-binding process. The visual inspection of these networks
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revealed no change in actin filament or network organization at low MC concentrations
of 0.06 w/v % in comparison to untreated (data not shown) networks (cf. figure 4.7).
However, for the highest tested concentration of 0.44 w/v % MC, a strong bundling
of actin filaments and the formation of dense membrane-bound networks, showing
nematic aligned bundles, was observed (cf. figure 4.7). The visual comparison of MC
treated and non-treated MACs revealed, a optimal MC concentration of 0.18 w/v %,
showing an increased F-actin-membrane binding, while no change in single filament
structure was observable (cf. figure 4.7).

Figure 4.7: Exemplary fluorescence micrographs showing the F-actin binding
to SLBs containing 2 mol% PtdIns[4,5]P2 depending on methyl cellulose (MC)
concentration. Actin (magenta), labeled with Alexa Fluor® 488-phalloidin, binding
to SLBs (POPC/PtdIns[4,5]P2/TxR (97.7:2:0.3)) for 0.06 - 0.44 w/v % MC. Scale bars:
10 µm.

To exclude an unspecific F-actin-membrane interaction induced by 0.18 w/v % MC,
the attachment of pre-polymerized F-actin was investigated for membranes lacking
PtdIns[4,5]P2 and PtdIns[4,5]P2 containing membranes without the linker ezrin
T567D. In both cases (data not shown) no significant F-actin binding to continuous
SLBs could be detected after rinsing the samples with MC-free F-actin buffer.
Since a treatment with MC seems to effect the membrane attachment of minimal
actin cortices, the condensing properties of 0.18 w/v % MC were investigated for
varied receptor lipid concentrations of 1 - 5 mol% PtdIns[4,5]P2, shown in figure 4.8
(bottom row). As reference for non-treated MACs the experiments with MC of this
work were compared with the data of NÖDING et al., who used the same preparation
of SLBs, membrane-linkage and actin staining (cf. figure 4.8; top row). [72] The visual
comparison of both data sets showed, that the addition of MC increases the network
density for low PtdIns[4,5]P2 concentrations of 1 - 3 mol%, whereas no significant
modification was observable at 5 mol% PtdIns[4,5]P2. For a quantitative comparison
the data were applied, as described in sectin 3.6.0.1, to a "tube filter" analysis, enabling

80



4.1 Minimal actin cortex self-organization on lipid bilayers

the determination of the node and skeleton network density (cf. figure 4.9).

Figure 4.8: Exemplary fluorescence micrographs displaying the F-actin binding
to SLBs containing 1 - 5 mol% PtdIns[4,5]P2 with and without 0.18 w/v % MC.
The upper row displays the F-actin (magenta), labeled with Alexa Fluor® 488-phalloidin,
binding to SLBs doped with 1-5 mol% PtdIns[4,5]P2 without MC and the lower row with
0.18 w/v % MC. Scale bars: 5 µm. For comparison MC-free data were taken from NÖDING
et al. [72]

As the optical inspection indicated, both parameters confirm that MC treated
MACs show a significantly increased network density. As displayed in figure 4.9,
this effect seems to be especially pronounced at low PtdIns[4,5]P2 concentrations
of 1 mol%, showing an increase in node density from 0.04 ± 0.09 µm−2 (green,
-MC) to 1.56 ± 0.64 µm−2 (blue, +MC) and a ∼6-fold increase in skeleton network
density. While this trend is still clearly present at the highest tested PtdIns[4,5]P2

concentration of 5 mol%, the increase in node density from 1.57 ± 1.15 µm−2 (green,
-MC) to 3.48 ± 1.05 µm−2 (blue, +MC) and skeleton density (∼1.4-fold) is less
noticeable pronounced.
Although, shift in network organization towards nematically aligned filaments could be
partially observed for MC treated samples (cf. figure 4.8; 3 mol%), no network analysis
could be performed according to SEARA et al., since the fluorescence micrographs
seemed to be not suited. [146] This might be attributable to the low staining ratio
of 1.5 % (n/n, G-actin : Alexa Fluor® 488-phalloidin) and the accompanying poor
signal-to-noise ratio. Also, the described skeleton based actin intensity determination
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(cf. chapter 4.1.2) could not be executed, since the fluorescence micrographs were
recorded with different CLSM settings.

Figure 4.9: Box plots showing the actin network node- and skeleton network
density of membrane-bound MACs depending on PtdIns[4,5]P2 content and
MC treatment. Comparison of the node density (A) and skeleton network density (B)
of MC treated (blue) and untreated (green) membrane-bound mimimal actin cortices for
1-5 mol% PtdIns[4,5]P2. For the analysis, n images of N preparations were evaluated.
1 mol% (n = 59, N = 2; n = 68, N = 2), 2 mol% (n = 73, N = 3), 3 mol% (n = 57, N = 2;
n = 12, N = 2) and 5 mol% (n = 83, N = 3; n = 48, N = 4). Boxes ranging from 25th to 75th

percentiles of the sample, while whiskers represent to the most extreme data points not
considered outliers (red crosses). Medians are shown as red horizontals within the boxes.
Statistical t-test: ***: p ≤ 0.001; Welch-test: ***: p ≤ 0.001, **: p ≤ 0.01. Data without
MC have been re-evaluated from NÖDING et al. by means of "tube filter" analysis (cf.
chapter 3.6.0.1). [72]

82



4.1 Minimal actin cortex self-organization on lipid bilayers

4.1.3.2 Branched MAC’s with the Arp2/3-VCA complex

Experiments in this chapter have been carried out by Loan Vuong as part of her
master thesis.

In cellular systems the dynamic and organization of cortical actin filaments is con-
trolled by over a hundred of different actin binding proteins (ABPs). [10] Since the
impact of a particular ABPs is therefore rather difficult to determine, biomimetic
systems like minimal actin cortices are appropriate in vitro model systems, to reveal
the individual functions of ABPs. The Arp2/3 protein complex is one of the most
abundant ABPs within cellular actin networks, branching actin networks by poly-
merizing new daughter-filaments from pre-existing F-actin. [158,159] As the Arp2/3
complex plays a critical role in lamellipodium organization and cellular motion, the
self-organization of membrane-bound Arp2/3 branched actin networks was investi-
gated in terms of the MAC morphology. [160,161]

Since Arp2/3 stimulates the polymerization of filament branches at pre-formed
actin filaments, it was added during F-actin polymerization. [158] As the addition
can influence both, the principal actin filament structure and the morphology of
membrane attached networks, two approaches were used to study the impact of
Arp2/3. In a first approach, the impact of Arp2/3 was investigated with regard
to the principle F-actin structure in solution. Therefore, branched actin networks
were polymerized from a mixture of G-actin/VCA/Arp2/3 (80:20:1), as described in
chapter 3.3.3. The VCA-domain of N-WASP, acting as nucleation promoting factor
(NPF) protein, was added since the Arp2/3 complex requires an activation via the
association with a NPF protein. The structures of these F-actin-Arp2/3 gels were
investigated in solution by means of CLSM fluorescence micrographs and compared
to pure F-actin networks. In a second approach, the attachment of Arp2/3 branched
F-actin networks, prepared as aforementioned described, to ezrin T567D decorated
membranes was investigated as function of the receptor lipid PtdIns[4,5]P2 concentra-
tion, forming branched MACs on glass supported SLBs as described in chapter 3.3.4.1.

Comparing the 3D organization of pure F-actin networks and Arp2/3-actin gels
by means of CLSM z-stacks, revealed a significant structural change within the
branched networks. As displayed in figure 4.10 A1/2, untreated actin networks were
characterized by loosely entangled actin filaments, forming a wide-meshed F-actin
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network over several microns in height. Furthermore, the visual inspection of figure
4.10 A2 indicates, that the network consisted of both, long individual filaments and
filament bundles with a size of several tens of microns. In contrast, for Arp2/3
branched actin filaments the formation of gel-like networks could be monitored (cf.
figure 4.10 B1/2).

Figure 4.10: Fluorescence micrographs of 3-D F-actin gels polymerized in
the absence or presence of Arp2/3. A/B1: Exemplary xz-projection of the three
dimensional organization of a pure F-actin network (left, magenta) and an Arp2/3 branched
actin gel (right), labeled with ATTO 594 G-actin and obtained from CLSM z-stacks in
solution. A/B2: Z-projection (xy-cross chapter) of the networks shown in (A/B1), summed
over several fluorescence micrograph layers with a total height of 10 µm. Scale bars: 10 µm.

These networks were featured by an increased actin density in all three dimensions,
which becomes particularly evident by the visual inspection of figure 4.10 B1, show-
ing the xz-projection of a CLSM z-stack. Further, the z-projection of the Arp2/3
branched network, displayed in figure 4.10 B2, demonstrates not only a reduced actin
filament length, but also a high interconnection within the branched actin network.

To gather information about the organization of branched actin filaments in membrane-
bound cortices, Arp2/3-MACs were attached to ezrin decorated membranes for varied
receptor lipid concentrations of 2 - 8 mol% PtdIns[4,5]P2. Exemplary fluorescence mi-
crographs of Arp2/3-MACs are displayed in figure 4.11 and compared to MACs with-
out Arp2/3 branching. As illustrated, minimal actin cortices prepared from Arp2/3
branched actin filaments exhibit a decreased network density for low PtdIns[4,5]P2

concentrations of 2 - 3 mol%, whereas a similar MAC density was observed with
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increasing the PtdIns[4,5]P2 content to 8 mol% (cf. figure 4.11). However, the
low binding of Arp2/3 branched filaments, especially at χ(PtdIns[4,5]P2) = 2 mol%,
enabled the imaging of individual filaments and their branches (cf. figure 4.11, left
column, yellow box). While the increased network density of Arp2/3 branched
MACs at χ(PtdIns[4,5]P2) = 8 mol% impaired the observation of single filaments, the
general actin network exhibited an altered morphology, showing a highly entangled
network with no nematically aligned F-actin (cf. figure 4.11, right column, top and
bottom).

Figure 4.11: Exemplary fluorescence micrographs showing the binding of
Arp2/3 branched and unbranched F-actin networks to SLBs containing 1 -
8 mol% PtdIns[4,5]P2. The upper row displays the membrane binding of unbranched
actin filaments (magenta), labeled with ATTO 594 G-actin, and the lower row represents the
attachment of Arp2/3 branched actin networks to SLBs doped with 1-8 mol% PtdIns[4,5]P2.
Scale bars: 10 µm. For comparison unbranched actin networks were replotted from chapter
4.1.2.

To quantify the network density, fluorescence micrographs of membrane-bound
Arp2/3 networks were tube-filtered, according to chapter 3.6.0.1, and skeletonized
images were used for node- and sekeleton network density determination. Both
parameters are displayed in figure 4.12 and compared to the data of unbranched
networks, presented in chapter 4.1.2. The data confirm a significantly decreased net-
work density of Arp2/3 branched MACs in the range of χ(PtdIns[4,5]P2) = 2 - 5 mol%,
compared to pure F-actin networks. Simultaneously, the data indicate an in-
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creased network density within the branched networks for increasing PtdIns[4,5]P2

concentrations form 2 - 5 mol%. Furthermore, the equal skeleton network den-
sity of approximately 0.1 for both, Arp2/3 branched and unbranched MACs at
χ(PtdIns[4,5]P2) = 8 mol%, suggest a comparable network density displayed in figure
4.11 (right panel, χ(PtdIns[4,5]P2) = 8 mol%). By contrast, the significantly larger
node density of 1.26 ± 0.36 µm−2 of the Arp2/3 networks (χ(PtdIns[4,5]P2) = 8 mol%)
indicates an increased entanglement of the membrane-bound actin filaments, and
with this an altered network morphology (cf. figure 4.12 A).

Figure 4.12: Box plots showing the actin network node and skeleton network
density of branched and unbranched membrane-bound MACs as a function of
the PtdIns[4,5]P2 content. Comparison of the node density (A) and skeleton network
density (B) of Arp2/3 branched (blue) and unbranched (green) membrane-bound MACs
for 2-8 mol% PtdIns[4,5]P2. For the analysis, n images of N preparations were evaluated.
2 mol% (n = 60, N = 7; n = 23, N = 3), 3 mol% (n = 48, N = 5; n = 34, N = 4), 5 mol%
(n = 40, N = 4; n = 20, N = 2) and 8 mol% (n = 20, N = 2; n = 31, N = 3). Boxes ranging
from 25th to 75th percentiles of the sample, while whiskers represent to the most extreme
data points not considered outliers (red crosses). Medians are shown as red horizontals
within the boxes. Statistical t-test: ***: p ≤ 0.001, ns.: p > 0.05; Welch-test: ***: p ≤ 0.001.
For comparison unbranched actin data were replotted from chapter 4.1.2.

In order to confirm a modified organization of Arp2/3 branched networks, the
mean nematic order parameter (qmean) was determined for the membrane-bound
MACs (cf. chapter 3.6.0.2). While the low qmean of the Arp2/3 branched MACs at
χ(PtdIns[4,5]P2) = 2 mol% is originated by the non-existent actin networks, as only
single filaments were attached to those membranes, the by a factor of ∼0.7 decreased
qmean at χ(PtdIns[4,5]P2) = 5 - 8 mol% indicated no significantly nematic alignment
(cf. figure 4.13 A).
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Figure 4.13: Box plot showing the mean nematic order parameter (qmean)
and the mean actin intensity of branched and unbranched membrane-bound
MACs as a function of the PtdIns[4,5]P2 content. Comparison of qmean (A) and the
mean actin intensity (B) of Arp2/3 branched (blue) and unbranched (green) membrane-
bound MACs for 2-8 mol% PtdIns[4,5]P2. For the analysis, n images of N preparations
were evaluated. 2 mol% (nq,mean = 59, n = 60, N = 7; nq,mean = 24, n = 23, N = 3), 3 mol%
(nq,mean = 51, n = 48, N = 5; nq,mean = 39, n = 34, N = 4), 5 mol% (nq,mean = 40, n = 40,
N = 4; nq,mean = 20, n = 20, N = 2) and 8 mol% (nq,mean = 21, n = 20, N = 2; nq,mean = 31,
n = 31, N = 3). Boxes ranging from 25th to 75th percentiles of the sample, while whiskers
represent to the most extreme data points not considered outliers (red crosses). Medians are
shown as red horizontals within the boxes. Statistical t-test: ***: p ≤ 0.001, **: p ≤ 0.01;
Welch-test: ***: p ≤ 0.001. For comparison unbranched actin data were replotted from
chapter 4.1.2.

To gather further information about the single filament organization within the
Arp2/3 networks, fluorescence micrographs of membrane-bound Arp2/3-MACs were
analyzed by means of the skeleton-based actin intensity analysis, introduced in
chapter 4.1.2. The determined averaged actin intensities, along the skeletonized actin
filaments are displayed in figure 4.13 B, as a function of the receptor lipid content
(χ(PtdIns[4,5]P2)). While the raising actin intensities without Arp2/3 branching
(green), presented in chapter 4.1.2, suggest a growing bundling of membrane-bound
actin filaments with raising PtdIns[4,5]P2 content, the comparatively significantly
reduced actin intensity for Arp2/3 branched networks (blue) indicate no bundle
formation. In summary, the data demonstrate that for a PtdIns[4,5]P2 content
of 8 mol% Arp2/3 branched and unbranched MACs have similar skeleton network
densities, yet exhibit different network organizations.
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4.1.3.3 Influence of POPS on the minimal actin cortex architecture

Biological membranes, as the plasma membrane of mammalian cells, are known to
have a asymmetric lipid distribution across their leaflets. While the extra cellular
leaflet of eukaryotic cells mainly consists of phosphatidylcholine (PC) and sphin-
gomyelin (SM), the cytoplasmic leaflet is rich in e.g. phosphatidylserine (PS) and
phosphatidylinositols. [162] Although, the interaction between the membrane-bound
actin cortex and the plasma membrane is in general known to control the cell mor-
phology, the direct interplay between the inner leaflet lipid composition and actin
cortex organization is still poorly understood. [8,10]

In order to investigate the effect of a lipid composition, mimicking the cytoplasmatic
leaflet on the minimal actin cortex architecture, SLBs were doped with 17 mol% POPS,
resembling the amount of PS in the inner human plasma membrane (15 - 20 mol%
PS). [162] Reflectometric interference spectroscopy (RIfS) was used (cf. chapter 3.4.1)
to study the binding of ezrin T567D to solid supported membranes. MACs were
formed on hydrophilized glass substrates (cf. chapter 3.3.4.1) and CLSM experiments
were conducted to examine the actin cortex organization after rinsing.

Since it is known from the literature, that the amount of membrane-bound ezrin
T567D directly influences the minimal actin cortex organization, RIfS experiments
were conducted to quantify the ezrin binding to POPC/POPS/PtdIns[4,5]P2 SLBs. [72]

Figure 4.14 shows an exemplary RIfS experiment with the time profile of the
measured ∆OT . The reference baseline, recorded during rinsing with spread-
ing buffer (Na-citrate buffer, I), allows the verification of lipid bilayer formation
(∆(∆OT SUV) ≈ 6 nm) after spreading SUVs (POPC/POPS/PtdIns[4,5]P2, (78:17:5),
II) and rinsing the system with spreading buffer (III), to remove excess lipid material.
By rinsing subsequently with E1 buffer (IV), passivating membrane defects with BSA
(cBSA = 1 mg mL−1, in E1 buffer, V) and removing excess passivation by washing
with E1 buffer (VI) the system was prepared for the incubation with ezrin T567D.
While the small increase in ∆OT during BSA incubation (V) indicate the unspecific
adsorption of BSA to the SLBs, the followed decrease during rinsing with E1 buffer
(VI) verify no unspecific irreversible BSA binding to POPS containing membranes.
After adding ezrin T567D (0.8 µm, VII) the ∆OT increased, displaying the protein
adsorption to the membrane. Rinsing with E1 buffer (VIII) leads to a decrease in
∆OT , as reversibly bound ezrin was washed off. The fraction of irreversible bound
ezrin T567D (∆(∆OT ezrin)) was determined after reaching an equilibrium (VIII).
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Figure 4.14: Exemplary RIfS measurement displaying the specific binding of
ezrin T567D to a PtdIns[4,5]P2 doped SLB. Recorded change in optical thickness
(∆OT ) during a typical RIfS measurement started with establishing a baseline by rinsing the
system with spreading buffer (I) followed by spreading SUVs (POPC/POPS/PtdIns[4,5]P2,
(78:17:5)) to a OT of ∼6 nm (II). By flushing afterwards with spreading buffer (III) and
E1 buffer (IV) excess lipid material was removed. Membrane defects were passivated by
adding BSA (cBSA = 1 mg mL−1, V). Excess BSA was removed by rinsing with E1 buffer
(VI), preparing the system for the incubation with ezrin T567D (0.8 µm, VII). Reversibly
bound protein was washed off by rinsing with E1 buffer (VIII), allowing the determination
of irreversibly bound ezrin T567D (∆(∆OTezrin)).

