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Abstract

Protein interactions that take place at the interface of a membrane are abundant within
cellular organisms. Hence, surface coupled protein interactions are a matter of ongoing
scientific investigation. In this work, elected protein interactions were studied at the
interface of artificial membranes, attempting to create model systems that would best

mimic the natural protein environment.

In the first part of this work (chapter 4-6), a quartz crystal microbalance (QCM) biosen-
sor assay based on solid supported membranes (SSMs) was established to quantify the
inter-action of C-terminal polycystin-2 (cPC2) with its putative interaction partners C-
terminal polycystin-1 (cPC1) and PIGEA14. It was found that the affinity of cPC2 to
cPC1 was three times higher in the presence of Ca*, leading to the assumption that
cPC2 forms trimers in the absence of Ca*. Based on the observation that the kinetic
rate constants are Ca* dependent, a binding model was developed that describes a
three step cPC2 binding in the absence and a one step binding in the presence of Ca?.
Following a hypothesis that had been suggested earlier, the interaction of cPC2 with
PIGEA14 was investigated as a function of cPC2 pseudophosphorylation at Ser®2. It
was found that the affinity of the pseudophosphorylated mutant cPC25812D to PI-
GEA14 was indeed reduced two fold compared to cPC2wt.

The second part of the thesis (chapter 7 and 8) dealt with investigating the interaction
of filamentous actin (F-actin) with SSMs and pore spanning membranes (PSMs) on po-
rous aluminum or silicon nitride based surfaces by means of optical waveguide spec-
troscopy (OWS) and confocal laser scanning microscopy (CLSM). Mimicking the struc-
ture of cellular microvilli, specific F-actin adsorption within and atop porous anodic
aluminum oxide (AAO) films could be controlled using different functionalization
strategies. The impact of a membrane bound F-actin network on the tension and visco-
elastic properties of PSMs was investigated by means of atomic force microscopy
(AFM). While the membrane tension remained almost unaltered, the origination of a

viscoelastic membrane properties was caused by the attached F-actin network.






Zusammenfassung

Da eine Vielzahl von Proteininteraktionen innerhalb zelluldrer Organismen an der
Grenzflache zu Membranen stattfindet, ist die Untersuchung dieser Prozesse von gro-
Blem wissenschaftlichem Interesse. Ziel dieser Arbeit war es Modellsysteme basierend
auf artifiziellen Membranen zu entwickeln, mit deren Hilfe die Untersuchung ausge-

wahlter Proteininteraktionen ermdglicht werden konnte.

Im ersten Abschnitt dieser Arbeit (Kapitel 4-6) wurde ein Biosensorassay basierend auf
festkoperunterstiitzten Membranen entwickelt, der die Quantifizierung der Interaktion
von C-Polycystin-2 (cPC2) mit seinen Interaktionspartnern C-Polycystin-1 (cPC1) und
PIGEA14 mittels der Quarzmikrowaagetechnik ermoglichte. Aufgrund der Tatsache,
dass die Affinitdit von cPC2 zu cPC1 in Anwesenheit von Ca? dreifach hoher war,
wurde eine Ca* abhéngige Trimerisierung von cPC2 postuliert. Die Unterschiede der
ermittelten kinetischen Koeffizienten fithrten zur Entwicklung eines Bindunsgmodells,
welches die dreistufige Adsorption von cPC2 an cPC1 in Abwesenheit bzw. einstufige
Adsorption in Anwesenheit von Ca? implizierte. Im Falle der Interaktion von cPC2
mit PIGEA14 wurde die Abhanigkeit der cPC2 Bindung von der Pseudophosphorylie-
rung des Proteins an Ser®? untersucht. Es wurde festgestellt, dass die Affinitdt der
pseudophosphorylierten Mutante cPC25812D zu PIGEA14 zweifach niedriger war, als

die von cPC2wt.

Im zweiten Abschnitt der Arbeit (Kapitel 7 und 8) wurde die spezifische Wechselwir-
kung von filamentdsem Aktin (F-Aktin) mit festkorperunterstiitzten und poreniiber-
spannenden Membranen untersucht. Die kontrollierte Anbindung von F-Aktin in und
auf porosen Aluminiumoxidfilmen konnte mit Hilfe verschiedener Funktionalisie-
rungsstrategien erzielt werden. Der Einfluss eines F-Aktin Netzwerks auf die Span-
nung und viskoelastischen Eigenschaften poreniiberspannender Membranen wurde
mittels kraftmikroskopischer Studien untersucht. Es wurde nachgewiesen, dass der
Einfluss von gebundenem F-Aktin auf die Membranspannung gering war, aber erst

durch die F-Aktin Adhésion viskoelastische Membraneigenschaften induziert wurden.
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1 Introduction

1.1 Protein Interactions in Eukaryotic Cells

Eukaryotic cells are composed of membrane enclosed, highly specialized organelles
such as the endoplasmatic reticulum, the Golgi apparatus, mitochondria and the nu-
cleus. This cellular compartmentalization guarantees realizing distinct cellular process-
es i.e. metabolism, synthesis of biomolecules and transport in a confined environment.
Protein-protein interactions play fundamental roles within these cellular processes.
They are involved in signal transduction, cell cycle control, DNA processing and en-
zyme regulation.'? It is of high scientific interest to understand the role of cellular pro-
tein-protein interactions in order to elucidate cellular processes, networks and the
origin of diseases at the protein level.® This knowledge would allow to specifically tar-

get the particular proteins of interest with selective drugs.

Protein interactions can be either permanent or transient. Hemoglobin, for instance can
be purified as a stable assembly of four protein subunits. Transient interactions, on the
contrary require certain regulatory factors.* In general, control of the protein’s oligori-
meric state can be achieved by directing the encounter of interacting surfaces, by vary-
ing local protein concentrations or adapting the physicochemical environment. In the
latter case, phosphorylation, changes in pH and temperature or the presence of certain
effector molecules (i.e. Ca*, ATP) lead to conformational changes that alter the pro-

tein’s binding affinity to its interaction partner.*

Several databases concentrate on analyzing the interactome of protein-protein interac-

tions.® The database of interacting proteins (DIP) for instance reported that over 25,000
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proteins participate in ~75,000 interactions.® General exemples of those interactions are

antigen-antibody, hormone-receptor and enzyme-inhibitor interactions.”