To exclude an unspecific interaction of ezrin T567D with the matrix lipid POPS,
RIfS experiments with POPC/POPS SLBs (83:17) were conducted. The low mean
∆(∆OT ezrin) of 0.04 ± 0.06 nm (n = 4) determined for those membranes, lacking the
receptor lipid PtdIns[4,5]P2, indicated no unspecific binding of ezrin T567D to the
matrix lipid POPS (cf. chapter A.4).
Subsequently the impact of the matrix lipid POPS on the amount of membrane-
bound ezrin T567D was investigated for molar ratios of PtdIns[4,5]P2 ranging from
1 - 8 mol%. The estimated ∆(∆OT ezrin) are summarized in figure 4.15 and compared
to the results of NÖDING et al., for different PtdIns[4,5]P2 concentrations in the
absence of POPS (cf. figure 4.15, green). [72] While the data of NÖDING et al.,
lacking POPS, shows a sigmoidal ezrin binding behavior with a slow increase from
0.08 ± 0.13 nm to 0.6 ± 0.08 nm between 1 - 3 mol% PtdIns[4,5]P2 and a saturation
at ∼4.5 nm above 6 mol% PtdIns[4,5]P2, the addition of 17 mol% POPS results in a
generally increased amount of membrane-bound ezrin T567D.
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Figure 4.15: Box plot showing the change in optical thickness for ezrin T567D
adsorption on SLBs depending on PtdIns[4,5]P2 and POPS content. Change in
optical thickness caused by irreversibly bound ezrin T567D (∆(∆OT ezrin)) on SLBs doped
with (blue) or without (green) 17 mol% POPS as a function of the PtdIns[4,5]P2 content
(χ(PtdIns[4,5]P2)). Data from n individual experiments were analyzed. 1 mol% (n = 4,
n = 2), 2 mol% (n = 4, n = 5), 3 mol% (n = 4, n = 5), 4 mol% (n = 4, n = 4), 5 mol% (n = 6,
n = 3), 6 mol% (n = 4, n = 3) and 8 mol% (n = 4, n = 7). Boxes ranging from 25th to 75th

percentiles of the sample, while whiskers represent to the most extreme data points not
considered outliers (red crosses). Medians are shown as red horizontals within the boxes.
For comparison data without POPS were taken from Nöding et al. [72]

As displayed in figure 4.15, the observed increase in optical thickness is most promi-
nent at low receptor lipid concentrations of 1 - 3 mol% PtdIns[4,5]P2 with estimated
∆(∆OT ezrin) from 0.45 ± 0.25 nm to 3.15 ± 0.37 nm and an up to 5-fold increased
ezrin T567D adsorption, compared to the POPS free system. In contrast to the data
of NÖDING et al. the amount of ezrin bound to POPS doped membranes depends
linearly on PtdIns[4,5]P2 content (up to 5.48 ± 0.52 nm at 5 mol% PtdIns[4,5]P2).
Above χ(PtdIns[4,5]P2) = 5 mol%, the amount of bound ezrin appears to saturate,
which is however not reached at the highest tested PtdIns[4,5]P2 concentration of
8 mol%.
As the RIfS measurements showed for low PtdIns[4,5]P2 concentrations from 1 - 3 mol%
the most pronounced effect of POPS upon the amount of membrane-bound ezrin, this
lipid compositions were further employed to address the question how pre-polymerized
F-actin organize on the membranes. In figure 4.16 exemplary fluorescence micro-
graphs of membrane-bound minimal actin cortices on POPS doped membranes with
1 - 3 mol% PtdIns[4,5]P2 (bottom row) are compared to actin networks attached
to membranes with the same PtdIns[4,5]P2 content, but lacking POPS (top row,
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replotted from chapter 4.1.2). As the visual inspection clearly demonstrates, the
overall filament density is strongly increased for POPS containing membranes. While
in absence of POPS the amount of membrane-bound F-actin increases from single
filaments at 1 mol% to an entangled network at 3 mol% PtdIns[4,5]P2, in the presence
of POPS an entangled network is already evident at 1 mol% which further densifies
up to 3 mol% PtdIns[4,5]P2. A significant unspecific interaction of F-actin and
POPS could be excluded by control experiments, which showed only a minimal non-
reproducible F-actin adsorption to POPS-membranes lacking PtdIns[4,5]P2 (data
not shown).

Figure 4.16: Exemplary fluorescence micrographs showing the F-actin binding
to SLBs containing 1 - 3 mol% PtdIns[4,5]P2 depending on POPS content. The
upper row representatively shows F-actin (magenta), labeled with ATTO 594-G-actin,
bound to POPS free and the lower row to POPS containing SLBs doped with 1-3 mol%
PtdIns[4,5]P2. Scale bar: 10 µm. For comparison data without POPS were replotted from
chapter 4.1.2.

Beside the enhanced network density, the fluorescence micrographs in figure 4.16 also
show a modified organization of the membrane-bound MACs dependent on the POPS
content. While F-actin bound to POPS free membranes forms entangled networks
for a PtdIns[4,5]P2 content of 1 - 3 mol%, the actin on POPS containing membranes,
with the same PtdIns[4,5]P2 content, tend to align into local nematic domains. This
observation was quantified by calculating qmean, according to SEARA et al. (cf.
chapter 3.6.0.2), as shown in figure 4.17 A. The determined averaged nematic order
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parameters clearly indicate that in the absence of POPS (cf. figure 4.17 A, green) no
significant nematic order increase can be observed. By contrast, the direct comparison
reveals for each tested PtdIns[4,5]P2 concentration an increased nematic order on
POPS containing membranes and shows overall an increased qmean from 0.26 ± 0.04
at 1 mol% to 0.38 ± 0.08 at 3 mol% PtdIns[4,5]P2 (cf. figure 4.17 A, blue).

Figure 4.17: Box plot showing the mean nematic order parameter (qmean) and
the mean actin intensity of membrane-bound MACs depending on PtdIns[4,5]P2
and POPS content. Comparison of qmean (A) and the skeleton based mean actin intensity
(B) between SLBs doped with (blue) and without POPS (green) for 1-3 mol% PtdIns[4,5]P2.
For the analysis, n images of N preparations were evaluated. 1 mol% (nq,mean = 37, n = 34,
N = 4; nq,mean = 30, n = 30, N = 4), 2 mol% (nq,mean = 52, n = 60, N = 6; nq,mean = 24,
n = 23, N = 3), 3 mol% (nq,mean = 56, n = 40, N = 6; nq,mean = 39, n = 34, N = 4). Boxes
ranging from 25th to 75th percentiles of the sample, while whiskers represent to the most
extreme data points not considered outliers (red crosses). Medians are shown as red
horizontals within the boxes. Statistical t-test: ***: p ≤ 0.001, **: p ≤ 0.01; Welch-test:
***: p ≤ 0.001. For comparison data without POPS were replotted from chapter 4.1.2.

To relate the calculated qmean to the network density and single filament structure,
the fluorescence micrographs were applied to the "tube filter" analysis (cf. chapter
3.6.0.1).
According to chapter 4.1.2 (cf. figure 4.6), the skeletonized images were first used
to estimate the membrane-bound actin filament structure by means of the skeleton
based actin intensity determination. The calculated mean F-actin intensities of the
respective lipid compositions are displayed in figure 4.17 B. Both systems, with
and without POPS, generally show an increased mean F-actin intensity for raising
PtdIns[4,5]P2 concentrations, indicating the formation of filament bundles. While the
mean F-actin intensity on POPS free membranes increases gradually from 568 ± 44 a.u.
at 1 mol% to 1014 ± 71 a.u at 3 mol% PtdIns[4,5]P2, the enhancement for POPS
containing membranes from 655 ± 159 a.u at 1 mol% to 1332 ± 443 a.u at 3 mol%
PtdIns[4,5]P2 is significantly pronounced. These findings suggest, that the formation
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of membrane-bound F-actin bundles is a function of the PtdIns[4,5]P2 concentration.
In addition, the formation of filament bundles appears to be a characteristic of
nematically organized MACs, as both rise analogously.
The network density of membrane-bound MACs was quantified by calculating the
node- and sekeleton network density from the tube-filtered fluorescence micrographs
(cf. chapter 3.6.0.1). As show in figure 4.18 A-B, both parameters reflect the observed
increased network density with increasing PtdIns[4,5]P2 in the presence or absence
of POPS (cf. figure 4.16).

Figure 4.18: Box plots showing the actin network node and skeleton network
density of membrane-bound MACs depending on PtdIns[4,5]P2 and POPS
content. Comparison of actin network node density (A) and skeleton network density (B)
between SLBs doped with (blue) and without POPS (green) for 1-3 mol% PtdIns[4,5]P2.
For the analysis, n images of N preparations were evaluated. 1 mol% (n = 34, N = 4; n = 30,
N = 4), 2 mol% (n = 60, N = 6; n = 23, N = 3), 3 mol% (n = 40, N = 6; n = 34, N = 4).
Boxes ranging from 25th to 75th percentiles of the sample, while whiskers represent to the
most extreme data points not considered outliers (red crosses). Medians are shown as red
horizontals within the boxes. Statistical t-test: ***: p ≤ 0.001; Welch-test: ***: p ≤ 0.001.
For comparison data without POPS were replotted from chapter 4.1.2.

In absence of POPS, the calculated node density (cf. figure 4.18 A, green) reflects the
increasing network density of entangled actin filaments, as projected in figure 4.16 (top
row), raising from 0.08 ± 0.06 µm−2 (χ(PtdIns[4,5]P2) = 1 mol%) to 1.43 ± 0.39 µm−2

(χ(PtdIns[4,5]P2) = 3 mol%). As a result of the formation of nematic domains and
the parallel F-actin organization, the node density shows a different behavior in the
presence of POPS. While a five fold increase in node density is found at 1 mol%
PtdIns[4,5]P2 (0.44 ± 0.38 µm−2), only a tow fold increase was detected for 2 mol%
(0.90 ± 0.59 µm−2) and a 0.7 fold decrease at 3 mol% (1.04 ± 0.13 µm−2, cf figure
4.18 A, blue).
Since the skeleton network density is calculated via the ratio of filamentous to
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background pixels, the analysis is independent of the formation of nematic domains.
However, the skeleton network density reflects the increasing network density in the
same manner as the node density, showing a 2.8 fold increase at 1 mol%, a 1.7 fold
one at 2 mol% and a 0.9 fold decrease at 3 mol% PtdIns[4,5]P2. Nevertheless, this
behavior must be considered in relation to the increased bundling of membrane-bound
F-actin, as indicated in figure 4.17 B for POPS containing membranes.
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4.2 Dynamics of membrane-bound minimal
actomyosin cortices

The cellular actin cortex is strongly associated with the motor protein myosin II,
forming an actomyosin cortex. [10,70] Several myosin II hexamers can align tail-to-tail
via electrostatic interactions in a parallel and anti-parallel manner, forming bipolar
myofilaments with several motor domains on each filament end. [50–52] In vivo, this
actomyosin cortex is capable of generating contractile stress, enabeling cortex reor-
ganization and controlling cell migration. [163–165]

In the recent past, membrane-bound minimal actin cortices have been sucessfully
used to study the fundamental actin-myosin interactions in vitro. These works
contributed to an improved understanding on the single actomyosin filament level,
revealed the reciprocal influence of cortex and membrane or demonstrated the direct
impact of myosin II on the actin cortex contractility. [69–71] Further, it was shown
that a membrane attachment modulates the actomyosin contractility. [166]

The present work addresses for the first time how a biomimetic membrane-attachement
via ezrin T567D impacts the minimal actin cortex reorganization by myosin II.

4.2.1 Single filament motion in actomyosin networks

The contraction of the cellular actomyosin cortex is an active process, fueled by the
hydrolysis of ATP through the ATPase activity of the myosin II motor domains. [52,167]

In order to verify whether the reorganization of membrane-bound actin filaments in
the minimal actin cortices is an active motion, induced by myosin II, single actin
filament tracking experiments were conducted.
Membrane-bound minimal actin cortices were prepared on hydrophilized glass sub-
strates, following the detailed instructions in chapter 3.3.4.1. Since the motion
of individual actin filaments needed to be observed, labeled and unlabeled actin
filaments were mixed in a ratio of 1:5 and applied to POPC/PtdIns[4,5]P2/ATTO390-
DPPE (96.6:3:0.4) membranes with a medium PtdIns[4,5]P2 content of 3 mol%. The
reorganization of ATTO 594-labeled actin filaments (cf. chapter 3.3.3) was induced
by the addition of pre-assembled bipolar myosin II, as described in chapter 3.3.5.
Dual color fluorescence micrographs were recorded by means of TIRF microscopy at
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a frame interval of 400 ms, enabling the tracing of moving actin filaments (cf. figure
4.19 A).

Figure 4.19: Exemplary time series displaying single actin filament motion
in dependence of the myosin II clusters. A: Schematic illustration of the myosin II
induced motion of membrane attached single actin filament (magenta) within an unlabeled
actin network (gray). (I) Minimal actin cortex prior to the addition of bipolar myosin
II filaments, (II) starting single filament motion (III) and finale filament dwelling. B:
Exemplary overlay of the actin (magenta) and myosin II (green) channels, showing the
time dependent motion (0 - 21 s) of F-actin along myosin II clusters (white circles) bound
within the membrane attached F-actin network. Scale bar: 5 µm.

As displayed by the overlay of the F-actin (magenta) and myosin II (green) channels
in figure 4.19 B, single actin filaments were propelled along small myosin II clusters
(white circles), which seemed to stuck within the unlabeled MAC. To gather infor-
mation about the filament motion, individual actin filaments were tracked via the
ImageJ plugin Jfilament (2D). [168,169] An exemplary filament tracking is shown in
figure 4.20, with the tracked filament highlighted in blue and the recorded filament
tip trajectory shown in yellow. Since actin filaments tend to dwell at various positions
during their motion, only the active parts in between start and dwelling were used
for further calculations, which are referred to as active trajectory sections in the
following.
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4.2 Dynamics of membrane-bound minimal actomyosin cortices

Figure 4.20: Exemplary time series showing single actin filament tracking
during myosin II induced motion. Exemplary fluorescence micrographs, mapping the
time-dependent active trajectory section (yellow, start-dwelling) of a tracked single actin
filament (blue). Scale bar: 5 µm.

In order to quantify the tracked actin reorganization as directed motion, the active
trajectory sections of filaments tracked for a minimum duration of 10 frames were
used to calculate the mean squared displacement (MSD). MSD calculation was
performed according to equation 4.1, using a custom written MATLAB routine,

MSD(τ) =
〈

1
k

k∑
i=1

|r(t + τ) − r(t)|2
〉

(4.1)

with r(t) being the filament tip position at a certain time t, the lag time (τ) between
two positions and the total amount of positions k over the MSD(τ). An exemplary
MSD of the filament trajectory shown in figure 4.20 is displayed in the figure 4.21 A
(blue dashed line).

MSD(τ) = a xα + b (4.2)

To determine the motion behavior, the MSD data were fitted with the equation
4.2 (cf. figure 4.21 A, red line), enabling the extraction of the exponent α. Since a
directed active movement, also known as superdiffusion, is characterized by α > 1,
the exponent provides quantitative access to the motion mode. [170,171]
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Figure 4.21: Exemplary mean squared displacement and quantitative motion
evaluation of membrane-bound single actin filaments. A: Exemplary mean squared
displacement (MSD) was extracted from the actin filament trajectory shown in figure 4.20
(blue, dashed line) and fitted according to equation 4.2 (red, solid line). B: Histogram of the
exponent (α), extracted from active trajectory sections of moving filaments tracked longer
then 10 frames (ntotal = 426, N = 2). C: Histogram of the actin filament velocity (v)
extracted from the time-dependent displacement of all active filaments (n = 607, N = 2).

The distribution of the calculated exponents, is summarized by the histogram shown
in figure 4.21 B, with an averaged α = 2.0 ± 0.9 (nMSD = 426 filaments, N = 2).
Out of all tracked filaments, exhibiting an active trajectory section lager then 10
frames, 414 showed α > 1 (n>1) and only 12 α < 1 (n<1), strongly indicating an
active motion. The velocity of tracked filaments was calculated by averaging the
filament displacement in their active trajectory sections. The velocity distribution of
all tracked filaments is displayed in the histogram in figure 4.21 C, showing a mean
velocity of vmean = 0.8 ± 0.4 µm s−1 (n = 607, N = 2).
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4.2.2 Contractility of membrane-bound actomyosin networks

To quantify how myosin II motors reorganize physiological membrane-bound F-actin
networks as a function of the lipid composition, minimal actin cortices were formed on
POPC/PtdIns[4,5]P2 and POPC/POPS/PtdIns[4,5]P2 bilayers doped with 0.4 mol%
ATTO390-DPPE. By comparing the MAC contractility between both lipid composi-
tions, the effect of the inner plasma membrane lipid POPS was investigated in terms
of the actomyosin dynamics.
The reorganization of membrane-bound MACs, prepared according to chapter 3.3.4.1
on glass substrates, was conducted as described in chapter 3.3.5, by the addition
of pre-formed bipolar myofilaments (cf. figure 4.22 A). Dual color fluorescence
micrographs were recorded via TIRF microscopy, enabling sample imaging at a high
temporal and spatial resolution (cf. chapter 3.5.1.4).

The exemplary time series in figure 4.22 B/C display the generally observed reorga-
nization of minimal actin cortices (magenta) in the absence (B) or presence (C) of
17 mol% POPS, after the addition of ATP and myosin II (green). In both cases, the
addition of bipolar myosin II filaments led to a fast myosin binding within several
seconds (figure 4.22 B/C +20 s). While the formation of myosin II clusters (figure
4.22 B/C +60 - 600 s) was observed in both systems, an extensive reorganization of
the membrane-bound F-actin networks was mainly observed for MACs on POPS
containing membranes (cf. figure 4.22 C). The reorganization led to a fast local
clustering of actin filaments with dense myosin II centers, which are designated as
actomyosin asters (cf. figure 4.22 C +20 - 600 s). The aster formation was associated
with a loss of actin intensity, around the formed asters, indicating a network collapse.
In contrast, in the absence of POPS, membrane-bound MAC showed predominantly
no large scale reorganization respectively aster formation, implying no network col-
lapse (cf. figure 4.22 B). Nevertheless, in non-contractual networks single filament
motion could be monitored, as described in chapter 4.2.1. However, due to the high
amount of membrane-bound F-actin, it was not possible to analyze this motion, as
tracking of the individual actin filaments was not possible.
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Figure 4.22: Exemplary time series displaying the myosin II induced reor-
ganization of membrane-bound minimal actin cortices as a function of the
POPS content. A: Schematic illustration of the myosin II induced reorganization of
membrane attached MACs in the absence (left) and presence of POPS (right). (I) Minimal
actin cortex prior to the addition of bipolar myosin II filaments, (II) during myosin II
binding and (III) after reorganization. B/C: Exemplary fluorescence micrographs of SLB
(χ(PtdIns[4,5]P2) = 3 mol%) attached F-actin networks (magenta) in the absence (B) and
presence of POPS (C), prior (-10 s) and after (+20 - 600 s) the addition of bipolar myosin
II filaments (light green). Scale bars: 5 and 10 µm.

To analyze the observed myosin II binding, the time-dependent normalized averaged
fluorescence intensity of myosin II was investigated. As displayed in figure 4.23 A
(dotted lines), the myosin II intensity showed a similar increase within both systems.
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Parallel, the normalized averaged actin intensity (cf. figure 4.23 A, blue and green
solid lines) decreases within the same time, independent of the membrane composition.
As exemplary displayed by the black solid line in figure 4.23 A , the decrease was
partly overlaid by actin bleaching, which becomes more significant at longer time
scales (cf. figure 4.22 B, +60 - 600 s). Combined with the decreasing actin intensity,
selected experiments revealed a shortening of the membrane-bound actin filaments.
Since the binding of myosin to membrane-bound F-actin have been shown to cause
F-actin buckling and breaking, the decreased actin intensity might provide insight
into the principal reorganization mechanism. [69,70]

Figure 4.23: Exemplary quantification of the myosin II induced reorganization
of the membrane-bound MACs shown in figure 4.22 B. A: Time-dependent
normalized intensity profiles of the actin (solid line) and myosin II (dotted line) fluorescence
within the first 100 s after myosin II binding, compared to the overlaid actin-bleaching (black
line). B: Velocity magnitude probability distribution of the F-actin network reorganization
20 s (solid line) and 200 s (dotted line) after myosin binding. C: Time-dependent evolution
of the 2D cross correlation coefficient of the F-actin fluorescence intensity from each frame
(framen) to the following one (framen+1) and (D) of the F-actin/myosin II fluorescence
intensity with the same frame.
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In order to study and compare the contractile F-actin activity, the exemplary time
series in figure 4.22 B/C were analyzed by means of particle image velocimetry
(PIV) using the MATLAB based PIVlab from THIELICKE and SONNTAG (cf.
chapter A.5). [172] Comparing the F-actin velocity magnitude probability distribution
at t = 20 s (solid line) and t = 200 s (dashed line) after the binding of myosin II,
reveals that contractile networks exhibits higher F-actin velocities during the incipient
reorganization (cf. figure 4.23 B, blue line, 20 s) than non-contractile networks (green
line, 20 s). Furthermore, the significantly decreased F-actin velocity from 20 - 200 s,
similar to the velocity distribution of non-contractile networks after 20 s respectively
200 s, indicate a completed network reorganization, which is in a good agreement
with the visual inspection of the time series in figure 4.22 B/C.
Fundamental differences between collapsing and non-collapsing actomyosin networks
were identified by means of image cross-correlation. The actin fluorescence signal of
each frame (framen) was position wise correlated to the following frame (framen+1),
as shown in figure 4.23 C. For the non-collapsing MAC attached to the POPS-free
membrane, shown in the time series in figure 4.22 B, the correlation coefficient drops
slightly in the beginning to ∼0.93 and stabilizes afterwards (cf. figure 4.23 C, green
line). This indicates no network reorganization into actin asters, as the F-actin
co-localization is not increasing over time. In contrast, the correlation coefficient of
the collapsing network, shown in the time series in figure 4.22 C, increases from 0.89
to approximately 0.96, within 200 s (cf. figure 4.23 C, blue line). Combined with the
raising correlation coefficient of the actin and myosin fluorescence signal from 0.45
to 0.68 within the same frame (framen), shown in figure 4.23 D, the data suggest the
formation of actomyosin asters. However, as the correlation coefficient of the actin
fluorescence signal (framen/framen+1) do not increase for the non-collapsing network,
the increasing actin/myosin coefficient suggest only the binding of myosin II to actin
filaments.

Beside the two extremes of collapsing (cf. figure 4.24, right, cyan) and non-collapsing
(cf. figure 4.24, left, green) networks, a third version of contraction was observed,
which is referred to as partial collapse (cf. figure 4.24, center). Partial collapsing
networks were characterized by a local formation of actomyosin asters (cf. figure
4.24, center, yellow), while other substrate regions showed no contraction (cf. figure
4.24, center, blue).

102



4.2 Dynamics of membrane-bound minimal actomyosin cortices

Figure 4.24: Comparison of the three general types of network contrac-
tion, observed in membrane-bound MACs. Exemplary time series showing the
reorganization of membrane-bound F-actin networks (magenta) by myosin II (light
green) for no collapsing (left), partial collapsing (center) and fully collapsing networks
(right). Membrane composition: POPC/PtdIns[4,5]P2/ATTO390-DPPE (96.6:3:0.4, left);
POPC/PtdIns[4,5]P2/POPS/ATTO390-DPPE (79.6:3:17:0.4, center-right). Scale bars: 5
and 20 µm.
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This membrane composition independent classification is reflected by the mean
probability distribution of the velocity magnitude, shown in figure 4.25. As depicted,
the mean velocity magnitude probability distribution 20 s after myosin binding (solid
lines) directly correlate with the contraction classification, showing a shift towards
lower velocities with decreasing network contractility. Further, as the non collapsing
networks (black, solid line) shows a similar distribution of mean velocity magnitude
as the collapsing/partial collapsing networks 200 s (dashed line) after myosin II
binding, these findings indicate a completed network contraction throughout the
networks.

Figure 4.25: Comparison of the contraction type dependent mean F-actin ve-
locity magnitude probability distribution. F-actin network mean velocity magnitude
probability distribution 20 s (solid line, active state) and 200 s (dashed line, passive state)
after myosin II binding for all non collapsing (n = 19), partial collapsing (n = 8) and
full collapsing (n = 10) MACs, independent of the SLB composition. The probability
distribution was averaged over n experiments. Time series were analyzed by means of PIV
(cf. chapter A.5).

In total the myosin II induced reorganization of membrane attached MACs was
investigated in the absence of POPS for a receptor lipid content ranging form 1-
8 mol% and in presence of 17 mol% POPS for 1 - 3 mol% PtdIns[4,5]P2, mimicking
the inner plasma membrane composition (cf. chapter 4.1.3.3). Since MACs attached
to membranes without POPS and a receptor lipid content of 1 mol% PtdIns[4,5]P2,
were composed of single isolated actin filaments (cf. figure 4.16), the data were not
considered in terms of network contractility. The classification of the individual
experiments dependent on the observed reorganization is shown in figure 4.26 A.
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Figure 4.26: Dependence of actomyosin contractility upon the F-actin network
architecture and lipid membrane composition. Dependence of the F-actin network
architecture and lipid membrane composition on the myosin II induced reorganization. A:
Specimen distribution dependent on the membrane composition with (blue) or without
17 mol% POPS (green), as function of the PtdIns[4,5]P2 concentration and the observed
actomyosin contraction. B: Averaged mean nematic order parameter (qmean) of F-actin
networks attached to SLBs doped with (blue) or without 17 mol% POPS (green), prior
to myosin II addition, as a function of the observed actomyosin reorganization. For the
analysis n images with N preparations were used. No collaps (n = 55, N = 19), partial
collaps (n = 20, N = 5; n = 12, N = 3) and full collaps (n = 9, N = 2; n = 33, N = 8). Boxes
ranging from 25th to 75th percentiles of the sample, while whiskers represent to the most
extreme data points not considered outliers (red crosses). Medians are shown as red
horizontals within the boxes. Statistical t-test: ***: p ≤ 0.001, ns.: p > 0.05; Welch-test:
***: p ≤ 0.001., **: p ≤ 0.01.

As displayed, MACs attached to membranes lacking POPS (green) and doped with a
low PtdIns[4,5]P2 concentration of 2 - 3 mol% showed in all measurements no network
contraction. For an increased PtdIns[4,5]P2 content of 5 - 8 mol% a partial and full
network collapse could be monitored, however, only in a few cases. In contrast, MACs
bound to membranes with 17 mol% POPS and a PtdIns[4,5]P2 content of 1 - 2 mol%
showed in all experiments a full network collapse and for χ(PtdIns[4,5]P2) = 3 mol%
at least a partial collapse. Determining the nematic order parameter qmean of the
classified measurements displayed in figure 4.26 A, prior to the addition of myosin II,
revealed a dependence of the observed network contraction on the MAC architecture.
For the cases, where no contraction could be observed, the F-actin networks exhibit
a low qmean of 0.15 ± 0.02. In case of networks attached to POPS-free membranes,
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the qmean significantly increases from partial (0.20 ± 0.02) to full collapsing networks
(0.23 ± 0.03). In the presence of POPS, similar qmean values were obtained for partially
and fully collapsing networks, showing no significant difference. Since the fluorescence
micrographs of the present chapter were obtained via TIRF microscopy, a direct
comparison with the qmean values of the previous chapters is impaired, as the utilized
Airyscan-CLSM setup provides a higher spatial resolution.
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4.3 Mechanical properties of membrane-bound
minimal actin cortices

The cellular actin cortex is directly linked to the inner leaflet of the plasma membrane
of mammalian cells and is a key player in cell shape controlling. [10,173] While several
in vivo and in vitro studies investigated the role of the actin cortex in context of the
cell mechanics, the direct impact of the membrane-cortex linkage via ERM proteins
is still not fully resolved as the complex cellular framework of cross-linkers [174,175]

and motor proteins [135,176] has been shown to contribute to the cellular mechanical
properties.
In order to reveal how the membrane-attachment of a biomimetic minimal actin
cortex alters the mechanical properties of the underlying lipid bilayer, pore-spanning
membranes (PSMs) with ezrin-PtdIns[4,5]P2 linked F-actin networks were estab-
lished and probed via AFM-indentation experiments. For this purpose GUVs
(DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4)) were prepared as described in
chapter 3.3.1.2 and spreaded on SiOx funtionalized porous substrates (ø = 5µm) to
generate PSMs (cf. chapter 3.3.2.2). Minimal actin cortices were attached via the
biomimetic ezrin-PtdIns[4,5]P2 linkage as specified in chapter 3.3.4.2. AFM-CLSM
correlation experiments were conducted to relate the recorded MAC organization to
the determined mechanical properties (cf. chapter 3.5.2.4).
In the following, only the data for a successful MAC attachment to the freestanding
PSMs (f-PSMs) are presented. An overview of all tested substrates, functionaliza-
tions, and lipid mixtures is given in chapter A.6.3.

The fluorescence micrographs in figure 4.27 A1-2, show typical PSMs with the free-
standing parts (f-PSMs) identified as bright circles (light gray) and solid-supported
areas (s-PSMs) with a reduced fluorescence (dark gray), while uncovered pores can
be recognized as black circles. PSMs composed of DPhPC/PtdIns[4,5]P2/ATTO390-
DPPE (91.6:8:0.4) were stable for at least two days, enabling the membrane attach-
ment of minimal actin cortices via the ezrin-PtdIns[4,5]P2 linkage. The specific MAC
attachment to the f- and s-PSMs is displayed in figure 4.27 B/C1-2, showing the
membrane-bound F-actin, stained with Alexa Fluor™ 633 phalloidin, in magenta.
Since no individual actin filaments could be resolved, the specific F-actin attachment
was verified via further control experiments (cf. chapter A.6.1)
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Figure 4.27: Exemplary fluorescence micrographs of MACs at-
tached to PSMs via the biomimetic ezrin-PtdIns[4,5]P2-likage A1-2:
DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4) PSMs (gray), with freestanding PSMs
identifiable as bright circles and dimmer solid-supported parts. B1-2: Corresponding
fluorescence micrographs of Alexa Fluor™ 633 phalloidin stained MACs (false colored in
magenta) attached to the lipid bilayer. C1-2: PSMs (A1-2) and MAC (B1-2) overlay.
Scale bars: 5µm.

To study the initial mechanical properties of pore-spanning membranes, the pure
PSMs were probed via AFM-indentation experiments. Using a Biomat station
enabled the alignment of the AFM-scanning region and the CLSM-field of view (cf.
chapter 3.5.2.4). Figure 4.28 A/B1 display the fluorescence and the corresponding
atomic force micrograph (QI mode, set point: 0.3 - 0.4 nN) of pure PSMs, respectively.
Covered and uncovered pores can be distinguished on the basis of the intensity (cf.
figure 4.28 A2) and height profile (cf. figure 4.28 B2), extracted from the blue lines
in figure 4.28 A1/B1. The normalized intensity profile of the membrane fluorescence
in figure 4.28 A2 reveals that the s-PSM intensity was approximately 20 % of the
f-PSM intensity. The extracted exemplary height profile in figure 4.28 B2 shows a
low indentation depth corresponding to the averaged depth of 44 ± 9 nm (n = 31)
for covered and around 1.2µm for uncovered pores. In order to determine the
mechanical properties of these PSMs, force distance curves (FDCs) were recorded in
the f-PSM centers. An exemplary FDC for pure PSMs is shown in figure 4.30 B1
(set point: 0.3 nN), representing the principal curve profile for all preparations. The
superposition of trace and retrace during the indentation process demonstrates a
fully elastic behavior of the f-PSM during indentation. The lateral membrane tension
(σ) of the PSMs were determined according to chapter 3.5.2.3 and are summarized

108



4.3 Mechanical properties of membrane-bound minimal actin cortices

in figure 4.30 A (σ = 6.8 ± 1.3 mN m−1, n = 49, N = 2).

Figure 4.28: Fluorecence and atomic force micrographs of PSMs prior to MAC
attachment. Fluorescence micrograph of PSMs (A1) with corresponding intensity profile
(A2) along the blue line. Correlated atomic force micrograph (B1) and height profile
(B2) along the blue line. Membrane composition: DPhPC/PtdIns[4,5]P2/ATTO390-DPPE
(91.6:8:0.4). Scale bars: 10µm.

To determine the influence of a MAC attachment on the f-PSM mechanics, AFM-
CLSM correlation experiments were conducted analogous to the aforementioned
pure PSMs. While the general attachment of a minimal actin cortex to f-PSMs was
observed in several preparations (cf. figure 4.27), the in the following presented
PSMs were the only evaluable ones. Therefore, this data should be considered
in qualitative manner. The fluorescence micrograph in figure 4.29 A1 shows an
overlay of PSMs (gray) and the membrane-bound F-actin network (magenta). The
intensity profile in figure 4.29 A2 displays the normalized membrane fluorescence
intensity (rel. fluor int. membrane, blue) and the actin fluorescence intensity (fluor.
int. actin, magenta) along the blue line in figure 4.29 A1. While the membrane
intensity shows the same intensity reduction between the s- and f-PSM as the protein
free PSMs, the actin profile reveals a slightly increased intensity at the pore rims
and an approximately equal intensity between s- and f-PSM. The figures 4.29 B1-2
display the correlated atomic force micrograph (B1, QI mode, set point: 0.3 - 0.4 nN)
and the corresponding height profile (B2). In contrast to the indentation depth of
covered pores from pure PSMs (44 ± 9 nm, n = 31, cf. figure 4.28 B2) the height
profile in figure 4.29 B2 indicates an indentation depth of around 900 nm for covered
pores with a membrane-bound MAC. To determine the lateral membrane tension,
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FCDs (set point: 0.1 nN) were recorded in the center of the f-PSMs and analyzed
according to chapter 3.5.2.3. An exemplary FDC for a f-PSM with membrane
attached MAC is shown in figure 4.30 B2. The hysteresis between trace an retrace
during indentation suggests a viscoelastic behavior of the f-PSM, which has been
observed for all recorded FDCs with a membrane-bound MAC. A reduced lateral
membrane tension of σ = 0.5 ± 0.3 mN m−1 (n = 3, N = 1) was calculated for f-PSMs
with a membrane-bound MAC (cf. figure 4.30 A). Further, the fluidity parameter β

(power law exponent, cf. chapter 3.5.2.3) was determined to 0.4 ± 0.2. β describes
the fluidity behavior of the membrane, if β is 0, the membrane behaves like an elastic
solid, while a maximal β of 1 represents a Newtonian liquid. [135]

Figure 4.29: Fluorecence and atomic force micrographs of PSMs with
membrane-bound MAC. A1: Fluorescence micrograph overlay of the PSMs (gray)
and membrane attached MAC (false colored in magenta). A2: Intensity profiles of the
PSM (blue) and Alexa Fluor™ 633 labeled F-actin (magenta) along the blue line in A1.
B1: Corresponding atomic force micrograph. B2: Height profile along the blue line in
B2. Membrane composition: DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4). Scale
bars: 10µm.