Interactions between proteins are mainly driven by van der Waals forces, electrostatic
forces or hydrogen bonding; the contact area of the protein-protein complex is confined
to special regions on the protein surface.® These hot spots can be identified and charac-
terized in terms of their amino acid composition using alanine mutagenesis screening
assays. It has been found that some amino acids like Trp, Tyr and Arg are highly en-
riched within the hot spots and often surrounded by hydrophobic areas, possibly to
exclude bulk solvent.” The size of these interfaces range between 10-40 nm?.!° Interest-
ingly, the free binding energy of the protomers seems not to be correlated with the size
of the complex interface.* The identification, characterization and quantification of pro-
tein-protein interactions have been key topics of previous and current scientific stud-

ieS.ll_B

1.2 Studying Protein-Protein Interactions

There are several methods known to analyze and characterize protein interaction net-
works (Fig. 1.1).142 In order to identify putative protein interaction partners in vivo the
yeast two hybrid (Y2H) screening has been established as a suitable technique. The
method bases on the activation of a reporter gene after interaction of two proteins that
are each coupled to the binding domain (bait protein) of an upstream activation se-
quence and the corresponding activation domain (prey protein), respectively. Although
the Y2H system is widely applied, it is limited to soluble proteins. The interaction of
membrane coupled proteins can be studied by means of protein fragment complemen-
tation. A protein i.e. ubiquitin is split into two inactive fragments, which are fused to
the bait and the prey. Only upon interaction, the function of ubiquitin is regained, lead-

ing to the cleavage of a reporter protein. As a main disadvantage, the high number of
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false positive interactions has to be mentioned, which makes further investigations of

the proposed interaction indispensable.

in vivo in vitro

identification kinetics, affinity
TAP, protein arrays

Y2H
solid phase detection
cellular e
localization
> structure and dynamics
FRET, BRET _ _
solid phase detection
single molecule
detection
biological significance mechanics

Fig. 1.1 Different levels of protein-protein interaction characterization in vivo and in vitro.*

Identification of protein interactions in vitro can be performed by means of co-
immunoprecipitation (Co-IP) or tandem affinity purification (TAP). Both methods are
pull-down assays that rely on affinity purification of the bait protein in complex with
its interaction partners. Besides this, cross linking agents are often employed to probe
protein-protein interactions or even study their subunit structure. Upon interaction,
proteins are in close proximity and can thus be easily covalently linked to each other.
N-Hydroxysuccinimide (NHS) esters are commonly used to link primary amine groups
of lysine residues. Further analysis of the proteins in complex is performed by means of

mass spectrometry or two dimensional gels.!>2

Besides the identification of biological relevant protein-protein interactions, the charac-
terization of the respective interaction in terms of its thermodynamic and kinetic bind-
ing behavior is mandatory to bring further insight into the mechanism of the protein

complex formation.!?
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1.2.1 Quantifying Protein-Protein Interactions

Methods to monitor and quantify protein-protein interactions in cellular systems are
rare and mostly involve fluorescence techniques such as fluorescence resonance energy
transfer (FRET) or bioluminescence resonance energy transfer (BRET), where an energy
transfer between a donor and an acceptor fluorophor occurs, if the fluorophores reach a
certain distance (~7 nm)."*'® Another fluorescence based method that is used to monitor
protein interactions in vitro is the fluorescence correlation or fluorescence cross-
correlation spectroscopy (FCS, FCCS), which allows measuring diffusion rates of pro-
teins and their complexes.'” However, fluorescence based techniques require labeling of
the proteins under investigation. In living cells, the green fluorescent protein (GFP) and
other variants are often employed, with the main drawback of potentially influencing
natural protein folding and thus their affinity to other proteins or biomolecules. Label
free screening methods of protein interactions have thus become more and more popu-
lar. The isothermal titration calorimetry (ITC) is well known to determine binding af-
finities and stoichiometries of protein-protein complexes.’®* The measuring principle
relies on the detection of small thermal changes upon protein-protein complex for-
mation in solution. Nevertheless, the drawbacks of this often applied technique include
that relatively large amounts of protein are needed and only thermodynamic parame-

ters, but no kinetic rate constants can be determined.

These drawbacks were overcome by introducing surface coupled biosensors.?? Theses
instruments do not require protein labeling or high sample concentrations. Also, as
they monitor biomolecular interactions in a time resolved manner, kinetic data evalua-
tion is possible. As the first biosensor technique, the optical method ellipsometry was
established by Trurnit et al. in 1952, to study thin film adsorption by a change of light
polarization after reflection. Another setup that monitors optical thickness changes by
means of thin film interference is the reflectrometric interference spectroscopy (RIfS).
The surface plasmon resonance (SPR) technique was first introduced in 1983 by Lied-

berg et al. as a highly sensitive evanescent field biosensor.?! Since in 1990 the commer-
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cial BIACOR instrument was launched, the SPR technique became the most commonly
used method to study analyte-ligand interactions.?> As an acoustic biosensor, the quartz
crystal microbalance (QCM) allows detecting binding events as changes in resonance

frequency and resistance of the quartz crystal resonator.20?

On single molecule level, surface coupled protein-protein interactions are measured by
means of fluorescence techniques (i.e. total internal reflection fluorescence, TIRF) or
force spectroscopy. Although the atomic force microscopy (AFM) technique relies on
determining the interaction forces of protein complexes (sensitivity in pN range) in-
stead of interaction energies, valuable information can be gathered in terms of the pro-
teins reaction coordinates, interfaces that are involved in the interaction, protein un-
folding and binding stoichiometry.?*? Selected methods that allow to quantify protein-

protein interactions are schematically depicted in Fig. 1.2.

solution based surface coupled

&AT&S “
=>
e interaction forces

af'flmty AFI\W

lTC e
mapping,interface analyms v
quan’uﬂcation

FRET : A g el d
( BRET ]
‘z FCS NSPR kif?iﬁ?tcs'
kinetics, & y

affinity

Fig. 1.2 Schematic drawing showing selected methods that allow quantifying protein-protein interaction
in solution or surface coupled such as: isothermal titration calorimetry (ITC), atomic force microscopy
(AFM), quartz crystal microbalance (QCM), surface plasmon resonance (SPR), fluorescence correlation

spectroscopy (FCS), fluorescence or bioluminescence resonance energy transfer (FRET and BRET).
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Surface coupled biosensor techniques require modification of the transducer surface in
order to specifically bind the target protein (see chapter 4.2 on page 108 for detailed
description). Typical strategies to modify a metal coated transducer surface are thiols
or silanes with attached head groups that are capable of exclusively binding the protein
of interest. Artificial membranes provide another possibility to couple proteins using
modified phospholipid head groups with the main benefit of guaranteeing the lateral
mobility of the immobilized proteins in order to obtain the best possible conditions to

mimic natural cellular systems.

1.3 Model Membranes to Characterize Proteins and Protein In-

teractions

Many proteins are embedded in or at least temporarily linked to biological membranes.
To study protein-lipid or protein-protein interactions or functionally characterize single
proteins (i.e. ion channels) various types of artificial membrane systems have been es-
tablished. They serve as versatile platforms to characterize proteins or investigate their
interactions in an environment that resembles cellular structures. As for transmem-
brane proteins, the reconstitution in membranes is even mandatory to obtain their full

functionality and prevent protein denaturation.

As a matter of fact, each system offers certain advantages, depending on the aspects
that are wished to be addressed. A selection of possible model membrane systems is

depicted in Fig. 1.3.
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Fig. 1.3 Schematic drawing of selected model membranes systems. Depicted are small, large and giant
unilamellar vesicles (SUVs, LUVs and GUVs), solid supported membranes (SSMs) that are either gold
supported and hybrid membranes (self assembled monolayer and lipid monolayer) (A), silicon support-
ed bilayers (B) or hybrid membranes on porous material (C), black lipid membranes (BLMs), pore span-
ning membranes (PSMs) and tethered solid supported membranes. Stars represent fluorescent labels of

proteins or lipids.