110



4.3 Mechanical properties of membrane-bound minimal actin cortices

Figure 4.30: Box plot of the lateral membrane tension (σ) with/without
membrane-bound MAC and exemplary force distance curves. A: Lateral
membrane tension of PSMs with (σ = 0.5 ± 0.3 mN m−1, n = 3, N = 1) and without
(σ = 6.8 ± 1.3 mN m−1, n = 49, N = 2) membrane-bound MAC. For the analysis n force
distance curves from N preparations were evaluated. Boxes ranging from 25th to 75th

percentiles of the sample, while whiskers represent to the most extreme data points
not considered outliers (red crosses). Medians are shown as red horizontals within the
boxes. B1-2: Exemplary force distance curve of PSMs without (B1) and with (B2)
membrane attached minimal actin cortex. Membrane composition of all measurements:
DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4).
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To gain a more detailed understanding of the organization and dynamics associated
with the cellular actin cortex, biomimetic actin- and actomyosin cortices were studied
in this thesis. For this purpose, the organization of membrane-bound minimal actin
cortices was investigated by confocal laser scaning microscopy (CLSM), dependent
on the ezrin-PtdIns[4,5]P2 linkage and cellular mimicking conditions. As the cellular
actin cortex dynamics are largely governed by myosin II, the reorganization ability of
membrane-bound actomyosin cortices was investigated as a function of MAC attach-
ment and membrane composition using total internal reflection (TIRF) microscopy.
In order to analyze how the binding of a minimal actin cortex via the biomimetic
ezrin-PtdIns[4,5]P2 linkage alters the membrane tension and viscoelasticity, a MAC
model system on pore-spanning membranes was established and tested via a CLSM-
AFM correlation. Here the obtained results will be discussed and compared to the
known literature.

5.1 Reciprocal interaction of the membrane-actin
cortex linkage

5.1.1 Membrane composition dependent F-actin attachment and
self-organization

The membrane composition dependent attachment and self-organization of erzin-
PtdIns[4,5]P2 linked minimal actin cortices (MACs) was investigated by means of
confocal laser scanning microscopy (CLSM). By generating solid supported mem-
branes from vesicle spreading, the amount of membrane attached F-actin could be
monitored not only as a function of the ezrin specific receptor lipid PtdIns[4,5]P2, but
also for a defined POPS content. POPS is a characteristic lipid of the cytoplasmatic
leaflet in the eukaryotic plasma membranes and was used to resemble the inner
human plasma membrane (15 - 20 mol% PS). [162]

113



5 Discussion

Characterization of F-actin binding to solid supported lipid bilayers as a
function of the PtdIns[4,5]P2 content

Linking pre-polymerized F-actin via the constitutively active ezrin mutant T567D
to solid supported POPC membranes on glass substrates, doped with varied recep-
tor lipid concentrations (χ(PtdIns[4,5]P2)) from 1 - 8 mol% PtdIns[4,5]P2, revealed
an increasing MAC density from single filaments (χ(PtdIns[4,5]P2) = 1 mol%) to
dense entangled networks, already present at χ(PtdIns[4,5]P2) = 3 mol% (cf. figure
4.4). This visual observation could be validated by an increasing node density from
0.08 ± 0.06µm−2 to 1.43 ± 0.39µm−2 and a ∼5.5-fold increase in skeleton density for
1 - 3 mol% PtdIns[4,5]P2. These general observations are in line with the findings of
NÖDING et al., showing an increased amount membrane attached cortical actin for
raising PtdIns[4,5]P2 concentrations, since the F-actin-membrane linker ezrin binds
specifically via its N-terminal domain to the receptor lipid PtdIns[4,5]P2. [44,72,76]

Furthermore, a non-specific membrane attachment via the matrix lipid POPC could
be excluded, since linkage studies without PtdIns[4,5]P2 demonstrated no signif-
icant F-actin binding (cf. figure 4.2). However, the visually evident increase in
network density from 3 - 8 mol% PtdIns[4,5]P2 was not reflected in the node and
skeleton density (cf. figure 4.5 A-B). This finding discrepancy can be partly at-
tributed to the simultaneously altered organization of the membrane-bound F-actin,
switching from an entangled to a locally nematic aligned network (cf. figure 4.4;
χ(PtdIns[4,5]P2) = 3 - 8 mol%). The formation of nematic phases, respectively the
spatial parallel alignment of membrane-bound actin filaments, could be confirmed
by the determination of the mean nematic order parameter (qmean), which indicates
a general increase of the nematic order from 1 to 8 mol% PtdIns[4,5]P2 (cf. figure
4.5 C). The formation of nematic phases can generally be described by the theoretical
work of ONSAGER, for rigid rods, and the extended model of F-actin like rods
from KHOKHLOW et al. [177,178] According to both models, the transition of an
isotropic network, present in this work at 1 - 3 mol% PtdIns[4,5]P2, into a nematic
organized system (5 - 8 mol% PtdIns[4,5]P2) depends on a critical packing density,
above which filaments align nematically. [177–179] While this critical packing density
is, apart from other parameters, a function of the filament length and diameter, the
nematic phase formation itself is energetically preferable, as the parallel orientation
reduces the filament exclusion volume at high densities. [180] In vitro assays showed,
that the required critical F-actin concentration in solution can range from 75 - 100µm,
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while low concentrations of ∼2.5 - 5µm are sufficient for nematic phase formation, if
crowding agents like methyl cellulose (MC) are applied. [146,157,181] Since the transition
of an isotropically to nematically organized F-actin network was observed in this work
for a low F-actin concentration of ∼1.7µm, without the addition of any crowding
agent or applied shear forces, the data implies that the critical packing density can
be reached by attaching F-actin in a quasi-2D network on a membrane. Further, as
the nematic phase formation depends on the filament density, both the increasing
qmean with raising PtdIns[4,5]P2 content, as well as the altered MAC morphology
suggest an increased amount of membrane-bound F-actin for 5 - 8 mol% PtdIns[4,5]P2.
Whereas the progressively parallel orientation of the membrane-bound actin filaments
explains the reduction in node density from 5 - 8 mol% PtdIns[4,5]P2, the decrease in
skeleton density implies a change in the morphology, not only of the actin network
but also of the single filaments, considering the assumption of an increasing amount
of membrane-bound actin.

Figure 5.1: Dependence of the F-actin bundling upon the receptor lipid
content and skeleton network density. A: Relative F-actin bundling factor (δ) as
a function of the PtdIns[4,5]P2 content (χ(PtdIns[4,5]P2)). The mean actin intensity
of n images from N preparations was normalized by the averaged mean actin intensity
at χ(PtdIns[4,5]P2)=1 mol%. 1 mol% (n = 30, N = 4), 2 mol% (n = 23, N = 3),
3 mol% (n = 34, N = 4), 5 mol% (n = 20, N = 2) and 8 mol% (n = 31, N = 3).
Boxes ranging from 25th to 75th percentiles of the sample, while whiskers represents to the
most extreme data points not considered outliers (red crosses). Medians are shown as red
horizontals within the boxes. B: Scatterplot of the relative bundling factor against the
skeleton network density of the respective MAC attached to membranes with 1 - 8 mol%
PtdIns[4,5]P2.

Addressing this hypothesis by means of a skeleton based intensity analysis, re-
vealed an increasing mean actin intensity of the skeletonized filaments with growing
PtdIns[4,5]P2 content (cf. figure 4.6). Since all analyzed fluorescence micrographs
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were imaged using the same F-actin labeling (10 % (n/n), ATTO 594 G-actin) and
CLSM settings, the raising mean actin intensity displays a progressive bundling
of membrane-bound F-actin, with increasing receptor lipid content. While cellular
F-actin is bundled via cross-linker proteins, such as fascin [182] or α-actinin [183], the
formation of artificial actin-bundles have been reported for high concentrations of
divalent cations [180] and increased concentrations of crowding agents such as methyl
cellulose or polyethylene glycol (PEG) [156]. The bundling properties of divalent
cations arise from electrostatic interactions with the negatively charged F-actin,
whereas the bundling effect of the depletion agents MC and PEG are based, similar
to the formation of nematic phases, on the reduction of the exclusion volume. [156,180]

This leads to the assumption that the enhanced bundling of membrane-bound actin
filaments, is caused by the increased amount of membrane attached F-actin with in-
creasing PtdIns[4,5]P2 content. Determining a relative F-actin bundling factor (δ), by
normalizing the mean actin intensity from 1 - 8 mol% PtdIns[4,5]P2 (cf. figure 4.6) to
the averaged mean actin intensity at χ(PtdIns[4,5]P2) = 1 mol%, reveals an 3 to 4-fold
increased F-actin bundling at χ(PtdIns[4,5]P2) = 8 mol% (cf. figure 5.1 A). Simulta-
neously, assuming only single actin filaments at χ(PtdIns[4,5]P2) = 1 mol% the data
implies an actin bundle composition of 3 - 4 filaments at χ(PtdIns[4,5]P2) = 8 mol%.
This corresponds to the number of filaments per actin bundle, reported for the
cross-linkers α-actinin and fascin (∼3 - 30 filaments). [184] Combining the information
of the 2D network density, given by the skeleton network, with the quasi-3D net-
work information from the relative bundling factor, enables the definition of two
organization respectively membrane-attachment regimes for F-actin, with increasing
PtdIns[4,5]P2 content. (cf. figure 5.1 B). While the first regime from 1 - 3 mol% is
characterized by a continuously increasing skeleton density and a slightly growing
relative bundling factor, indicating the membrane attachment of primarily individual
actin filaments, the constant skeleton density and increasing relative bundling factor
in the second regime, suggest a progressive F-actin binding and organization in
filament bundles. In addition, the graph in figure 5.1 B allows the approximate
determination of a threshold value of 0.1 skeleton network density, above which the
organization of the attaching F-actin into bundles is energetically more favorable
than the binding of single filaments.

In conclusion, the discussed data for the membrane-attachment of minimal actin
cortices via the biomimetic ezrin-PtdIns[4,5]P2-linkage demonstrate, that the amount

116



5.1 Reciprocal interaction of the membrane-actin cortex linkage

of membrane-bound F-actin increases as a function of the receptor lipid content from
1 - 8 mol% PtdIns[4,5]P2, correlating with the increasing amount of membrane-bound
ezrin (cf. figure 4.15, -POPS). Furthermore, it could be highlighted, that growing
amounts of membrane attached F-actin lead to a morphology change, not only
of the actin networks from entangled (1 - 3 mol% PtdIns[4,5]P2) into nematically
aligned (5 - 8 mol% PtdIns[4,5]P2), but also of the membrane-bound actin filaments
from single filaments (1 - 3 mol% PtdIns[4,5]P2) into filament bundles (5 - 8 mol%
PtdIns[4,5]P2).

Influence of POPS on the minimal actin cortex architecture

As the cellular actin cortex is attached to the cytoplasmatic plasma membrane
leaflet of eukaryotic cells, which is composed of several lipid species, the question
arises how a plasma membrane mimicking lipid composition effects the minimal actin
cortex attachment. Since phosphatidylserine is one of the most prominent lipids
in the plasma membrane of eukaryotic cells, POPC-membranes were doped with
17 mol% POPS and varied concentrations of PtdIns[4,5]P2 (1 - 8 mol%), resembling
the cytoplasabsomatic lipid composition of the human plasma membranes. [162,185]

In a first step the impact of the altered membrane composition was investigated
with regard to the ezrin-PtdIns[4,5]P2 linkage and the ezrin binding was quanti-
fied as a function of the membrane composition by means of RIfS experiments
(cf. chapter 4.1.3.3). As presented in chapter 4.1.3.3, the ezrin T567D binding
to POPC/POPS/PtdIns[4,5]P2 membranes was quantified for varied PtdIns[4,5]P2

concentrations from 1 - 8 mol% and compared to the data of NÖDING et al., for
POPC/PtdIns[4,5]P2 membranes with the same receptor lipid content. [72] It was
found that the amount of membrane-bound ezrin was generally increased for mem-
branes containing POPS (cf. figure 4.15). Thereby, the most prominent effect was
observed for low receptor lipid concentrations from 1 - 3 mol% PtdIns[4,5]P2, showing
an up to 5-fold increased protein adsorption. Since membranes containing POPS
and lacking PtdIns[4,5]P2 did not show any substantial ezrin binding an unspecific
interaction was excluded (cf. figure A.2). This finding of no ezrin-POPS binding is
in contradiction to the data of NIGGLI et al., showing an interaction of ezrin with
PS doped LUVs at a similar concentration of 20 mol% PS. [186] Similar observations
were made by BLIN et al., however they were able to show that the ezrin-PS binding
is a weak interaction compared to the ezrin-PtdIns[4,5]P2 interaction. [187]
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A crucial parameter for the binding of proteins to SLBs is the amount of acces-
sible receptor lipid in the solvent-facing leaflet. As demonstrated by SCHÄFER
et al., with a comparable RIfS system and the N-terminal FERM domain of ezrin
(N-ERMAD), PtdIns[4,5]P2 shows an asymmetric leaflet distribution in SLBs, sug-
gesting a PtdIns[4,5]P2 accumulation in the surface-attached leaflet. [151] Additionally,
DRÜCKER et al. showed a time-dependent depletion of accessible PtdIns[4,5]P2 in
the solvent-facing leaflet of formed SLBs. [150] As suggested in both studies attractive
interactions between the hydrophilic substrates and the negatively charged receptor
PtdIns[4,5]P2, via hydrogen bond formation, leads to a depletion of accessible pinning
points. Comparing the mobile fraction of fluorescently labeled PtdIns[4,5]P2 in SLBs
and supported lipid monolayers, revealed an increased immobile fraction for SLBs
and supports this assumption [149,151]. However, DRÜCKER et al. were able to show,
that the incorporation of an additional negatively charged lipid like POPS prevents
the depletion of accessible PtdIns[4,5]P2. [150] Thus, the used lipid composition with
POPS does not only reflect the inner plasma membrane composition, but at the same
time leads to an improved accessibility of the receptor lipid in the solvent-facing
leaflet, which declares the in general increased amount of membrane-bound ezrin
T567D (cf. figure 4.15) for POPS containing membranes.
In addition, the data suggest an altered organization of the membrane-bound ezrin
T567D, when binding to POPS containing membranes. AFM studies of SHABAR-
DINA et al. showed, that the detectable average height for the ezrin wild-type binding
to PtdIns[4,5]P2 doped membranes (3.0 ± 0.4 nm), is dominated by the N-ERMAD
height (∼3.4 nm) and not significantly influenced by the C-terminal actin binding
domain (C-ERMAD). [188] Similar observations were made for the ezrin mutant T567D
bound to the receptor lipid DOGS Ni-NTA at a high density, revealing an averaged
height of 3.2 ± 0.9 nm. Based on the work of CHAMBERS and BRETSCHNER, as
well as JAYASUNDAR et al., SHABARDINA et al. concluded, that the globular
structures of the membrane-bound ezrin wild-type and T567D mutant originate
from an inter- and intramolecular contact of the N-ERMAD/C-ERMAD domain (cf.
figure 5.2 B). [188–190] Based on the presented ∆(∆OTezrin) values in figure 4.15, the
averaged physical layer thickness (d) can be calculated according to equation 5.1, by
assuming a refractive index of nprot = 1.455 for the adsorbing ezrin layers. [191]

∆(∆OTezrin) = n · d (5.1)
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Since RIfS averages the change in optical thickness over an area of ∼1 mm2, a com-
parison of the physical layer thickness and the AFM measurements of SHABARDINA
et al. is only valid for fully ezrin T567D decorated membranes. As the data in
figure 4.15 indicate a saturation at χ(PtdIns[4,5]P2) ≥ 6 mol%, a physical layer
thickness of 3.2 ± 0.4 nm for χ(PtdIns[4,5]P2) ≥ 6 mol% and 4.1 ± 0.4 nm for
χ(PtdIns[4,5]P2) ≥ 6 mol% + 17 mol% POPS were calculated.