Small or large unilamellar vesicles (SUVs or LUVs) for instance can be used to study
fusion processes or other fluorescence coupled phenomena. Van den Bogaart et al. in-
vestigated the fusogenity of SNARE protein containing vesicles by means of fluores-
cence resonance energy transfer (FRET) experiments.?® Actin networks have been re-

constituted in giant unilamellar vesicles (GUVs) by Pontani et al. to mimic cellular
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structures. Tamba et al. demonstrated that magainin 2 permeabelizes the membrane of
GUVs by showing the release of a fluorescence dye that was entrapped inside the
GUVs.7 In general, GUVs with a size of several micrometers properly resemble eukar-
yotic cells in terms of their dimensions and are suitable for optical experiments such as
fluorescence microscopy. Hence, numerous experiments have been conducted that deal

with the influence of protein binding on lipid and membrane organization.?%

Solid supported membranes (SSMs) can be either hybrid, gold supported membranes
composed of a self assembled monolayer and a lipid monolayer or on planar lipid bi-
layers with a silicon, glass or mica solid support. A three dimensional surface can be
generated using porous anodic aluminum oxide (AAO) pores as a solid support. Laz-
zara et al. developed a biosensor assay based on porous AAQO substrates.* By means of
optical waveguide spectroscopy (OWS) and confocal laser scanning microscopy
(CLSM), they investigated the adsorption of protein on differently functionalized AAO
films.?32 Owing to the three dimensional structure of porous AAO films, they offer a

good mimic to cragged cellular structures such as membrane ruffles and microvilli.

In contrast to those membranes that lack a solid support, SSMs do not offer an enclosed
inner compartment and have a reduced lateral mobility. However, they are invaluable
tools to investigate adsorption processes of proteins in a time resolved manner, as the
solid support can serve as a transducer surface of optical and acoustical biosensors.**-%
Also, the smooth surface of lipid bilayers formed on silicon or mica is suitable for imag-
ing proteins by means of atomic force microscopy (AFM) giving insight into the pro-
teins dimension and the lateral protein organization.’**” Tethered lipid bilayers posses
an aqueous phase between the membrane and the solid support, as the applied thiol
lipids serve as spacer that decouples the membrane from the solid support.® Thus, the
investigation of membrane transport processes by means of electrochemical techniques
such as impedance spectroscopy is more feasible compared to solid supported hybrid
membranes. Although both tethered lipid bilayers and unilamellar vesicles enclose an
inner cavity, it is not possible to access this compartment in order to vary its contents

or, in case of the vesicles, electrochemically address this compartment. Black lipid
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membranes (BLMs) allow to separately control and address both compartments. BLMs
have been used for over 50 years to reconstitute and characterize channel proteins such
as the bacterial outer membrane channels.* Since they span an area with a diameter up
to the lower millimeter range (100 um-2 mm), their long term stability is strongly de-
creased compared to SSMs.%’ Pore spanning membranes (PSMs) on the contrary only
have a free standing area with diameters ranging from several nanometers up to a few
micrometers. Hence, they combine the advantages of SSMs and BLMs, as their long
term stability is significantly increased compared to BLMs and an accessibility and a
control of both aqueous compartments is provided. Besides the feasibility of electro-
chemical characterizing transport processes through channel proteins, PSMs can also
be mechanically addressed using the atomic force microscope (AFM).## The influence
of embedded or membrane linked proteins on the membrane mechanics can thus be

elucidated.
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2 Scope of the Thesis

Protein interactions that take place within cells often occur at membrane interfaces.
Apart from investigating protein interactions in vivo, it has been of widespread scien-
tific interest to study these interactions in vitro, with the benefit of being able to control
all variable parameters like protein and lipid composition as well as surface geome-

tries.

The aim of this work is to investigate specific interactions of membrane associated pro-
teins in vitro, utilizing artificial membranes that mimic the corresponding cellular mem-
brane structure. Owing to the uniqueness of cellular membranes as surfaces that medi-
ate protein interactions, a great effort is made to adapt the character of each artificial

membrane to the needs of the proteins under investigation.

First, the interactions between C-terminal polycystin-2 (cPC2) and some of its putative
interaction partners are investigated. The full length transmembrane protein polycys-
tin-2, (PC2) regulates cellular proliferation and differentiation as part of an interaction
network. Here, a biosensor assay based on solid supported membranes (SSMs) is de-
veloped that allows to quantify these protein-protein interactions by means of the
quartz crystal microbalance (QCM) and surface plasmon resonance (SPR) technique.
The benefit of this assay is that it enables one to study the interaction of membrane as-
sociated proteins, providing their natural environment, by coupling one interaction

partner to the membrane surface (chapter 4).

This assay is then applied to quantify the interaction of cPC2 with the C-terminal poly-
cystin-1 (cPC1) as a function of Ca? concentration (chapter 5). Inside cellular systems,
the interaction of the full length proteins takes place at the plasma membrane and is
supposably responsible for regulating cellular development. Since several groups re-

ported Ca* induced structural changes of cPC2 or protein oligomerization, it is of high
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interest to elucidate, whether these changes have an impact on the cPC2-cPC1 interac-

tion.

The influence of cPC2 pseudophosphorylation at Ser®? on the interaction with PI-
GEA14 is the following matter of investigation (chapter 6). Extracting dissociation con-
stants and kinetic rate constants of the interaction, it is aimed to test a model proposed
earlier, which hypothesizes that a phosphorylation at Ser®’? would diminish the interac-
tion between PC2 and PIGEA14 in the cell and thus hamper the retrograde PC2

transport to the plasma membrane.

The interaction of filamentous actin (F-actin) and ezrin mainly takes place inside the
mi-crovilli of polarized epithelial cells, providing the stability and dynamics of these
finger-like cellular protrusions. SSMs lining the interior of optically transparent porous
anodic aluminum oxide (AAQ) films are used to mimic the cellular microvilli in order
to study adsorption processes that occur atop and inside these porous structures. It is
aimed to control the adsorption process of F-actin at the AAO membrane surface by
means of opti-cal waveguide spectroscopy (OWS) and confocal laser scanning micros-

copy (CLSM) us-ing different surface funtionalization strategies (chapter 7).

The impact of a membrane attached F-actin network on the tension and viscoelastic
properties of pore spanning membranes (PSMs) is going to be studied by means of at-
om-ic force microscopy (AFM, chapter 8). In eukaryotic cells, numerous actin binding
proteins (ABPs) regulate the cortical F-actin network, thus governing the mechanical
properties of the cells. The great benefit of this in vitro set up based on PSM, compared
to directly measuring the cellular mechanics, is that the impact of each actin binding
protein (ABP) on the membrane mechanics can be addressed and studied independent-

ly from one another.



3 Materials and Methods

3.1 Experimental Methods

3.1.1 Preparation of Nanoporous Anodic Aluminum Oxide Substrates

As a nonporous barrier oxide, anodic aluminum oxide (AAO) is employed in manifold
applications such as aluminum protection from environmental damage and catalysis
since the early 20* century.! Highly ordered nanoporous AAO materials have been
used in the last 40 years in the fields of sensing, separation and more recenlty as a sup-
port for pore spanning membranes (PSMs).>® Basically, growth of AAO is induced by
electrochemical anodization that, in the presence of a proper electrolyte, causes the

conversion of Al metal to aluminum oxide (eq. 3.1 and eq. 3.2).

Anode: 2AI¥* + 3H,0 ———» ALO; + 6H" + 6¢ eq. 3.1

Cathode: 2H* + 2 ¢ —>» H, eq. 3.2

While barrier oxide forms in a solution with pH <5 or in acids that only poorly dissolve
the alumina, porous AAO is formed in the presence of acidic solutions that moderately
dissolve Al2Os such as H2SO4, H3PO4 or H2C204.4 Concentrated solutions of H2SO4 and
HsPOu strongly dissolve the formed alumina and are therefore used for electropolish-

ing, a process to reduce the surface roughness of the aluminum metal plates.

Porous AAO membranes are composed of a thin barrier layer (10-100 nm) neighboring

the aluminum metal. The porous region can extent up to several micrometers depend-
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ing on the anodization time and the applied voltage. In 1998 Jessensky et al. found a
higher volume expansion of the aluminum during oxidation in 20 % H250s, if a higher
voltage was applied.® Besides this, the lattice constant (Acc) of the honeycomb like
structured pore array is proportional to the applied voltage at a given electrolyte. Li et
al. showed that the lattice constant of a hexagonally ordered pore array can be tuned by
varying the electrolyte and the applied voltages from 19-160 V. AAO pores with lattice
constants between 50-420 nm in the following order obtained were produced: Ac-

c(H2S504)<Ac-c(H2C204)<A c-c(HsPO4).0

In this work, a 0.3 M oxalic acid solution and 40 V were applied at 1 °C to fabricate hex-
agonally ordered AAO pores with Acc=100nm with a resulting AAO thickness
growth of 2.5 um/h.” A schematic drawing of nanoporous AAO and scanning electron

microscopy (SEM) micrographs are shown in Fig. 3.1.

Fig. 3.1 (A) Schematic three dimensional drawing of a highly ordered AAO substrate fabricated by elec-
trochemical anodization of Al metal plates. The anodization condition (electrolyte, voltage, temperature,
time) controls the shown dimensions such as the lattice constant (Ac-c), the barrier oxide thickness and
the AAO thickness. Size of the pore diameter (dr) can be tuned via pore widening in 5 % HsPOu. (B) SEM
micrograph of the top view and side view (C) of highly ordered AAO pores anodized in 0.3 M oxalic acid
solution at 40 V, 1 °C for 2.5 h. The AAO was pore widened in 5 % HsPOs for 60 min (de = 65 nm)).

In 1970 O’Sullivan proposed a model that describes the process of self regulated pore

growth.® Although this model has been refined over the past decades, pore growth is
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basically governed by a difference in electrical field distribution at the pore tops and
bottoms. The alumina expansion during pore growth causes a mechanical repulsive
stress that provides the actual driving force of highly ordered honeycomb shaped
pores. More explicitly, growth of nanoporous aluminum oxide during electrochemical

anodization can be classified into four steps (Fig. 3.2).
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Fig. 3.2 (A) Schematic drawing of the four different steps of self regulated alumina growth leading to the
formation of honeycomb structured highly ordered porous AAO. (B) Time course of the current shift
during the first anodization (black) of electropolished aluminium and second anodization (red) of the
pre-textured aluminum surface (first 30 minutes are shown). The respective steps (1-4) are marked inside

the graph.

Step 1 refers to a drop of current flow within the first minutes of anodization indicating
the formation of a thin aluminum oxide barrier layer. The current then starts to rise
slowly in step 2 reflecting the development of surface perturbations. This leads to local
electrical field distributions that cause an increased dissolution of Al* at these cavities.
In step 3 disordered pores form. The current still rises until a maximum is reached cor-

responding to a high rate of Al oxidation and Al** dissolution inside the pores and thus
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an increased current flow. After the whole surface is covered with disordered pores the
process of pore growth becomes self regulating due to repulsive forces between the
walls (step 4). A state of equilibrium is reached, at which the pores grow with a con-
stant rate characterized by a slight decrease of current flow over the whole anodization

time.

To obtain highly ordered porous AAO substrates Masuda et al. developed a two step
process including a first anodization as a pre-texturing step, the dissolution of the less
ordered porous AAO that leaves a pre-textured, highly ordered aluminum bottom and
a second anodization that results in the formation of highly ordered alumina pores.’
The two anodization steps are depicted in Fig. 3.2 B. Remarkably, the two curves show
different characteristics such as a slower current increase, no overshoot phenomenon

and a higher minimum in case of the second anodization.*

Besides improving the degree of order of the AAO by two step anodization, it has been
reported previously that the annealing of the aluminum foil prior to further treatment
improves the pore ordering significantly.’ This can be explained with a grain growth
and thus a reduction of grain boundaries due to annealing of the Al metal. Within these
grains the face centered cubic cell that is formed by aluminum atoms are perfectly ar-
ranged and oriented. A reduction of grain boundaries leads to a macroscopically in-
creased ordering and additionally reduces the surface roughness of the aluminum
plates.!! In this work, the two step anodization process developed by Masuda et al. was
adapted with annealed Al metal plates and will be described in detail in the following

sections.

Electrochemical Polishing of Aluminum Plates

High purity aluminum plates (99.999 %) with a square size of 2.5 X 2.5 cm from Good-
fellow (Bad Nauheim, Germany) were annealed overnight at 500 °C and slowly cooled
to room temperature to allow the formation of highly ordered pores within macroscop-

ic grains.
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Electrochemichal polishing of the alumina plates was performed in a four-hole Teflon
chamber applying 24 V at 70 °C for 15 min in a strong acid solution (250 g H20, 250 g
85 % HsPOsand 250 g conc. H2S0s) that immediately dissolves the formed barrier oxide
and thus leaves a perfectly smooth surface. Before the four plates were placed inside
the Teflon chamber, the copper bottom was treated with abrasive paper. It was taken
care of a tight sealing, because any leakage during the polishing steps would affect the
quality of the aluminum plates. After the first polishing step, the solution was ex-
changed and the 4 plates were re-polished until they were as smooth as possible indi-
cated by a mirror-like reflectivity. The aluminum plates were subsequently rinsed with
MilliQ water and ethanol p.a. and immersed in a 5 % HsPOs solution for approximately
one h to remove the film of disordered Al:Os that covers the polished Al metal surface.
It was of major importance to rinse the plates with ethanol p.a., before re-immersion
with HsPOs solution to reduce the surface tension and facilitate the penetration of the
acid solution inside the perturbations. When all traces of AlzOs in terms of a white or a
dim-violet film were vanished from the aluminum plates after drying them in a stream

of nitrogen, the second anodization step could be performed.