Figure 5.2: Proposed modes of the ezrin T567D organization on solid supported
membranes depending on the lipid composition. A: Schematic illustration of ezrin
T567D. B: Based on SHABARDINA et al. expected organization of ezrin T567D on SLBs
doped with a high content of PtdIns[4,5]P2, showing intra- (left) and intermolecular (right)
interactions of the N- and C-ERMAD domains. C: Proposed elongated organization of
ezrin T567D bound to SLBs with a high content of PtdIns[4,5]P2 and 17 mol% POPS.
Figure inspired by SHABARDINA et al. and M. SCHÖN. [188,192]

While the physical ezrin height bound to membranes lacking POPS corresponds to
the data of SHABARDINA et al. (cf. figure 5.2 B), the increased layer height for
POPS membranes suggests a structurally different binding behavior of ezrin T567D
(cf. figure 5.2 C). Since the α-helical domain, linker region and C-ERMAD domain
of ezrin T567D exhibit a negatively net charge under the experimental conditions,
repulsive interactions with the highly negatively charged membrane might lead to
a more elongated ezrin structure and with this to an increased layer thickness (cf.
figure 5.2 A). Charge estimations were performed by using the web-tool Prot pi and
the ezrin domain organization according to FEHON et al. [44,193]

Since the RIfS experiments indicated the most pronounced effect of POPS on the
amount of membrane-bound ezrin T567D at low receptor lipid concentrations of
1 - 3 mol% PtdIns[4,5]P2, matching the averaged PtdIns[4,5]P2 content of eukaryotic
cells, this lipid composition was investigated in terms of the MAC attachment. [194] The
attachment of pre-polymerized F-actin via the ezrin T567D-PtdIns[4,5]P2 linkage to
SLBs doped with 1 - 3 mol% PtdIns[4,5]P2 and 17 mol% POPS revealed a significantly
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enhanced actin attachment compared to membranes lacking POPS (cf. figure 4.16).
This principal observation reflects not only the aforementioned increased amount
of membrane-bound ezrin T567D, but was also validated by the raising node and
skeleton densities from CLSM micrographs (cf. figure 4.18 A-B). Beside the enlarged
surface coverage of F-actin, the visual inspection of the fluorescence micrographs,
further revealed the formation of nematically organized actin filaments in the presence
of POPS, which were already identifiable at 1 mol% PtdIns[4,5]P2. As discussed
above for the POPC/PtdIns[4,5]P2 membranes, the formation of nematic phases is
a function of the amount of membrane-bound F-actin. The actin binding, in turn,
is conditioned by the ezrin T567D attachment, which is a function of the receptor
lipid PtdIns[4,5]P2 and could be quantified by means of RIfS experiments. The
fact that an increased qmean (0.42 ± 0.12) was determined in the presence of POPS
and 2 mol% PtdIns[4,5]P2 compared to 8 mol% PtdIns[4,5]P2 (0.33 ± 0.06) in the
absence of POPS, whereas the RIfS measurements for 8 mol% without POPS showed
an increased ezrin T567D binding (cf. figure 4.15), indicates a possible influence
of POPS on the amount of membrane-bound F-actin, which might be caused e.g.
by the proposed elongated ezrin organization in presence of POPS. As displayed in
figure 5.3 A, F-actin bundling generally increases with POPS, both within a certain
PtdIns[4,5]P2 concentration and with increasing PtdIns[4,5]P2 content. Although, the
relative bundling factor shows the same dependence on skeleton network density for
MACs on POPS doped membranes as for POPC/PtdIns[4,5]P2 SLBs and increases
significantly above a threshold of 0.1 (cf. figure 5.3 B), qmean and filament bundling do
not show the same correlation as without POPS. As discussed above, the formation
of nematic phases and filament bundles are principally based on the same factor, the
reduction of the exclusion volume with increasing F-actin density, and showed a clear
correlation in their increase for membranes without POPS. However, the finding
of a higher nematic order (qmean,2 mol% = 0.42 ± 0.12, qmean,3 mol% = 0.38 ± 0.08)
and reduced bundling (δ2 mol% = 2.07 ± 0.57, δ3 mol% = 2.34 ± 0.77) at 2 - 3 mol%
PtdIns[4,5]P2 with POPS than at 8 mol% without POPS (qmean = 0.33 ± 0.06,
δ = 3.44 ± 0.46) suggests an influence of POPS on F-actin organization and/or
bundling.
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Figure 5.3: Dependence of the F-actin bundling on POPS doped SLBs upon the
receptor lipid content and skeleton network density. A: Relative F-actin bundling
factor (δ) as a function of the PtdIns[4,5]P2 content (χ(PtdIns[4,5]P2)) and the presence
(blue) or absence (green) of POPS. The mean actin intensity of n images from N prepara-
tions was normalized by the averaged mean actin intensity at χ(PtdIns[4,5]P2)=1 mol%
(-POPS). 1 mol% (n = 34, N = 4; n = 30, N = 4), 2 mol% (n = 60, N = 6; n = 23, N = 3),
3 mol% (n = 40, N = 6; n = 34, N = 4). Boxes ranging from 25th to 75th percentiles of the
sample, while whiskers represents to the most extreme data points not considered outliers
(red crosses). Medians are shown as red horizontals within the boxes. B: Scatterplot of
the relative bundling factor against the skeleton network density of the respective MAC
attached to membranes with 1-3 mol% PtdIns[4,5]P2 in the presence (right) or absence
(left) of POPS.

A possible explanation could be an improved actin binding via the proposed elongated
ezrin structure, which might facilitate the formation of nematic phases, and a
simultaneous competition between the strongly negatively charged membrane and
the F-actin for divalent cations (buffer: 2 mm Mg2+), which would prevent a charge-
induced bundling and at the same time increase the amount of membrane-bound F-
actin. [180,184] Both combined would explain the increased qmean with a simultaneously
decreased actin bundling. Nevertheless, it is noteworthy to mention that previous
studies demonstrated charge mediated membrane adsorption for F-actin and PS
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lipids only at divalent cation concentrations larger than 6 mm. [195,196] One of the rare
indications of an interaction of cortical actin and PS in vivo are given by KAY et
al., who monitored an effect of the actin cortex in HeLA cells on the mobility of PS
lipids in the plasma membrane. However, the authors attributed this observation to
the interaction of the cortical actin with PS associated proteins. [197] Furthermore,
THOMPSON et al. observed an increased externalization of PS in Chinese hamster
ovary cells after actin depolymerization, but again the high complexity of the cellular
system does not allow a direct conclusion of the dependency between PS and actin
cortex. [198]

To conclude, the presented data for the binding of MACs to SLBs with a plasma
membrane mimicking lipid composition revealed an increased attachment of the
membrane-linker ezrin T567D in the presence of POPS, which was reflected by a
significantly increased F-actin density combined with a nematically network organi-
zation at low receptor lipid concentrations. Simultaneously, there were indications
for an altered ezrin organization on POPS doped membranes, which may have a
direct influence on the general MAC and single actin filament organization.

5.1.2 Influence of actin cortex binding on lipid membrane
dynamics

To answer the question how the membrane attachment of a minimal actin cortex, via
the ezrin-PtdIns[4,5]P2 linkage, alters the lipid diffusion within the supporting bilay-
ers, fluorescence recovery after photobleaching (FRAP) experiments were conducted
on pure SLBs and SLBs with an attached MAC. To exclude an effect of the mem-
brane composition, all membranes were composed of POPC/PtdIns[4,5]P2/ATTO
488-DPPE (96.6:3:0.4). Evaluating the FRAP-data according to JÖNSSEN et al. (cf.
chapter 3.5.1.3), revealed a significant decreased diffusion coefficient (D) for SLBs
with an attached minimal actin cortex (D = 2.2 ± 0.3µm2s−1) compared to pure SLBs
(D = 3.1 ± 0.4µm2s−1). [125] Additionally, the former exhibited an increased immobile
fraction (γ) by a factor of 1.4 (γ = 7.1 ± 2.2 %, cf. chapter 4.1.1). The determined
value for the pure SLBs is in good agreement with the diffusion coefficients reported
by BRAUGNER et al. (POPC/PtdIns[4,5]P2/Bodipy TMR-PtdIns[4,5]P2/perylene;
96:2.5:0.5:1) and SCHÄFER et al. (POPC/PtdIns[4,5]P2/Bodipy TMR-PtdIns[4,5]P2;
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90:9:1) on hydrophilized silicon wafers with each D = 2.9 ± 0.2µm2s−1. [149,151] How-
ever, NÖDING et al., using the same ezrin-PtdIns[4,5]P2 linkage for the binding of
minimal actin cortices, defined a diffusion coefficient of D = 1.7µm2s−1 for both, pure
SLBs as well as SLBs with an attached MAC. [72] This decreased diffusion coefficient of
the pure SLBs could be attributed to the final functionalization step performed in this
work and the previous mentioned publications. While the substrate functionalization
was conducted in the same manner in all studies, the final activation of the substrates
with oxygen plasma is missing in the work of NÖDING et al. Since oxygen plasma
treatment has been shown to increase the surface hydrophilicity, this might be a
possible explanation for the reduced lipid diffusion. [192,199] Furthermore, this could
explain why NÖDING et al. could not observe any influence of MAC attachment,
as their system was generally dominated by slow lipid diffusion due to the lack of
oxygen plasma treatment. The general observation of a reduced diffusion coefficient
and an increased immobile fraction for membranes with attached MAC in this work
can be described by the „picket-fence“ model. [200] This model hypothesizes that the
direct linkage of proteins or lipids (pickets) to cortical actin network (fences) creates
diffusion barriers restricting the lateral diffusion of other membrane components. [201]

As illustrated in figure 5.4 A, these barriers define compartments in which molecules
can diffuse freely, while the transition between two compartments requires a „hop“,
which is referred to as hop-diffusion (cf. figure 5.4 B). [57]

Figure 5.4: Schematic illustration of the potential diffusion modes resulting
from cortical actin. A: Contained diffusion path (green) of a lipid molecule in a
compartment defined by the F-actin network (magenta) and associated linkers (red). B:
Transition of a lipid molecule (green) between two compartments by hop-diffusion. Figure
inspired by ANDRADE et al. and SCHNEIDER et al. [201,202]

Since ANDRADE et al. were able to show via in silico STED-FCS experiments,
that the diffusion coefficient is dependent on the compartment size (actin network
mesh size), the observation area and the hopping probability of the respective
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molecule, a direct comparison between diffusion coefficients of different systems is not
reasonable. [201] However, the finding of a reduced lateral lipid diffusion induced by
the attachment of a minimal actin cortex in this work, is in line with the observations
of actin cortex hindered diffusion of membrane proteins [203–205], such as glycoproteins,
and phospholipids as DOPE [202,206]. Thus, it can be generally concluded that the
biomimetic ezrin-PtdIns[4,5]P2 linkage is sufficient to mimic the basic interaction
of actin cortex with other membrane components. Further, HEINEMANN et al.
showed in an in vitro assay with a minimal actin cortex on pore-spanning membranes,
attached via neutravidin/biotin interaction, that the reduction of both, lipid and
membrane protein diffusion directly correlate with the amount of membrane-bound
F-actin. [207] This also suggests that lipid diffusion for the MAC system presented in
this work can be regulated by the receptor lipid concentration, as this defines the
amount of membrane-bound F-actin (cf. chapter 5.1.1).

In summary, the data of this work are in agreement with the literature and indicate
that the membrane binding of an F-actin network hinders the lateral mobility of lipids
within the underlying bilayer. Moreover, this shows that the ezrin-PtdIns[4,5]P2

linkage is sufficient to reflect the essential aspect of cellular actin cortices.

124



5.2 Impact of cellular mimicking conditions on the actin cortex self-organization

5.2 Impact of cellular mimicking conditions on the
actin cortex self-organization

5.2.1 Influence of the crowding agent methyl cellulose

As the cytoplasm of eukaryotic cells is a dense fluid enriched with various macro-
molecules, occupying 20 - 40 % of the total volume, the crowding agent methyl
cellulose (MC) was used to mimic these conditions and was tested in terms of the
membrane attachment of minimal actin cortices. [152,153] Since crowding agents as MC
are known to induce F-actin bundling, increasing MC-concentrations were trialed
with respect to the F-actin morphology. [184] By preparing minimal actin cortices on
SLBs doped with 2 mol% PtdIns[4,5]P2 and treated with various MC concentrations
of 0.06 - 0.44 w/v %, a visual inspection of the membrane-bound MACs revealed an
optimal MC concentration of 0.18 w/v % (cf. chapter 4.1.3.1). At this particular
concentration no structural transformation of the membrane-bound F-actin could
be observed, whereas the network density appeared to be increased. This findings
are in a good agreement with the data of KÖHLER et al., who were able to de-
termine a critical MC concentration of 0.2 w/v % for F-actin and MC in solution,
above which bundling of actin filaments occurs. [156] Similar observations were made
by POPP et al. for F-actin and 0.2 w/v % MC via scanning electron microscopy
measurements. [157] Furthermore, as the viscosity of 0.2 w/v % MC was determined
to 4.9 cP [208]by PEYER et al., the 0.18 w/v % MC seems to reflect the cytoplasm
of mammalian cells (1.1 - 6 cP) [209,210] in a good manner. Membrane binding of
minimal actin cortices via the ezrin-PtdIns[4,5]P2 linkage was then investigated for
the determined optimal MC concentration as a function of PtdIns[4,5]P2 content
(1 - 5 mol%). In this context, an increased F-actin network density was quantified for
the implementation of 0.18 w/v % MC (cf. figures 4.8 and 4.9). This observation could
be attributed to the principal crowding effect of MC, as utilized in several studies
for the preparation of dense cytoskeletal networks on inert surfaces. [211–213] However,
since the samples were rinsed prior to the network analysis and no significant binding
was monitored without the ezrin-PtdIns[4,5]P2 linkage, a simple crowding effect can
be excluded. Yet, the MC crowding could promote the specific membrane attachment
via the ezrin-PtdIns[4,5]P2 linkage. Without MC, the F-actin-membrane attachment
is driven by the diffusion of actin filaments onto the membrane. Since HERRIG et al.
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showed the formation of ezrin clusters [76], it is conceivable that already bound actin
filaments shield these clusters from the binding of further filaments both sterically
and by the high negative charge of F-actin (0.15 e/nm2) [214]. As crowding agent
induced depletion forces are known to overcome the repulsive interactions between
F-actin [184], this and the enhanced density of the crowded F-actin might explain the
increased amount of membrane-bound F-actin.
In addition to the increased network density, a shift in MAC organization towards
nematically aligned F-actin was partially observed for MC treated samples (cf. fig-
ure 4.8; 3 mol% PtdIns[4,5]P2). Although this, as well as the potential bundling of
actin filaments could not be quantitatively determined, the fundamental observation
of nematically arranged actin filaments suggests filament bundling, as both arise
through a reduction of the exclusion volume, as discussed in chapter 5.1.1. Besides,
a bundling effect of MC cannot be fully ruled out, since INOUE et al. observed at
0.1 w/v % MC microtubule bundling, even below the critical MC concentration of
0.2 w/v % determined by KÖHLER et al. [156,215]

To conclude, MC has been shown to be a useful extension of minimal actin cortices
to increase the amount of membrane-bound F-actin. However, crowding agents such
as MC need to be used with caution, as they can induce major structural changes in
cytoskeletal filaments, even at low concentrations.

5.2.2 Influence of the actin binding protein Arp2/3

Since the actin binding protein (ABP) complex Arp2/3 is one of the most abundant
ABPs within cellular actin networks, Arp2/3 branching was investigated in terms
of the minimal actin cortex architecture (cf. chapter 4.1.3.2). [10] As Arp2/3 was
added during F-actin polymerization the 3D F-actin network organization was first
investigated in solution. By means of CLSM z-stacks it could be shown, that the
addition of Arp2/3, combined with the nucleation promoting VCA-domain from N-
WASP, leads to an increased network density in all three dimensions (cf. figure 4.10 A-
B). The Arp2/3 complex itself is composed of two actin-related proteins Arp2 and
Arp3 and five supporting subunits ArpC1-5. [35,216] By binding to pre-existing F-
actin (mother filament), the Arp2/3 complex stimulates the polymerization of new
branches (daughter filaments) at a characteristic angle of ∼70◦. [217] While the in
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vitro experiments of HIGGS and POLLARD revealed a low nucleation ability of the
pure Arp2/3 complex, nucleation promoting factors (NPFs) as the N-WASP (type I
NPF) or cortactin (type II NPF) have been proven to activate the Arp2/3 complex
significantly. [159,218] Further, it was shown that in vitro three factors collectively
trigger the nucleation activity of Arp2/3: The aforementioned NPFs, actin monomers
(G-actin) and mother filaments. [35,219] As in this work F-actin networks with Arp2/3
were polymerized from a mixture of G-actin/VCA/Arp2/3 (80:20:1), containing
all stimulating factors, the enhanced network density can be directly linked to
the filament branch formation. SMITH et al. showed for a comparable in vitro
experiment, that only ∼ 1 % of filament-bound Arp2/3 complex lead to branch
formation, as the complex dissociated fast with a time constant of up to 2 s from the
F-actin. [220] However, the fact that an increase in network density was observed clearly
above ∼ 1 % branching, the observation can be attributed to phalloidin, which was
added in a 1:70 ratio (phalloidin:G-actin) to stabilize the polymerized actin filaments.
As shown by MAHAFFY and POLLARD (1:1, phalloidin:G-actin), phalloidin does
not only prevent the dissociation of Arp2/3 branches, but also stimulates the branch
formation of Arp2/3-VCA-actin by more than 10-fold. [221] As the binding affinity of
phalloidin is only 2 - 4 times higher for F-actin than for Arp2/3, it is likely that a
significant proportion of the filament-bound Arp2/3 complexes were stabilized by
phalloidin. [221,222]

The observed reduced F-actin length of Arp2/3 treated networks can further be
attributed to the filament branching. To estimate approximately the decrease in
F-actin length, the CLSM z-stacks presented in figure 4.10 were analyzed with the
software SOAX. SOAX was developed by XU et al and is originated for the analysis
of 3D biopolymer networks. [223] By applying the same set of parameters (cf. chapter
A.7) an averaged filament length of 8.2 ± 4.8µm (n = 22) for pure F-actin networks
and 1.5 ± 1.3µm (n = 7562) for Arp2/3 branched networks was determined. This
5-fold decrease in filament length corresponds exactly to the simulated data of
LIMAN et al., who determined the same decrease. [224]

Attaching pre-polymerized Arp2/3 networks via the ezrin-PtdIns[4,5]P2 linkage to
solid supported membranes, revealed for low and medium PtdIns[4,5]P2 concen-
trations (2 - 5 mol%) a significantly decreased network density, in comparison to
unbranched F-actin networks (cf. figure 4.11). However, it could be quantitatively
shown that the network density of Arp2/3 branched MACs gradually increased from
2 - 8 mol% PtdIns[4,5]P2 and at 8 mol% corresponds to that of an unbranched network
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(cf. figure 4.12). This shows that the principle membrane-attachment respectively
network density of Arp2/3 branched MACs is a function of the ezrin-PtdIns[4,5]P2

linkage. The mismatch between the dense Arp2/3 networks in solution and the signif-
icantly decreased network density for low and medium PtdIns[4,5]P2 concentration of
the Arp2/3-MACs might result from two factors. As the Arp2/3 banched networks
were characterized by a high density of strongly entangled F-actin, only the bottom
layer of these dense actin networks might bind to the membrane, whereas the major
portion remains above the membrane as a network in solution and was ripped off
during buffer exchange. Another explanation would be that only single filaments,
which are not integrated in the dense Arp2/3 networks, were bound to the membrane.
Both options would explain an increasing network density of membrane-bound MACs
with rising receptor lipid content, as either more individual filaments or a larger
portion of the lower layer would bind to the membrane. However, since fluorescence
micrographs of the Arp2/3 branched MACs taken before and after rinsing did not
show any significant change in network density, the binding of single filaments seems
to be more likely. However, this does not explain the reduced network density at
2 - 5 mol% PtdIns[4,5]P2 compared to unbranched networks, as in both cases single
actin filaments are bound via the ezrin-PtdIns[4,5]P2 linkage. Here, it could be
hypothesized that the binding of vertebrate filaments is sterically hindered or that
the F-actin binding of the C-ERMAD domain is disrupted by Arp2/3. However,
both cannot be proven neither on the basis of the data gathered in the context of
this thesis nor with the known literature.
Besides the reduced network density, membrane-bound Arp2/3 MACs showed no
significant nematic domain formation, which could be quantified via the averaged
nematic order parameter (qmean, cf. figure 4.13 A). This non existing parallel or-
ganization of the membrane-bound F-actin explains the increased node density at
8 mol% PtdIns[4,5]P2 of Arp2/3 branched MACs (1.3 ± 0.4µm−2) compared to the
unbranched (0.9 ± 0.1µm−2) actin networks. Simultaneously, the determination
of the average actin intensity along the skeletonized networks, revealed a minimal
increase of 1.4-fold from 2 - 8 mol% PtdIns[4,5]P2 for Arp2/3 MACs, while the pure
F-actin networks exhibited a ∼3-fold increase in the same range (cf. figure 4.13 B).
Transferring this, according to chapter 5.1.1, into a relative bundling factor (cf. figure
5.5 A) unveils low filament bundling of 1.5 ± 0.1 for Arp2/3 branched compared to a
strong bundling of 3.5 ± 0.5 for pure F-actin at 8 mol% PtdIns[4,5]P2. As displayed
in figure 5.5 B, by plotting the relative bundling factor against the skeleton network
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density, Arp2/3 branched MACs at 8 mol% (right, magenta) are directly comparable
to unbranched MACs at 3 mol% PtdIns[4,5]P2 (left, orange), as both exhibit similar
filament bundling at the same skeleton density.