Surface roughness can be reduced from 5 um to 20-30 nm during the process of electro-
chemical polishing.® A SEM micrograph (Fig. 3.3) shows a non-polished, annealed alu-

minum foil (A) and a polished aluminum plate (B).
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Fig. 3.3 SEM micrograph of an unpolished, annealed aluminium plate (A) and an aluminum plate after

electrochemical polishing (B).

Fabrication of Ordered Porous Anodic Aluminum Oxide Substrates

After electrochemical polishing of the aluminum metal plates, they were transferred to
a polyvinylchloride four-hole chamber that provided a tighter seal and thus prevents
leakage during the anodization process. The chamber was placed on a cooling block
that was equipped with a Peltier element for temperature control with T =1.5 °C. Pre-
cooled 0.3 M oxalic acid solution was poured inside the chamber to immerse the Al
plates. A stirrer was attached to the aperture and the system was left for 10-30 min to
reach a temperature of 1.5 °C. The first anonization was then performed at 40 V for
2.5h to pre-texture the aluminum surface. The AAO plates were rinsed with MilliQ
water and ethanol p.a., before the formed, less ordered pores (Fig. 3.4 A) were dis-
solved in a 5 % HsPOu solution for approximately 2-3 h. The dissolution of the AAO
surface was controlled as described above. A SEM micrograph of the pre-textured alu-
minum bottom is shown in Fig. 3.4 B. The second anodization was carried out as the
tirst one, but with variable anodization times from 1.5-2.5 h, so that either 3.5 um thick
porous AAO substrates for optical waveguide spectroscopy (OWS) experiments or
AAOQOs with a 7 um thickness for confocal laser scanning microscopy (CLSM) experi-
ments were obtained. A SEM micrograph shows the highly ordered pores as the result
of the second anodization step (Fig. 3.4 C).
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Fig. 3.4 SEM micrograph of a porous AAO film after the first anodization(A), the pre-textured aluminum
pore bottom after dissolution of the AAO (B) and the highly ordered AAO pores after the second ano-
dization step (C).

Further Processing of Porous Anodic Aluminum Oxide Substrates

First, the AAO plates were prepared to remove the remaining aluminum with acidic
CuCl: solution (etching solution). In order to do so, each plates was surrounded with
double sided tape from Tesa (Hamburg, Germany) and glued on a glass slide with the
AAO facing the glass. On the back side of the aluminum plates, lines were drawn to
delimit the AAO-Al metal boundary. The periphery was then covered with a two com-
ponent epoxy glue from UHU (Briihl, Germany) to produce a seal that protects the
AAOQ from the CuClz-solution during the etching process. After the epoxy was cured
(2-3 h), the substrates were immersed in etching solution (8.5 g CuCl, 250 g H20, 250 g
conc. HCl) that contained a hint of ethanol p.a. to reduce surface tension. During the
etching process Cu? is reduced to Cu metal, while Al metal is oxidized to AI**. Cu that
was formed on top of the Al surface was immediately rinsed away with a glass pipette.
After transparent spots of AAO became visible, the substrate was transferred to a petri
dish filled with etching solution that was cooled on ice. Dissolution of Al metal took
place as long as there were still traces of aluminum left on the AAO bottom surface.
After the etching process the substrates were immersed in MilliQ water containing a
hint of ethanol, rinsed thoroughly with MilliQ water and ethanol p.a. and carefully
dried under a stream of nitrogen in a way that all drying stains were diminished on the

surface.
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For CLSM experiments, the 7 pm thick AAQO substrates were broken into small pieces
with extra sharp tweezers and glued on a glass plate with the pores facing upwards. To
prepare the glue two drops of UV-curable optical adhesive (NOA 83H) were dissolved
in 1.5 mL of THF from Norland Products (Cranbury, USA). The glass plate had been
cleaned via ultrasonication in 2 % Hellmanex® solution and MilliQ water, 15 min at
room temperature and cut into a desired size. The glue was cured for at least 30 min

under an UV-lamp.

For OWS experiments the AAO bottom side had to be covered with a 20-30 nm cou-
pling layer of gold. To prevent any damages caused by the vacuum during evapora-
tion, a small hole was cut into the glue between the Al plate and the glass slide before
evaporation. The substrate was then placed inside a Bal-Tec MCS610 thermal evapora-
tion unit equipped with a QSG060 thickness monitor and gold was evaporated at 5-10-
bar while the substrates were rotating. After the substrates had been coated with gold,
they were broken into pieces with a diameter of approximately 0.5 cm and glued (UV-
curable glue dissolved in THF as described above) to a LaSFN9 high refractive index
glass slide with the gold facing the glass and the porous side facing upwards.

The AAO pores could then be widened to obtain pores with a diameter from 25 nm to
75 nm. According to eq. 3.3 the pore widening process is linearly proportional to the
time it is immersed in a 5 % (v/v) solution of conc. HsPOs at 20 °C under constant stir-

ring.”

drore=0.75 -t + 25 nm eq. 3.3

In this work, porous AAO substrates with diameters of 25, 35, 45, and 65 nm were pre-
pared to investigate the influence of pore dimensions on the penetration ability of fila-

mentous actin (see chapter 7, page 195). It is important to note that, if any modifications
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were performed in a liquid environment (spreading, F-actin binding), that AAO sub-
strate was first rinsed thoroughly with ethanol p.a. to allow the penetration of buffer in

the pore interior.

3.1.2 Functionalization Strategies

Self assembled monolayers (SAMs) have gained significant attraction in corrosion inhi-
bition, biosensing and as platform for chemical surface coupled reactions.!>!* The most
popular representatives of SAMs are thiols on gold** and trichloro- or tri-ethoxy
silanes on silicon or aluminum oxide surfaces.® Both systems obtain certain ad-
vantages. While SAMs on gold are easy to prepare with high reproducibility, SAMs
composed of silanes on SiO: exhibit higher physical and chemical stability once ad-
sorbed on the surface. However, the assembly of SAM on SiO: seems to be more com-
plex compared to thiols on gold. Also, most silanes used for surface functionalization
react with traces of water, so careful handling during the preparation is mandatory.!?
Basically, SAM compounds can be divided in three parts: the head group, alkyl chain
and terminal group that often carries a chemical functionality. Preparation of SAMs can
either be carried out in liquid- or vapor-phase. Kinetics and mechanism of SAM for-
mation have been well investigated in the past.!* The rate of formation is dependent on
compound concentration, temperature, solvent and chain length. The adsorption pro-
cess of thiols on gold surfaces can be characterized by two phases: the initial phase
takes place within minutes and corresponds to a fast adsorption of thiols that leads to a
final surface coverage of 80-90 %.!* The next phase includes processes such as lateral
diffusion, additional adsorption and enhanced packing to obtain a surface coverage of
up to 99 %. The densely packed, pseudocrystalline assemblies are tilted 20-30° from the

surface normal (Fig. 3.5).
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Fig. 3.5 Scheme of a self assembled monolayer (SAM). The head groups (thiol or silane) are chemisorbed
on a solid support (gold or silicon/ aluminum oxide) that can be either planar or porous. The chains have
a defined length and are tilted 20-30° from the surface normal. The terminal group is modified in order

to create desired surface characteristics.