Figure 5.5: Dependence of the F-actin bundling upon the recpetor lipid content
and Arp2/3 branching. A: Relative F-actin bundling factor (δ) as a function of the
PtdIns[4,5]P2 content (χ(PtdIns[4,5]P2)) and Arp2/3 branched (blue) or unbranched
(green) F-actin networks. The mean actin intensity of n images from N preparations was
normalized by the averaged mean actin intensity at χ(PtdIns[4,5]P2) = 1 mol% (-Arp2/3).
2 mol% (n = 60, N = 7; n = 23, N = 3), 3 mol% (n = 48, N = 5; n = 39, N = 4), 5 mol%
(n = 40, N = 4; n = 20, N = 2) and 8 mol% (n = 20, N = 2; n = 31, N = 3). Boxes ranging
from 25th to 75th percentiles of the sample, while whiskers represents to the most extreme
data points not considered outliers (red crosses). Medians are shown as red horizontals
within the boxes. B: Scatterplot of the relative bundling factor against the skeleton network
density of the respective MAC attached to membranes with 2 - 8 mol% PtdIns[4,5]P2 for
Arp2/3 branched (right) or unbranched (left) F-actin networks.

Since a significant increase in filament bundling for pure F-actin networks was
observed only above 3 mol% PtdIns[4,5]P2, the weak bundling of Arp2/3 at 8 mol%
PtdIns[4,5]P2 could be caused by two factors. First, the reduced membrane-binding
of Arp2/3 branched filaments may not be sufficient to exceed the critical filament
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density (cf. chapter 5.1.1) above which nematic phases and filament bundles are
formed. Second, the principal formation of filament branches could sterically prevent
the parallel alignment of actin filaments. A combination of both would also be
conceivable.

In conclusion, it was shown that Arp2/3 mediated actin branching increases the 3D
network density in solution, while it simultaneously decreases the F-actin length.
Further, membrane-bound Arp2/3 branched networks could be generated showing a
reduced network density and no nematic phase formation.

5.3 Membrane-bound actomyosin contractility

Since the cellular actin cortex contractility is largely controlled by the motor protein
myosin II, membrane-bound minimal actomyosin cortices were used to study the
reorganization ability as a function of the biomimetic ezrin-PtdIns[4,5]P2 linkage
and the membrane composition.
The principal contractility of actin networks is based on the F-actin polarity and the
directional motion of myosin II along this polarity. Briefly, G-actin polymerizes to
F-actin by a head-to-tail assembly, leading to a structural polarity with two defined
filament ends, which are designated as barbed- (plus-end) and pointed-ends (minus-
end, cf. chapters 1.2 and 1.3). If bipolar myosin II filaments are bound to F-actin, the
myosin head domain specifically moves towards the plus-end, leading e.g. in the case
of two antiparallel actin filaments, to an opposite movement of the filaments. [56] The
motion of individual actin filaments by stationary bound myosin has been investigated
since a long time by means of in vitro motility assays. [225] These assays differ from the
system used in this work, as myosin is immobilized on surfaces such as glass slides and
F-actin movement is examined on these densely myosin decorated surfaces without
any membrane attachment or F-actin network formation. However, by tracking
fluorescently labeled actin filaments within membrane-bound MACs a similar F-actin
motion was monitored. By determining the MSDs (cf. chapter 4.2.1) from the
recorded single filament trajectories, it was determined, that the actin reorganization
is an active motion, driven by myosin II. As displayed in figure 4.19 B the single
filament motion seemed to originate from stationary myosin II filaments respectively
small myosin clusters, which were stuck within the unlabeled MACs. Since distinct
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myosins exhibit specific F-actin translocation properties, and parameters such as
the ionic strength can influence the F-actin velocity, a direct comparison of the
determined single filament velocity of this work (vmean = 0.8 ± 0.4µm s−1) with
motility assays is rather difficult and will only serve as a classification. [226] However,
the similar conditions including rabbit myosin II basically allow a rough comparison
with BUTT et al., who determined a F-actin velocity of vmean = 1.9 ± 0.01µm s−1 by
means of single filament tracking. [227] The only by 2-fold decreased filament velocity
in this work, despite the ezrin-PtdIns[4,5]P2 linkage and relatively high network
density of MACs at 3 mol% (cf. figure 4.4), demonstrates the eminent dynamics of
the established membrane-bound minimal actomyosin cortices.

The contractility of entire actin networks is known to be a function of the network
connectivity and organization. Several publications highlighted, that cross-linkers can
be used to control the F-actin network contraction and allow the switch between con-
tractile and non-contractile networks by increasing the network connectivity. [228–230]

Furthermore, in vitro studies revealed that cross-linkers [166] and capping proteins [71]

determine the length scale of actomyosin network contraction. Beside the network
connectivity, the network architecture respectively organization have been found
to be a key parameter of actomyosin contractility. [231,232] Since the membrane at-
tachment of cortical actin in vivo have been shown to play an essential role in
cortical processes [233,234], in vitro approaches have been established to investigate the
actomyosin contraction on membranes. Similar to the minimal actomyosin cortices
established in this work, contraction and network collaps into actomyosin asters was
observed for crowded F-actin networks on membranes [166,212,235] or membrane-bound
actin networks via the artificial streptavidin-biotin linkage [69] or His-tagged linker-
proteins and Ni-NTA-DGS receptor lipids [70,71,236]. Independent of the membrane
attachment a common observation in those actomyosin networks was the fragmen-
tation of F-actin upon the addition of myosin II. Similar observations were made
in this work for the ezrin/PtdIns[4,5]P2 membrane linked minimal cortices not only
for collapsing networks, but also for non-collapsing ones (cf. figure 4.23 A). Actin
filaments are semi-flexible biopolymers (lp = ∼ 10µm) and resistant to tension,
however, they easily buckle under compression force, which can be generated by
single myosin motors (∼2 pN). [56,69,166] As shown by VOGEL et al. for membrane-
bound actin networks via the quasi-covalently streptavidin-biotin linkage, bipolar
myofilaments induce F-actin buckling and subsequently filament breaking (cf. figure
5.6 A). [69] They hypothesized that filament buckling and breaking contribute to the
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fundamental contraction mechanism of actomyosin cortices. While the buckling of
actin filaments could not be monitored within this work, the observed shortening
of membrane-bound F-actin (cf. chapter 4.2.2), as well as the selectively observed
breaking of individual actin filaments (cf. figure 5.6 C) suggest a similar interaction
mechanism for biomimetic membrane-bound actomyosin cortices. Nevertheless, the
collapse of actomyosin networks in polar-asters, characterized by a central myosin
cluster with surrounding actin filaments (cf. figure 5.6 B), suggests simultaneously
a fundamentally polaritate-induced reorganization (cf. chapter 4.2.2) as shown by
WOLLRAB et al. via in vitro and in silico studies. [213] In vivo experimental evi-
dence of buckling-induced contraction of cellular actin cortices is lacking. However,
MEDEIROS et al. observed the myosin II induced severing of cellular F-actin bundles,
which might be in indication of a similar process in cellular actin cortices. [56,237]

Figure 5.6: Illustration of the myosin II induced F-actin fragmentation and
polar actomyosin aster structure. Schematic illustration of the myosin II induced
F-actin fragmentation via filament buckling and breaking (A) and polar-aster structure
formed in collapsing networks (B). Exemplary fluorescence micrographs (C), displaying
the myosin II induced F-actin motion (0 - 2.8 s), filament dwelling (2.8 - 32.8 s), filament
fragmentation (32.8 - 35.6 s, white arrow) and final filament resting (47.6 s). Subfigure A
adapted from VOGEL et al. [69] Scale bars: 1µm.

While the mechanism of reorganization seemed to be independent of the membrane
composition, as F-actin degradation was observed in collapsing and non-collapsing net-
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works for different lipid compositions, the general network contractility of membrane-
bound actomyosin cortices appears to be determined by the membrane composition.
In general three different contraction modes were observed for the reorganization of
the ezrin-PtdIns[4,5]P2 attached actomyosin cortices. While the cortices attached
to POPC/PtdIns[4,5]P2 membranes showed mostly no collapse (I), (II) partially
collapsing or (III) fully collapsing networks could be monitored for a membrane
composition of POPC/POPS/PtdIns[4,5]P2 in all conducted experiments (cf. figure
4.24 and figure 4.26).
However, for POPC/PtdIns[4,5]P2 membranes, lacking POPS, the nematic order
of the membrane-bound actin turned out to be a crucial parameter for the collaps-
ing ability of actomyosin cortices (cf. figure 4.26, green). While actin networks
with a low nematic order (qmean = ∼0.15, N = 19 of 26) showed no collapse into
polar asters, partially and fully collapsing networks were observed at 5 - 8 mol%
PtdIns[4,5]P2 respectively at high nematic orders (qmean = ∼0.2 - 0.25, N = 7 of 26).
As 5 - 8 mol% PtdIns[4,5]P2 corresponds to an increased ezrin-PtdIns[4,5]P2-linkage
of the membrane-bound actomyosin cortices, these findings are contrary to the
observations of MURREL and GARDEL, reporting a decreased network contractility
with rising membrane attachment. [166] However, this difference can be attributed to
the utilized biomimetic ezrin-PtdIns[4,5]P2 linkage and the nematic organization of
the membrane-bound F-actin. As recently revealed by KORKMAZHAN and DUNN,
investigating the ezrin-F-actin binding via optical trap assays, ezrin is capable of
sliding along actin filaments and relaxes force when F-actin is moved in a parallel
manner. [238] Further, the authors showed that for an orthogonal force respectively
movement of the actin filaments, the ezrin-F-actin interaction can be described as a
slip bond, as the binding lifetime decreases with applied force. This suggests that
for the used ezrin-PtdIns[4,5]P2 linkage a minor influence of membrane attachment
on the actomyosin cortex contractility is expected. However, the nematic order
seems to have a greater influence, as the contractility showed a direct dependence
on the nematic order (cf. figure 4.26). The formation of nematic phases generally
increases the filament-filament connectivity as the membrane-bound F-actin aligns.
While such increased connectivity may already have a promoting effect on network
contractility [228–230], the formation of nematic phases simultaneously also leads to
bundling of membrane-bound filaments, as discussed in chapter 5.1.1. As shown
by SCHÖN et al., bundling of membrane-bound F-actin via the cross-linker fascin
leads to an increased filament/bundle length. [60] As the length scale of contraction
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rises with growing filament/bundle length [71,213], nematic phase-induced bundling
is likely to promote network contraction in a similar manner. Furthermore, the
organization of F-actin is a major parameter controlling the network contractility.
As shown by REYMANN et al. via micro patterning assays, anti-parallel organized
actin bundles promote the network contraction. [232] Assuming a random orientation
of the membrane-bound F-actin, a filament bundle composition of equal amounts
of parallel and anti-parallel aligned filaments (related to the filament polarity) is
plausible. Since the bundle alignment can be anticipated to be random as well, a high
ratio of anti-parallel aligned filaments respectively bundles would further clarify the
contraction-enhancing effect of nematic phases. The distance between aligned actin
filaments/bundles in nematic phases were determined to ∼12 nm by IKAWA via AFM
experiments. [239] This gap corresponds to the the spacing within actin bundles formed
by the cross-linkers α-actinin (∼35 nm) [240], fascin (∼6 - 12 nm) [240,241] and fimbrin
(∼8 -13 nm) [240,242]. WEIRICH et al. analyzed the motion of myofilaments along
actin bundles formed by those three cross-linkers and revealed myosin II trapping
for anti-parallel bundled actin filaments. [243] By means of in silico experiments the
authors were able to show that the force, generated by bipolar myosin II filaments,
is directly related to the trap duration and maximized not only for an equal mixture
of parallel and anti-parallel filaments within actin bundles but also for a reduced
filament spacing/cross-linking distance. Since an equal distribution of parallel and
anti-parallel arranged filaments/bundles is expected for nematic phases and a small
distance between aligned filaments/bundles (∼12 nm) can be assumed, the findings of
WEIRICH et al. can be attributed to the observed dependence of network contraction
and the degree of nematic order.
Thus, as an intermediate conclusion, the observed dependence of the network contrac-
tility on the nematic filament alignment can be attributed to an increased network
connectivity and most likely also to the filament organization within the nematic
phases. Furthermore, it can be stated that the formation of nematic phases seems to
compensate for a strong membrane linkage of the minimal actomyosin cortices.
As mentioned above, partial or full collapse of membrane-bound actomyosin cortices
was observed for all experiments on POPC/POPS/PtdIns[4,5]P2 membranes with a
low PtdIns[4,5]P2 content of 1 - 3 mol%. In addition, in the presence of POPS the
contraction of minimal actomyosin cortices showed no clear dependency between con-
tractility and nematic order. This findings are in contrast to the POPC/PtdIns[4,5]P2

system, where networt contraction was only monitored for an increased PtdIns[4,5]P2
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content of 5 - 8 mol% and highly nematic order F-actin networks. However, since
F-actin networks on POPS containing membranes form nematic domains already
at a low PtdIns[4,5]P2 content (cf. chapter 4.1.3.3 and 5.1.1), this discrepancy can
be attributed to the general formation of nematic phases and their aforementioned
discussed contraction-directing effect. In addition, as the RIfS experiments presentet
in chapter 4.1.3.3 revealed a decreased amount of membrane-bound ezrin T567D for
1 - 3 mol% PtdIns[4,5]P2 in the presence of POPS, then for 5 - 8 mol% PtdIns[4,5]P2

in the absence of POPS, the reduced membrane linkage might further explains the
increased contractility on POPS containing membranes. This assumption is in line
with findings of NÖDING et al., who reported a decreasing network stiffness of
membrane-bound MACs with a reduced ezrin-PtdIns[4,5]P2 linkage. [72] The hypoth-
esis is further supported by the observation, that actomyosin networks attached
to POPS containing membranes showed a full network collapse already at a qmean

of ∼0.15, while a qmean of ∼0.20 was found for POPC/PtdIns[4,5]P2 membranes.
Moreover, the network contractility on POPS containing membranes could be fa-
cilitated via repulsive interactions between the negatively charged membrane and
F-actin [214,244], as well as by the in chapter 5.1.1 suggested altered binding mode of
ezrin T567D.
While for POPC/PtdIns[4,5]P2 membranes the formation of nematic phases with
increasing PtdIns[4,5]P2 content counteracts a potential reduced network contrac-
tility for an increasing F-actin-membrane-linkage, this effect could be resolved for
the POPS-system. Actomyosin cortices attached to POPS containing membranes
and a PtdIns[4,5]P2 content of 1 - 2 mol% PtdIns[4,5]P2 showed in all cases a full
network contraction. In contrast, only one of four cortices collapsed fully when
bound to POPS membranes doped with 3 mol% PtdIns[4,5]P2, while partial and
full collapsing networks showed no significant difference in nematic order (blue, cf.
figure 4.26). This suggests, that an increasing F-actin-membrane linkage reduces also
for the biomimetic ezrin-PtdIns[4,5]P2 system the contractility of membrane-bound
networks.
With respect to the cell, these data show that the lipid composition is an essential
factor in the regulation of actin cortex contractility and that the cellular plasma
membrane composition of the inner leaflet with ∼1 mol% PtdIns[4,5]P2

[194] and
15 - 20 mol% PS [162] promotes the actin cortex contractility. These findings reveal
that lipids which are not involved in direct binding of cytoskeletal structures have
an impact on those and require consideration in the design of prospective studies.
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5.4 Membrane attachment of biomimetic MACs alters
the mechanical properties of pore-spannning
membranes

Since the cellular actin cortex is key player of the cell shape regulation and a major
structural component of cellular mechanics [10,139,173], a MAC model system on pore-
spanning membranes (PSMs) was established via the biomimetic ezrin-PtdIns[4,5]P2

linkage, to analyze by means of CLSM-AFM correlation how the binding of a MAC
alters the membrane tension (σ) and viscoelasticity.
PSMs were generated by spreading DPhPC/PtdIns[4,5]P2/ATTO390-DPPE GUVs
(91.6:8:0.4) on SiOx functionalized porous substrates (ø = 5µm). The successful
preparation of PSMs could be verified by means of confocal laser scanning microscopy
(cf. figure 4.28). While the freestanding PSMs (f-PSMs) could by identified as bright
circles, line profiles revealed for the solid supported PSMs (s-PSMs) a reduced
fluorescence intensity (∼20 % of f-PSM intensity). These observations are in line
with the findings of TESKE et al. who showed for the same surface functionalization
a s-PSM fluorescence intensity of 46 ± 20 % of that of the f-PSM. [97] The authors
attributed this observation to the fluorescence quenching effect of the SiOx (1 < x < 2)
layer. [245] To determine the initial mechanical properties of the pure PSM, the
membranes were imaged via atomic force microscopy and force distance curves
(FDCs) were recorded in the f-PSM centers. The height profiles extracted from
the atomic force micrographs revealed an averaged height difference of 44 ± 9 nm
between the pore rim and the f-PSMs (cf. figure 4.28 B2). Since the substrates were
functionalized with a SiOx layer of 30 - 40 nm corresponding to the determined height
difference, it might be assumed that the lipid membrane follows the SiOx layer at
the pore edge as reported for gold functionalized substrates. [138,246] The recorded
FDCs showed a fully elastic indentation for the protein-free f-PSMs, indicated by
the superposition of trace and retrace (cf. figure 4.30 B1), which is in line with the
indentation of f-PSMs in previous studies. [138] From the recorded FDCs the lateral
membrane tension was determined to σ = 6.8 ± 1.3 mN m−1 (n = 49, N = 2), which
is one order of magnitude higher than the reported membrane tension of DPhPC
f-PSMs on SiO2 substrates (0.15 ± 0.05 m mN m−1) [138] and 6-mercapto-1-hexanol
(6MH) functionalized gold substrates (1.4 mN m−1) [137]. However, it corresponds
approximately to the lateral tension of DOPC f-PSMs (10.5 ± 4.3 mN m−1) [247] on
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SiOx coated porous substrates. As the lateral membrane tension of f-PSMs results
from the energy difference between the freestanding and solid supported part, these
differences can be attributed to the different substrate functionalization and the
adhesion strength of the s-PSM to the solid support. [137,138]

While the attachment of minimal actin cortices to f-PSMs was observed in several
preparations, only three f-PSMs could be analyzed via force indentation experiments.
Therefore, the obtained results for the f-PSMs mechanics with a membrane-bound
MAC will be discussed in a qualitative manner and only with respect to the monitored
trends.
The successful f-PSM attachment of minimal actin cortices via the ezrin-PtdIns[4,5]P2

linkage was basically shown via fluorescence micrographs (cf. figure 4.27 and 4.29).
While a comparable F-actin fluorescence intensity could be detected on both, s-
and f-PSMs, the exemplary actin intensity profile in figure 4.29 A2, indicates a
F-actin accumulation at the pore rim of a covered pore. Since TSAI et al. reported
a enhanced attachment of ezrin T567D to positively curved membranes, the F-
actin accumulation might be attributed to an enrichment of ezrin-PtdIns[4,5]P2

linkage at the s-/f-PSM junction. [248] The finding that individual actin filaments
could not be resolved on the f-PSMs might be explainable by a length-dependent
respectively geometry dependent F-actin attachment to the freestanding PSMs. F-
actin exhibits a persistence length of 10 - 18µm [8,9], which corresponds to at least
twice of the utilized pore radius of ø = 5µm. Since the atomic force micrographs
revealed a height difference between s- and f-PSMs of 44 ± 9 nm for the pure DPhPC
membranes and an even pronounced difference for the MAC attached PSMs, the
f-PSM geometry and persistence length of F-actin are likely to prevent a binding of
large actin filaments to the freestanding membranes. This hypothesis is supported
by the finding that for ATT0-594 labeled actin filaments, under the same conditions,
long filaments were observed on the s-PSMs but not on f-PSMs (cf. chapter A.6.2).
The AFM indentation experiments revealed a decreased lateral membrane tension
from σ = 6.8 ± 1.3 mN m−1 for pure DPhPC f-PSMs to σ = 0.5 ± 0.3 mN m−1 for
f-PSMs with an attached minimal actin cortex. While the underlying origin of
this effect remains unclear as control experiments are missing, the general trend
is in line with the findings of SCHÖN using pore spanning membranes and an
electrostatic F-actin-membrane-attachment. [192] Furthermore, the determined lateral
membrane tension of σ = 0.5 ± 0.3 mN m−1 resembles the reported tensions of apical
cell membranes (0.24 ± 0.22 mN m−1) and membranes with electrostatic attached
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MACs (0.49 ± 0.32 mN m−1) on porous substrates reported by HUBRICH et al. [135]

Since the viscoelastic behavior of cells upon external deformation have been attributed
in several studies to the cortical actin network [10,249,250], the detected viscoelastic
response of f-PSMs with an membrane-bound MAC suggest that the established
minimal MAC model system is capable of resembling this fundamental mechanical
property (cf. figure 4.30 B2).

To conclude, the presented results are despite the small sample size in harmony with
the known literature and suggest that the established model system is capable of
mimicking essential mechanical properties of the cellular actin cortex. Thus, the novel
minimal actin cortex on pore-spanning membranes attached via the physiological
relevant ezrin-PtdIns[4,5]P2 linkage seems to be a promising in vitro approach to
disentangle the complex interrelationships of cellular mechanics.
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The actin cortex of mammalian cells, being a thin plasma membrane linked actin
layer, regulates fundamental aspect of cellular processes such as exocytosis, mem-
brane trafficking and cell morphogenesis. Essential for these characteristics are the
organization and contractility of the cortical actin network, which are controlled by
a manifold of actin-binding proteins (ABPs). To identify fundamental components
and their functionalities membrane-bound minimal actin cortices (MACs) have been
studied over the past decades.
In this thesis biomimetic membrane-bound MACs were generated by attaching
pre-polymerized filamentous actin (F-actin) via the ERM protein ezrin to l-α-
phosphatidylinositol-4,5-bisphosphate (PtdIns[4,5]P2) doped solid-supported lipid
bilayers (SLBs). The MAC organization was studied with regard to membrane
composition by means of confocal laser scanning microscopy (CLSM) and reflecto-
metric interference spectroscopy (RIfS). It could be demonstrated that the amount
of membrane-bound F-actin increases as a function of the ezrin-PtdIns[4,5]P2 linkage
from 1 - 8 mol% PtdIns[4,5]P2. Moreover, it was shown, that growing amounts of
membrane attached F-actin lead to a morphology change, from entangled (1 - 3 mol%
PtdIns[4,5]P2) into nematically aligned (5 - 8 mol% PtdIns[4,5]P2) networks and also
from single filaments (1 - 3 mol% PtdIns[4,5]P2) into filament bundles (5 - 8 mol%
PtdIns[4,5]P2). In addition, it was found that a membrane-bound MAC alters the
diffusive properties of the underlying membrane. To analyze the ezrin-linkage and
F-actin membrane attachment for a membrane composition resembling the inner
human plasma membrane, SLBs were doped with POPS. RIfS experiments revealed
a generally increased amount of membrane-bound ezrin in the presence of POPS
compared to membranes lacking POPS. The increased amount of membrane-bound
ezrin was reflected by a significantly increased F-actin density and nematically net-
work organization at low receptor lipid concentrations (1 - 3 mol% PtdIns[4,5]P2).
The effect of a branched F-actin network and a crowded media, mimicking the
cytoplasma, on MAC organization was investigated with the actin-related-protein
2/3 complex (Arp2/3), polymerizing actin branches at pre-formed filaments, and the
crowding agent methyl cellulose (MC). While Arp2/3 branched actin networks were
proven to form dense 3D networks in solution, membrane attachment studies via
the ezrin-PtdIns[4,5]P2 linkage revealed a decreased network density in comparison
to unbranched networks. Simultaneously, it was shown that membrane-bound and
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6 Conclusion

Arp2/3 branched networks failed to form nematic phases or filament bundles despite
a high PtdIns[4,5]P2 content (8 mol%). For MC crowded and ezrin-PtdIns[4,5]P2

membrane-bound MACs, an optimal concentration of 0.18 w/v % MC, showing no
crowding agent induced filament bundling, was determined to increase the amount of
membrane-bound F-actin in comparison to uncrowded conditions. As no unspecific
membrane attachment could be monitored for crowded networks in the absence of
the ezrin-PtdIns[4,5]P2-linkage, the results might indicate that the crowded cellular
cytoplasm affects the cortical actin organization.
As the actin cortex is a key regulator of the cell membrane tension, a MAC model
system on pore-spanning membranes (PSMs) was established via the biomimetic
ezrin-PtdIns[4,5]P2 linkage, in order to probe the lateral membrane tension of
freestanding-PSMs (f-PSMs) by means of AFM indentation experiments. Although,
a quantitative interpretation of the data could not be performed due to the small
sample size, the qualitative changes of a reduced lateral membrane tension and
viscoelastic force response of f-PSMs with membrane-bound MACs show that the
established model system is a promising approach to explore the complex interrela-
tionships of cellular mechanics.
In order to reveal how myosin II motors reorganize membrane-bound MACs as
a function of the ezrin-PtdIns[4,5]P2 linkage and membrane composition, MACs
were prepared on SLBs with a different PtdIns[4,5]P2 content and in the absence or
presence of POPS. The MAC contractility were generally found to be a function of
the network organization and membrane attachment, which are both dictated by
the membrane composition. In particular, the results indicated, that an increasing
membrane-actin linkage via ezrin-PtdIns[4,5]P2 leads to a reduced network contrac-
tility. In contrast, a dense network organization into nematically aligned phases has
been shown to promote contraction and also appears to have a greater influence than
the membrane linkage, as the formation of nematic phases seems to compensate for
an increased membrane linkage. A membrane composition of 1 - 2 mol% PtdIns[4,5]P2

and 17 mol% POPS, resembling the inner plasma membrane composition of human
cells, has been shown to combine both, a low level of ezrin-PtdIns[4,5]P2 linkage
and high nematic phase formation, promoting the actomyosin contractility. With
respect to the in vivo situation, this data shows that the lipid composition is an
essential factor in the regulation of actin cortex contractility. Moreover, these findings
highlight that lipids which are not associated with the direct binding of cytoskeletal
structures require consideration in the design of prospective studies.
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A.3 Nematic order parameter: director field
window-size determination and utilized parameters

Since the applied director field window-size has significant influence on the calculated
nematic order parameter, the mean nematic order parameter (qmean) has been
calculated as a function of the window-size for each image in order to determine an
optimal value. An example is given in figure A.1. For the F-actin network displayed
in figure A.1 A, the corresponding window-size dependent qmean-values in figure A.1 B
reveal an optimal window-size of 1.3µm (qmean = 0.6).

Figure A.1: Exemplary determination of the optimal window-size for the
nematic order parameter. A: Fluorescence micrograph of an exemplary F-actin
network (magenta). B: Mean nematic order parameter (qmean) of the F-actin network
shown in A as a function of the applied director field window-size. Scale bar: 5µm.

The optimal window-size used in this work ranged between 1 - 2µm in dependence of
the respective image.
An overview of the utilized parameters for the nematic order parameter determination
according to SEARA et al., are displayed in table A.1. [146]

Table A.1: Overview of the utilized parameters for the nematic order parameter determi-
nation according to SEARA et al. [146]

parameter
window-size optimized per image

overlap default (0.5)
spacing default (2)

checkpoint default (0)
mask method local threshold
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A.4 RIfS control experiments for POPS

In order to exclude a non-specific adsorption of ezrin T567D to the negatively
charged matrix lipid POPS, RIfS experiments with POPC/POPS SLBs (83:17) were
conducted. Sample preparation and RIfS experiements were performed as described
in the chapters 3.3.4.1 and 3.4.1.

Figure A.2: Box plot showing the change in optical thickness for ezrin
T567D adsorption on POPC/POPS SLBs. Change in optical thickness caused
by irreversibly adsorbed ezrin T567D (∆(∆OT ezrin)) on POPC/POPS SLBs (83:17,
∆(∆OT ezrin) = 0.04 ± 0.06 nm, n = 4). Data from n single experiments were analyzed.
Boxes ranging from 25th to 75th percentiles of the sample, while whiskers represent to the
most extreme data points not considered outliers. Medians are shown as red horizontals
within the boxes

As shown in figure A.2, a low mean ∆(∆OT ezrin) of 0.04 ± 0.06 nm was detected
for the interaction of ezrin T567D with POPC/POPS (83:17) SLBs, indicating no
unspecific binding. As results of the detector noise obtained negative ∆(∆OT ezrin)-
values were set to zero.
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A.5 Particle image velocimetry analysis

The F-actin velocity in contractical actomyosin networks was analyzed by means of
particle image velocimetry (PIV) using the MATLAB based PIVlab (version 2.53)
from THIELICKE and SONNTAG. [172] F-actin time series were pre-processed by
first cropping the region of interest and subsequently reducing thermal drift via the
ImageJ plugin StackReg (mode: rigid body) developed by THEVENAZ et al. [251]

Afterwards, each time series frame was saved individually. For the PIV analysis
every tenth frame was loaded, with a final time differenc of 10 s between the analyzed
frames. Utilized parameters are listed in table A.2.

Table A.2: PIV parameters.
parameter

CLAHE window-size 50 pixel
PIV algorithem FFT window deformation
Integration area:

1. pass 64 , step 32
2. pass 32 , step 16
3. pass 16 , step 8

velocity limit 1µm s−1
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A.6 Pore spanning membranes

A.6.1 Alexa Fluor™ 633 phalloidin control experiments

Since individual actin filaments could not be resolved for the f-PSM bound minimal
actin cortices and the Alexa Fluor™ 633 phalloidin staining showed unspecifically
adsorption to PSMs, blank experiments were conducted to verify a F-actin attach-
ment. For this purpose GUVs (DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4))
were prepared as described in chapter 3.3.1.2 and spreaded on SiOx funtionalized
porous substrates (ø = 5µm) to generate PSMs (cf. chapter 3.3.2.2). To exclude the
possibility that the measured actin fluorescence was completely caused by unspecifi-
cally adsorbed Alexa Fluor™ 633 phalloidin, minimal actin cortices were prepared
as described in chapter 3.3.4.2 and attached via the ezrin-PtdIns[4,5]P2 linkage. The
blank samples were prepared in the same manner, however without G-actin in the
polymerization solution. After rinsing the samples with F-buffer, CLSM micrographs
of the PSMs were recorded. By comparing the averaged Alexa Fluor™ 633 fluores-
cence intensity on the f-PSMs between samples containing F-actin (112 ± 7.3 a.u.,
n = 77, N = 2) and blank samples (60 ± 3.7 a.u., n = 46, N = 2), lacking actin, it
was revealed that F-actin containing samples exhibit a significantly enhanced Alexa
Fluor™ 633 fluorescence intensity, indicating a F-actin membrane attachment.

Figure A.3: Alexa Fluor™ 633 phalloidin fluorescence intensity on PSMs with
and without membrane-bound F-actin. Comparison of the detectable fluorescence
intensity of Alexa Fluor™ 633 phalloidin on PSMs for a preparation with (112 ± 7.3 a.u.,
n = 77, N = 2) and without (60 ± 3.7 a.u., n = 46, N = 2) F-actin. For the analysis n PSMs
of N preparations were evaluated. Boxes ranging from 25th to 75th percentiles of the
sample, while whiskers represents to the most extreme data points not considered outliers
(red crosses). Medians are shown as red horizontals within the boxes. Statistical t-test:
***: p ≤ 0.001.
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A.6.2 Length-dependent binding of F-actin to pore-spanning
membranes

Samples were prepared as described in chapter 4.3, however F-actin was stained via
ATTO 594 labeled-G-actin as described in chapter 3.3.3.

The fluorescence micrographs in figure A.4 A1-2 display the generated PSMs with
the f-PSMs identifiable as bright circular areas and the dimmer s-PSMs on the solid
supported parts. Figure A.4 B1-2 illustrate the s-PSM attachment of the ATTO
594-labeled F-actin via the ezrin-PtdIns[4,5]P2 linkage. The selective binding of long
actin filaments on the s-PSMs but not on the f-PSMs is evident in the overlay of the
membrane and F-actin fluorescence in figure A.4 C1-2.

Figure A.4: Exemplary fluorescence micrographs of large actin filaments
attached to PSLBs via the biomimetic ezrin-PtdIns[4,5]P2-likage A1-2:
DPhPC/PtdIns[4,5]P2/ATTO390-DPPE (91.6:8:0.4) PSMs (gray), with freestanding PSMs
identifiable as bright circles and dimmer solid supported parts, as result of the surface
quenching. B1-2: Corresponding fluorescence micrographs of the membrane-bound MAC
(magenta), labeled with ATTO 594-G-actin. C1-2: PSMs (A1-2) and MAC (B1-2) overlay.
Scale bars: 5µm.
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A.6.3 Overview of tested parameters for the PSM attachment of
minimal actin cortices

Parts of the measurements presented in this chapter were performed by Dominik
Ruppelt and Kira Herwig as part of his master thesis and her laboratory internship.

Table A.3: Overview of tested parameters for the PSM attachement of MACs
on Aquamarijn substrates. A: POPC/PtdIns[4,5]P2, B: POPC/POPS/PtdIns[4,5]P2,
C: POPC/Chol/PtdIns[4,5]P2, D: POPC/POPS/Chol/PtdIns[4,5]P2,
E: DPhPC/PtdIns[4,5]P2. All lipid films were doped with 0.4 mol% ATTO390-DPPE.