In this work both thiol and silane chemistry was used to functionalize both planar gold

and silicon surfaces and porous aluminum oxide surfaces.

Octanethiol Functionalization of Planar Glass Substrates

Before surface functionalization of the substrates by means of thiol chemistry could be
conducted a defined layer of chromium and gold was evaporated onto the high refrac-
tive LaSFNO glass plates and the AT-cut quartz crystals. The LaSFN9 glass plates that
were employed for surface plasmon resonance (SPR) measurements had a square size
of 2.5 x 2.5 cm?, the quartz crystals used for quartz crystal microbalance (QCM) meas-
urements were 1.4 cm in diameter (d) and had a thickness of & =0.33 mm. Both sub-
strates were first cleaned in a 5 % Hellmanex® solution via ultrasonication for 15 min at
room temperature. Afterwards they were instantly rinsed with ultrapure deionized
water and ultrasonically cleaned in ultrapure, deionized water (MilliQ water) two
times for another 15 min. The glass substrates were then separately rinsed with ul-
trapure, deionized water, dried in a stream of nitrogen and placed inside a Bal-Tec

MCS610 thermal evaporation unit equipped with a QSGO060 thickness monitor. The



Materials and Methods |27

quartz crystals were mounted inside a master plate followed by evaporation of 10 nm
chromium and 120 nm gold (5-10°bar, 4 V) on each side to obtain a gold area of As-
ola= 0.255 cm? (Fig. 3.6).

Fig. 3.6 Schematic drawing of an AT-cut quartz crystal (d = 1.4 cm, k = 0.33 mm) evaporated with a de-

fined layer of chromium and gold on each side (Agoa = 0.255 cm?).

In case of the LaSFN9 plates a 1.5 nm chromium layer and a layer of 45-55 nm of gold
were applied to the plates. To provide a smooth and uniform gold layer the substrates
were rotated during the evaporation process. The quality of the gold layer was con-

trolled using a light microscope.

To hydrophobically functionalize the gold surface of both the AT-cut quartz crystals
and the LaSFNO9 glass plates, they were first treated with Ar plasma and then immersed
in a 10 mM ethanolic solution of octanethiol for two hours at room temperature or 12 h
at 4 °C. The substrates were thoroughly rinsed with ethanol p.a. and buffer. Formation
of the self assembled monolayer (SAM) occurred as a result of a spontaneous thiol
chemisorption onto the gold surface and dense packing of the alkane chains due to van
der Waals interaction.!® The quality of the SAM was controlled by means of impedance
spectroscopy (see chapter 3.4.1). The octanethiol-gold substrates were used immediate-
ly after functionalization to prevent any contamination that might affect the process of

vesicle spreading (see chapter 3.2.3).

The SAM of the quartz crystal gold surface could be chemically removed using Piranha
solution (conc. H2504/30 % H20., 3:1, v/v) for two minutes. After the incubation in Pira-
nha solution the quartz crystals were subsequently rinsed with MilliQ water and dried

under a stream of nitrogen. Due to an increased surface roughness after this procedure,
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the gold coated quartz crystals were only reused as long as a sufficient quality could be
guaranteed. The quality of the gold layer was again controlled by means of light mi-

Croscopy.

If the quality of the gold layer was inadequate after treatment with Piranha solution,
the gold and the underlying chromium were removed and the substrates recoated with
chromium and gold. Therefore, the substrates were incubated in a 0.5 M KI/0.25M L
solution for 20 min at room temperature to remove the gold layer and a solution com-

posed of 5 M KOH and 1 M Ks[Fe(CN)s] to remove the chromium layer.

The octanethiol monolayer that covered the LaSFN9 glass plates could not be removed
via Piranha treatment, because the high refractive index glass is not resistant against
strong acid solutions. Instead, the gold and chromium layer was removed after each

functionalization and the glasses were recoated as described above.

Dodecyl-trichlorosilane Functionalization of Silicon and Anodic Aluminum Oxide Substrates

Planar silicon wafers (1.8 x 0.5 cm?) covered with 100 nm SiO: or porous anodic alumi-
num oxide (AAQO) substrates (see chapter 3.1.1) were functionalized with dodecyl-
trichlorosilane (DTS) to ensure similar hydrophobicity to the octanethiol covered gold
surfaces. Silane chemistry was used instead of thiol chemistry to retain the optical
properties of the respective substrates in order to perform fluorescence microscopy and
optical waveguide spectroscopy (OWS) experiments. Prior to functionalization, the sili-
con wafers were rinsed thoroughly with isopropanol and MilliQ water. They were im-
mersed in a solution of H-O/NH3/H20:2 (5:1:1, v/v/v) for 20 min at 70 °C to obtain a clean
and hydrophilic surface. In case of the AAO substrates hydrophilization was achieved
via Oz plasma treatment for 3 min. For DTS functionalization both substrates were in-
cubated in dry toluene with 2 vol.% DTS for 15 min under vacuum, immediately rinsed
with dry toluene and left overnight in vacuum at 65 °C according to the literature.!”-"°

The functionalized substrates were stored under air atmosphere for no longer than two
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days before usage. Toluene was dried over 0.4 nm molecular sieve (Roth, Karlsruhe,

Germany) and kept no longer than two weeks before using.

Aminopropyl-triethoxysilane Functionalization of Anodic Aluminum Oxide Substrates

To obtain a positively charged, hydrophilic surface at physiological conditions (pH 7.4)
aminopropyl-triethoxysilane (APTES) was used as silane reagent to functionalize the
anodic aluminum oxide (AAQO) pore interior.”’ In order to silanize the AAO porous
substrates, they were first cleaned and hydrophilized via O: plasma treatment. They
were then placed inside a glass staining jar together with 50 ul of APTES pipetted in a
glass test tube that was also placed inside the jar. The chamber was then sealed with
Scotch electrical tape (3M, St-Paul (MN), USA) and left in an oven to heat for 10 min at
130 °C, followed by 12 h under constant evacuation, a process that has been described
as vapor deposition.?! The silanized substrates were stored under air atmosphere for no

longer than three days before usage.

Mercaptoethanol Functionalization of Porous Silicon Nitride Substrates

FluXXion porous silicon nitride substrates (fluXXion B.V, Eindhoven, Netherlands)
with a pore diameter of 1.2 pm were used for membrane and F-actin/membrane inden-
tation experiments (see Fig. 3.7). The porous area on these substrates is arranged in a
pattern of 14 lines with 10 rectangles with the writing “FLUXX SIEVE 1.20” on one side
of the solid support. This pattern was used as a coordinate system that allows for local-

ization of membrane patches during the atomic force indentation experiments.
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Fig. 3.7 SEM micrograph of porous silicon nitride substrates with a pore diameter of 1.2 um. (A) Top
view of 2000 times and (B) 25.000 times magnified porous substrates. (C) side view of silicon nitride

pores evaporated with a 35 nm gold layer.

Before functionalization of the fluXXion porous substrates with mercaptoethanol was
conducted, they had been coated with a thin adhesive layer of titanium and a 30-35 nm
gold layer. First the substrates were treated with Ar plasma for 3 min, then titanium
was sputter coated (Sputter Coater 108 Auto, Cressington Instruments, Watfort, UK) on
top of nine fluXXion substrates arranged quadratically at 40 mA for 20 sec. The porous
substrates were then placed inside the Bal-Tec MCS610 thermal evaporation unit di-
rectly beyond the gold evaporation vessel. Without rotation, 30-35 nm of gold were
evaporated onto the substrates (tooling factor: 0.71). This procedure was chosen to re-
duce the penetration depth of gold clusters inside the pores. After the AU evaporation,
to ensure that no gold lined the pore interior, the interior was coated with 9 nm of tita-

nium by sputtering it on the backside of the fluXXion substrates.

The fluxxion substrates were then treated with Ar plasma for 3 min. For hydrophilic
functionalization they were immersed in a 10 mM isopropanolic mercaptoethanol solu-
tion for 1 h at room temperature. After incubation, the substrates were thoroughly
rinsed with isopropanol and dried under a stream of nitrogen. All substrates were used

immediately after functionalization (see chapter 3.2.5)
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3.2 Lipidchemical Methods

3.2.1 Preparation of Lipid Films

Lipid films were prepared from stock solutions (2-10 mg/ml) of the particular lipid in
chloroform (PIP2 was dissolved in CHCls/MeOH/H20, 20:9:1). All lipids used in this
work were purchased from Avanti Polar Lipids (Alabaster, USA), they are listed in
Table 3.1. Corresponding to the desired amount and lipid ratio, certain volumes of the
stock solutions were pipetted in a test tube containing 200 pl of chloroform (total lipid
concentrations 0.2-0.5 mg). If PIP2 containing lipid films were prepared, a 4 ul of MeOH
p.a. was pipetted to the chloroformic solution. The test tubes were transferred to a wa-
ter bath that had been heated to 32 °C and the solvent was removed in a gentle stream
of nitrogen. To completely remove the remaining solvent, the test tubes were placed
inside a vacuum oven at 32 °C for at least 3 h. They were then sealed with Parafilm®

and kept at 4 °C until used, but not longer than three months.
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Table 3.1 Structural formula and properties of the employed lipids.

Lipid

Mass
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mixture)

M =1096.4 g/mol
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To visualize either the giant unilamellar vesicles (GUVs), solid supported or pore
spanning membranes the lipid film was doped with 0.5-1 % of a fluorescently labeled

lipid marker (see Table 3.2).

Table 3.2 Structural formula and properties of the employed fluorescent lipid marker.

Fluorescent marker Properties
@
0 ?)L@fm - M= 881.9 g/mol
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| 3 o N
Aexmax = 500 nm
Bodipy-PC

2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-
dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine

0.0 Aex,max =438 nm

perylene

Aem,max =510 nm

M =225.3 g/mol

Aem,max =472 nm

O

o _ o
H o d_on_ I | M=1528.5 g/mol
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PIP>-TMR
Aem,max = 574 nm

L-a-phosphatidylinositol-4,5-bisphosphate-tetramethylrhodamine
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3.2.2 Preparation of Unilamellar Vesicles

Unilamellar vesicles have been used as a model membrane system to investigate the
properties of biological membranes. Unilamellar vesicles are often used to reconstitute
transmembrane proteins and due to their defined, separated inner compartment as a
drug delivery system. The can be classified according to their size: small unilamellar
vesicles (SUVs) have a diameter ranging from 20-50 nm, large unilamellar vesicles
(LUVs) have a diameter of 50-1000 nm and giant unilamellar vesicles (GUVs) are be-
tween 1-100 um in diameter. While SUVs and LUVs are often employed to create solid
supported membranes from vesicle spreading, GUVs can directly be addressed with an
optical microscope. Also, GUVs are used to create pore spanning membranes via

spreading technique.?

Small Unilamellar Vesicles

Small unilamellar vesicles (SUVs) were prepared via sonication to obtain liposomes in
the range of 20-50 nm in diameter. A lipid film (see chapter 3.2.1) was rehydrated in at
least 0.5-1 ml of the desired buffer and left for 20 min. The suspension was then vor-
texed three times for 30 sec in intervals of 5 min. The so formed multilamellar vesicles
(MLVs) were transferred to an Eppendorf® tube and sonicated for 3 X 10 min using a
tip-sonifier (Sonoplus HD 2070) from Bandelin (Berlin, Germany) with a pulsation cyl-
ce of 40 % and amplitude of 65 %. Between each sonification step the water inside the
sonifier was renewed to prevent any damage of the lipid material caused by water
heating during sonication. SUV concentration and buffer composition differed accord-

ing to the conditions needed for each individual spreading experiment.

Giant Unilamellar Vesicles

Giant unilamellar vesicles (GUVs) were prepared by the electroformation technique as

described by Mathivet et al. in 1996.2 At first lipid stock solutions in chloroform and a
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fluorescent marker lipid were mixed with pure chloroform p.a. in the desired ratio (fi-
nal mass = 0.15 mg, total volume = 60 ul). 30 ul of this stock solution was pipetted on
each of the two cover slides that were covered with a thin, electrical conductive film of
indium tin oxide (ITO slide). The solvent was removed under vacuum for 30 min at
room temperature. The ITO glass slides were then assembled as depicted in Fig. 3.8.
Electrical contact was ensured by application of a copper stripe. A 300 mM solution of
sucrose was added to rehydrate the lipid film and an AC voltage of 3 V with a frequen-

cy of 5 Hz was applied for 3 h to allow for GUV formation.

- copper stripe

teflon spacer

lipid film
silicon sealing
ITO glass

Fig. 3.8 Scheme of ITO slides assembly used as a GUV preparation chamber equipped with teflon spac-
ers and copper stripes to achieve electrical conductivity. The lipid film is deposited between the silicon

sealing.

3.2.3 Solid Supported Monolayers on Functionalized Surfaces

Solid supported hybrid membranes can be fabricated by spreading small or large
unilamellar vesicles on a hydrophobically functionalized surface (see chapter 3.1.2)
Due to the hydrophilic headgroups in the outer leaflet, membrane formation cannot
take place via simple vesicle adsorption and spreading. A mechanism of liposome fu-
sion onto hydrophobic surfaces was first suggested by Lingler et al. in 1997 as a process

that involves vesicle adhesion, rupturing and lateral spreading of the monolayer.?* The
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main driving force of this process is presumably a hydrophobic effect, as the addition
of a lipid adlayer on a hydrophobic alkanethiol surface causes a reduction of free ener-
gy at the SAM/water interface.”® Some of the advantages of hybrid membranes com-
pared to solid supported bilayers are the easy fabrication, an increased mechanical sta-
bility and the possibility of applying electrochemical techniques and biosensor tech-
niques such as SPR or QCM,, if gold is used as a solid support.”® Hybrid membranes are
limited by the rigidity of the solid support, which results in a reduced fluidity and hin-

ders the insertion of membrane proteins.?