Aquamarijn substrates ø = 5 µm

Funct. Lipids f-PSMs F-actin binding
rim s-PSM f-PSM

6MH-Au∗ A
(94.6:5)1,2

✓ ✓ ✗ ✗

6MH-Au2,∗ A
(94.6:5)1,2

✓ ✓ ✗ ✗

6MH-Au3,∗ A
(94.6:5)1,2

✓ ✓ ✗ ✗

SiOx, 1 h 55◦C ∗∗ A
(94.6:5)1,2

✗ ✓ ✗ ✗

SiOx, 16 h 55◦C ∗∗ A
(91.6:8)1

✓ ✓ ✓ ✗

SiOx, 16 h 55◦C ∗∗ B
(74.6:17:8)1

✓ ✓ ✓ ✗

SiOx, 16 h 55◦C ∗∗ C
(76.6:15:8)1

✓ ✓ ✓ ✗

SiOx, 16 h 55◦C ∗∗ D
(59.6:17:15:8)1

✓ ✓ ✓ ✗

1 ITO GUVs, prepared as described in chapter 3.3.1.2.
2 Pt GUVs, GUV electroformation on platinum wires (Pt, ø = 0.3 mm). Deposition of 0.2 mg

lipid material on wires, dried in vacuum over night, electroformation over 2 h at 500 Hz,
125 mVpp in Na-citrat buffer (+ 25 mm sucrose) to a final lipid concentration of 0.25 mg mL−1.

3 BSA passivation, addition of 70µm BSA after PSM formation, incubated 1 h at 20◦C,
5 × buffer replacement prior to ezrin addition.

4 LUV passivation, large unilamellar vesicles (LUVs, 0.8 mg mL−1, POPC/POPS/ATTO488-
DPPE, 94,6:5:0.4) were prepared by extrusion through a 200 nm polycarbonat membrane.
After PSM formation 100µL LUV suspension were added and incubated for 1 h at 20◦C,
5 × buffer replacement prior to ezrin addition.
∗6MH-Au functionalization was conducted as described in [252]
∗∗functionalization prepared as described in chapter 3.3.2.2, altered incubation times in water
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Table A.4: Overview of tested parameters for the PSM attachement of MACs
on Frauenhofer substrates. A: POPC/PtdIns[4,5]P2, B: POPC/POPS/PtdIns[4,5]P2.
All lipid films were doped with 0.4 mol% ATTO390-DPPE.

Frauenhofer substrates (closed cavities) ø = 5 µm

Funct. Lipids f-PSMs
F-actin binding

rim s-PSM f-PSM
O2 plasma, 30 s, 30 % A

(94.6:5)2
✗ ✗ ✗ ✗

O2 plasma, 30 s, 60 % A
(94.6:5)2

✗ ✗ ✗ ✗

hydrophilzed5 A
(94.6:5)2

✗ ✗ ✗ ✗

1 h 55◦C ∗ A
(94.6:5)1,2

✗ ✗ ✓ ✗

1 h 55◦C ∗ B
(74.6:17:8)1

✗ ✗ ✓ ✗

1-24 h 55◦C ∗ A
(94.6:5)1,2

✗ / / /

SiOx, 1 h 55◦C 3,∗∗ B
(74.6:17:8)1

✗ ✗ ✓ ✗

SiOx, 1 h 55◦C 3,∗∗ A
(94.6:5)1

✗ ✗ ✓ ✗

SiOx, 2, 24 h 55◦C ∗∗ A
(94.6:5)1

lined
pores

✓ ✓ ✓

1 ITO GUVs, prepared as described in chapter 3.3.1.2.
2 Pt GUVs, GUV electroformation on platinum wires (Pt, ø = 0.3 mm). Deposition of 0.2 mg lipid

material on wires, dried in vacuum over night, electroformation over 2 h at 500 Hz, 125 mVpp in
Na-citrat buffer (+ 25 mm sucrose) to a final lipid concentration of 0.25 mg mL−1.

3 BSA passivation, addition of 70µm BSA after PSM formation, incubated 1 h at 20◦C, 5 × buffer
replacement prior to ezrin addition.

4 LUV passivation, large unilamellar vesicles (LUVs, 0.8 mg mL−1, POPC/POPS/ATTO488-
DPPE, 94,6:5:0.4) were prepared by extrusion through a 200 nm polycarbonat membrane. After
PSM formation 100µL LUV suspension were added and incubated for 1 h at 20◦C, 5 × buffer
replacement prior to ezrin addition.

5 hydrophilization conducted as described in chapter 3.3.2.1.
∗substrate incubation in water
∗∗functionalization prepared as described in chapter 3.3.2.2, altered incubation times in water

176



A.7 SOAX parameters

A.7 SOAX parameters

Used parameter set for the 3D network analysis of 8 bit tiff-images stacks.

Table A.5: SOAX parameters.
parameter parameter
intensity-scaling 0.01 gamma 2
gaussian-std 1 external-factor 1
ridge-threshold 0.05 stretch-factor 0.2
maximum-foreground 255 number-of-background- 8

radial-sectors
minimum-foreground 0 background-z-xy-ratio 2.88
init-z true radial-near 4
snake-point-spacing 1 radial-far 8
minimum-snake-length 5 delta 4
maximum-iterations 10000 overlap-threshold 2
change-threshold 0.05 grouping- 8

distance-threshold
check-period 100 grouping-delta 8
alpha 0.01 minimum-angle- 2.1

for-soac-linking
beta 0.1 damp-z false
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A.8 Abbreviations and symbols

Amax absorbance, fluorophore maximum
A280 absorbance, at wavelength 280 nm
ABP actin binding protein
ADP adenosine diphosphate
AFM atomic force microscopy
AFs actin filaments
APS ammonium peroxydisulfate
Arp2/3 actin-related-protein 2/3 complex
ATP adenosine triphosphate
a.u. arbitrary unit
AU airy unit
BFP back focal plane
BSA bovine serum albumin
c concentration
C-ERMAD C-terminal ezrin-radixin-moesin associated domain
CF280 correction factor at wavelength 280 nm
CK creatine kinase
CLAHE contrast-limited adaptive histogram equalization
CLSM confocal laser scanning microscopy
CP creatine phosphate
d optical light path
D-loop DNase I-binding loop
DMSO dimethyl sulfoxide
DOGS-Ni-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)

iminodiacetic acid)succinyl] (nickel salt)
DOL degree of labeling
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
DPhPC 1,2-diphytanoyl-sn-glycero-3-phosphocholine
DTT dithiothreitol
E. coli Escherichia coli
E1 buffer ezrin buffer
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E1-10 elution fractions 1-10
EDTA ethylenediaminetetraacetic acid
EGTA egtazic acid
EQ equilibration buffer
F-actin filamentous actin
f-PSM freestanding pore-spanning membrane
FDC force distance curves
FRAP fluorescence recovery after photobleaching
FT flow through
FWHM full width at half maximum
G-actin globular actin
GUV giant unilamallar vesicles
His6-tag hexahistidine-tag
I intensity, light
IFs intermediate filaments
IMAC immobilized metal ion affinity chromatography
IPTG isopropyl β-D-thioglactopyranoside
ITO indium tin oxide
lacI lac inhibitor
lacO lac operon
LB lysogeny broth
lp persistence length
LUV large unilamallar vesicles
M buffer myosin buffer
MAC minimal actin cortex
MC methyl cellulose
MHC myosin heavy chain
min minute
MLC myosin light chain
MLV multilamellar vesicles
MS buffer myosin storage buffer
MSD mean squared displacement
MTs microtubules
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MW molecular weight, molecular weight marker
MWCO molecular weight cut-off
n refractive index
N-ERMAD N-terminal ezrin-radixin-moesin associated domain
N-WASP neural Wiskott-Aldrich syndrome protein
NA numerical aperture
NPF nucleation promoting factor
NHS N -hydroxysuccinimide
Ni-NTA nickel-nitrilotriacetic acid
nm actin non-muscle actin
OD600 optical density at wavelength 600 nm
OT optical thickness
PDB protein data bank
Pi inorganic phosphate
PIV particle image velocimetry
PM plasma membrane
PS phosphatidylserine
PSF point spread function
PSD position-sensitive photodiode
PSM pore spanning membrane
PtdIns[4,5]P2 l-α-phosphatidylinositol-4,5-bisphosphate
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine
qmean mean nematic order parameter
QI quantitative imaging
RIfS reflectometric interference spectroscopy
ROI region of interest
RT room temperature
s-PSM solid supported pore-spanning membrane
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophore-

sis
SLBs solid supported lipid bilayers
SNR signal to noise ratio
SOC super optimal broth with catabolite repression
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SUV small unilamallar vesicles
t time
TEMED N,N,N´,N´-tetramethyl ethylenediamine
TIRF total internal reflection fluores
TxR Texas Red®

UV ultraviolet
v volume
VCA verprolin Homology/Cofilin/Acidic
w weight
WI & WII washing buffer I & II
WASP Wiskott-Aldrich syndrome protein
γ immobile fraction (FRAP)
δ actin bundling factor
ε280 molar attenuation coefficient at wavelength 280 nm
λ wavelength
λex wavelength, excitation
λem wavelength, emission
λmax wavelength, maximum absorption
σ lateral membrane tension
χ percentage
ø diameter
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A.9 Chemicals and consumables

6-mercapto-1-hexanol Sigma Aldrich, Taufkirchen, Germany
Acrylamid(AA)-mix Sigma Aldrich, Taufkirchen, Germany
Alexa Fluor™ 488-phalloidin Thermo Fisher Scientific Waltham, MA, USA
Alexa Fluor™ 633-phalloidin Thermo Fisher Scientific Waltham, MA, USA
APS Sigma Aldrich, Taufkirchen, Germany
argon Air Liquide Deutschland GmbH,

Düsseldorf, Germany
Arp2/3 protein complex Cytoskeleton, Denver, CO, USA
ATP Sigma Aldrich, Taufkirchen, Germany
ATTO 390-DPPE Atto-tec, Siegen, Germany
ATTO 488-DPPE Atto-tec, Siegen, Germany
ATTO 594-NHS-ester Atto-tec, Siegen, Germany
Bio-Beads SM-2® Bio-Rad Laboratories GmbH, München, Ger-

many
bromophenol blue VWR international, Darmstadt, Germany
CaCl2 Merck, Darmstadt, Germany
chloroform VWR international, Darmstadt, Germany
cOmplete™ Roche, Mannheim, Germany
coomassie Brilliant Blue G-
250 Carl Roth GmbH, Karlsruhe, Germany

coverglass slides Marienfeld GmbH & Co. KG, Lauda-
Königshofen, Germany

coverglass (22 × 22 mm) VWR international, Darmstadt, Germany
creatine kinase Sigma Aldrich, Taufkirchen, Germany
creatine phosphate Sigma Aldrich, Taufkirchen, Germany
DDM Carl Roth GmbH, Karlsruhe, Germany
DPhPC Avanti Polar Lipids, Alabaster, USA
DTT Carl Roth GmbH, Karlsruhe, Germany
DyLight® 488-NHS-ester Thermo Fisher Scientific Waltham, MA, USA
E. coli BL21(DE3) Thermo Fisher Scientific Waltham, MA, USA
EDTA Carl Roth GmbH, Karlsruhe, Germany
EGTA Carl Roth GmbH, Karlsruhe, Germany
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ethanol VWR international, Darmstadt, Germany
G-actin protein Cytoskeleton, Denver, CO, USA
glucose Sigma Aldrich, Taufkirchen, Germany
glycerol Merck, Darmstadt, Germany
glycine Merck, Darmstadt, Germany
gold, 99.99 % Allg. Gold- und

Silberscheideanstalt, Pforzheim, Germany
guanidine carbonate Sigma Aldrich, Taufkirchen, Germany
H2O2(30 %) Merck, Darmstadt, Germany
HEPES Carl Roth GmbH, Karlsruhe, Germany
imidazole Sigma Aldrich, Taufkirchen, Germany
IPTG Sigma Aldrich, Taufkirchen, Germany
isopropanol Merck, Darmstadt, Germany
ITO slides Präzision Glas and Optic GmbH,

Iserlohn, Germany
kanamycin Sigma Aldrich, Taufkirchen, Germany
KCl Merck, Darmstadt, Germany
KH2PO4 Sigma Aldrich, Taufkirchen, Germany
K2HPO4 Sigma Aldrich, Taufkirchen, Germany
methanol VWR international, Darmstadt, Germany
MgCl2 Merck, Darmstadt, Germany
microscopy slide Thermo Fisher Scientific, Waltham, MA,

USA
MLCT-cantilever Bruker AFM Probes, Camarillo, USA
Mucasol® Merck, Darmstadt, Germany
n-propanol VWR international, Darmstadt, Germany
Na-citrate Merck, Darmstadt, Germany
NaCl Merck, Darmstadt, Germany
NaH2PO4 Merck, Darmstadt, Germany
NaOH Merck, Darmstadt, Germany
Na3PO4 Merck, Darmstadt, Germany
NaN3 Merck, Darmstadt, Germany
Ni-NTA Qiagen GmbH, Venlo, Netherlands
nitrogen Air Liquide Deutschland GmbH,
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Düsseldorf, Germany
NH3(25 %) VWR international, Darmstadt, Germany
oxygen Air Liquide Deutschland GmbH,

Düsseldorf, Germany
PageRuler™ Plus Thermo Fisher Scientific Waltham, MA, USA
phalloidin (untagged) Sigma Aldrich, Taufkirchen, Germany
PtdIns[4,5]P2 Avanti Polar Lipids, Alabaster, USA
POPC, POPS Avanti Polar Lipids, Alabaster, USA
porous substrates:
closed cavities ø = 5µm Fraunhofer-Institut für Mikrotechnik und

Mikrosysteme IMM, Mainz, Germany
open cavities ø = 5µm Aquamarijn, Zutphen, Netherlands

rabbit meat (myosin II) Harlan Laboratories, Belton,
Leicestershire, UK

SDS AppliChem GmbH, Darmstadt, Germany
self adhesice copper stripe Präzisions Glas & Optik GmbH,

Iserlohn, Germany
SiO Merck, Darmstadt, Germany
Slide-A-Lyzer MINI Thermo Fisher Scientfic, Waltham, USA
sucrose Acros Organics, New Jersey, USA
TEMED Sigma Aldrich, Taufkirchen, Germany
trolox Sigma Aldrich, Taufkirchen, Germany
tryptone Carl Roth GmbH, Karlsruhe, Germany
Tris Carl Roth GmbH, Karlsruhe, Germany
TxR DHPE Sigma Aldrich, Taufkirchen, Germany
VCA protein, N-WASP Cytoskeleton, Denver, CO, USA
wafer (silicon) Active Business Company GmbH,

Brunnthal, Germany
yeast extract Carl Roth GmbH, Karlsruhe, Germany
β-mercaptoethanol Carl Roth GmbH, Karlsruhe, Germany
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AFM
Nanowizard 4 JPK Instruments, Berlin, Germany

CLSM
FluoView 1200 Olympus, Tokyo, Japan
LUMFLN 60XW, NA 1.1 Olympus, Tokyo, Japan

LSM 880 Examiner Carl Zeiss Microscopy GmbH, Oberkochen,
Germany

40X A Plan Apochromat, NA
1.0

Carl Zeiss Microscopy GmbH, Oberkochen,
Germany

Protein isolation
Beckman L70 Ultra Cen-
trifuge

Beckman Coulter, Krefeld, Germany

centrifuge Allegra X22R Beckmann Coulter, Krefeld, Germany
centrifuge Sigma 3K30 Sigma GmbH, Osterode, Harz, Germany
gel imager c300 Azure Biosystems, Dublin, USA
incubator Shaker Innova 44 New Brunswick Scientific, Enfield, USA
Mini Protean gel system Bio Rad Lab. GmbH, München, Germany
Nanodrop 2000c Thermo Fisher Scientfic, Waltham, USA
power supply Power Pac 200 Bio Rad Lab. GmbH, München, Germany
ThermoMix Compact Eppendorf AG, Hamburg, Germany

Preparation of vesicles
frequency generator Agilent
3220A

Agilent Technologies, Santa Clara, USA

Varian Cary Scan 50 Varian, Darmstadt, Germany

RIfS
Flame Spectrometer Ocean Optics, Dunedin, FL, USA
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NanoCalc-2000, SD2000 spec-
trometer

Ocean Optics, Dunedin, FL, USA

Ismatec 795C peristaltic
pump

IDEX Health & Science, Wertheim, Germany

HL-2000-LL Light source Ocean Optics, Dunedin, FL, USA

Surface coating
Coating System MED020 Bal-Tec, Balzers, Lichtenstein
Sputtercoater 108 auto Cressington Scientific Instruments,

Watford, United Kingdom
Zepto plasma cleaner Diener Electronics, Ebbhausen, Germany

TIRF
IXpolre TIRF Olympus Deutschland GmbH, Hamburg, Ger-

many
cellTIRF-4Line Olympus Deutschland GmbH, Hamburg, Ger-

many
Zyla 4.2 sCMOS Andor Technology Ltd., Belfast, UK
100X, UPlanApo, NA 1.5 Olympus Deutschland GmbH, Hamburg, Ger-

many
60X, ApoN oTIRF, NA 1.4 Olympus Deutschland GmbH, Hamburg, Ger-

many

Software
FluoView 1200 Olympus, Tokyo, Japan
Gwyddion 2.45 http://gwyddion.net
ImageJ 1.52t http://imagej.nih.gov/ij
JPK Data Processing Instruments AG, Berlin, Germany
Matlab R2021a Math Works, Natick, USA
Python™, 2.7 & 3.7 http://www.python.org
SOAX 3.7 https://www.lehigh.edu/ div206/soax/
Spectra Suite Ocean Optics Inc., Dunedin, FL, USA
Zen 2.3 Carl Zeiss Microscopy GmbH, Oberkochen,

Germany
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Miscelanous
Osmomat 030 Gonotec, Berlin, Germany
pH meter Calimatic 766 Knick, Berlin, Germany
thermomixer compact Eppendorf,Hamburg, Germany
Tip sonifier Sonoplus HD2070 Bandelin, Berlin, Germany
Ultrapure Water System,
MilliQ Gradient A10

Merck Millipore, Darmstadt, Germany

Vacuum drying oven VD23 Binder GmbH, Tuttlingen, Germany
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