Planar Octanethiol Functionalized Gold Surfaces

Gold coated planar AT-cut quartz crystals for quartz crystal microbalance (QCM) ex-
periments and high refractive LaSFN9 glass slides for surface plasmon resonance (SPR)

experiments were functionalized with octanethiol as described in chapter 3.1.2.

In case of the AT-cut quartz crystals, a SUV solution (c = 0.3 mg/ml) was added to the
hydrophobic SAM at room temperature, immediately after the formation of the self
assembled octanethiol monolayer was controlled by means of impedance spectroscopy.
After an incubation time of 1.5 h, the system was thoroughly rinsed with buffer and the
quality of the formed membrane was checked by means of impedance spectroscopy

(see chapter 3.4.1).

In case of the LaSFN9 glass plates a 0.3 mg/ml SUV solution was pumped via a peristal-
tic pump to the octanethiol covered gold plate for 1-1.5 h at room temperature. The
spreading process was monitored in situ during the SPR experiments in kinetic mode.
After vesicle spreading was finished, buffer was pumped through the system for at
least 15 min to remove vesicles that might be adhered on the membrane surface. Thick-
ness and hence an adequate membrane quality was confirmed by fitting and compar-
ing the SPR spectra taken before and after vesicle spreading (see chapter 3.4.5). SUVs

were prepared as described in chapter 3.2.2.
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For experiments regarding the interaction of C-Polycystin-2 with C-Polycystin-1 and
PIGEA14, SUVs composed of DOPC/DOGS-NTA-Ni, 9:1 in high salt P1-buffer were
used. In case of the experiments performed to study the binding of ezrin and filamen-
tous actin, SUVs composed of POPC/PIP2, 96:4 or DOPC/DOEPC, 7:3 were applied in
E1 buffer.

P1 buffer: 500 mM NaCl, 20 mm TRIS/HCI, pH 8.0

E1 buffer: 50 mM KCl, 20 mM TRIS/HCI, 0.1 mMm EDTA, 0.1 mM NaNs, pH 7.4

Planar DTS Functionalized Silicon and AAO Surfaces

Functionalization of planar silicon and porous AAO surfaces with dodecyl-
thrichlorosilane (DTS) was performed described in chapter 3.1.2. For confocal laser
scanning microscopy (CLSM) experiments, SUVs fabricated according to the procedure
described in chapter 3.2.2 were doped with 0.5-1 mol% of a fluorescent lipid marker

(see Table 3.2).

Planar DTS functionalized silicon wafers were incubated with a 0.3 mg/ml SUV solu-
tion (DOPC/DOGS-NTA-Ni/Bodipy-PC, 89.5:10:0.5) for 1.5 h at room temperature and
then rinsed with high salt P1 buffer. Membrane quality was controlled by means of
CLSM images and fluorescence recovery after photobleaching (FRAP) experiments (see

chapter 3.4.7).

Porous DTS functionalized AAO substrates used for CLSM experiments were incubat-
ed with 0.4 mg/ml SUV solution for at least 2.5 hr at room temperature. The larger SUV
concentration and longer incubation time was necessary to guarantee the formation of
a continuous membrane that lines the whole pore interior. The substrates were then

rinsed with buffer and the quality of the membrane was controlled by means of CLSM.
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For porous DTS functionalized AAQO substrates used for optical waveguide spectrosco-
py (OWS) experiments SUV spreading was followed in situ. For that purpose the OWS
kinetic mode was used with a setup that corresponds to the SPR experimental design.
The 0.4 mg/ml solution was pumped through the system for at least 1.5 h until vesicle
spreading was finished. Buffer rinsing ensured the removal of unspecifically adsorbed
vesicles. OWS spectra that were taken before and after vesicle spreading served as in-

dication for an appropriate membrane quality.

SUVs composed of POPC/PIP: (9:1) or DOPC/DOEPC (7:3) in E1 buffer were used for
experiments performed with porous DTS-AAO substrates. For CLSM experiments, the
SUVs were doped with either 0.5 mol% Bodipy-PC or 1 mol% perylene.

3.2.4 Solid Supported Bilayers on Silicon Substrates

Solid supported lipid bilayers can be formed by vesicle spreading on clean, hydrophilic
surfaces such as silica/oxidized silicon, mica and titanium oxide.?**” On the contrary to
hybrid solid supported membranes the fluidity of the membrane is maintained by a
1-2nm water layer trapped underneath the membrane (D =1-4 um?/sec). Also, the
membrane surface is more smooth than a gold-alkenathiol/monolayer surface, which

allows for atomic force microscopy imaging.

Solid supported lipid bilayers were obtained by spreading SUVs with a 0 mol%,
10 mol%, 20 mol% and 30 mol% DOEPC content (matrix lipid: DOPC) that were doped
with 1 mol% perylene or 0.5 mol% Bodipy-PC on hydrophilic silicon wafers covered

with 100 nm SiO:a.

First, silicon wafers that were cleaned with MilliQ water and isopropanole, were im-
mersed in a solution of H2O/NHs/H202 (5:1:1, v/v/v) for 20 min at 70 °C. To the hydro-
philic wafer a SUV solution (¢ = 0.15 mg/ml) was added in E1 buffer and incubated at

room temperature for 1 h. Remaining vesicles were rinsed away with E1 buffer. The
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membrane quality was checked by means of fluorescence microscopy and FRAP exper-

iments.

3.2.5 Pore Spanning Membranes on Silicon Nitride Substrates

Membranes prepared on a porous support (either porous anodic aluminum oxide or
porous silicon substrates) exhibit versatile benefits compared to solid supported mem-
branes.?® On the one hand pore spanning membranes (PSMs) are accessible from both
the upper and the underlying compartment and can therefore be addressed electrically.
Also a solvent free preparation allows for membrane protein incorporation. On the
other hand, the solid support facilitates the formation of membranes that obtain long

term stability

PSMs were obtained by spreading giant unilamellar vesicles (GUVs, see chapter 3.2.2)
on porous silicon nitride substrates (fluXXion substrates, drore =1.2 um) that were hy-
drophilized with mercaptoethanol (see chapter 3.1.2). In contrast to PSMs formed on
hydrophobically functionalized fluXXion substrates exhibit a negligible prestres. The
hydrophilic porous surface leads to the formation of rather flat PSMs as shown in Fig.
3.9.22 A freshly functionalized fluxXXon substrate was placed inside a teflon chamber
filled with PBS buffer. Before fixing the substrate, it was precautiously hit against the
teflon bottom to allow the release of air bubbles trapped inside the pores. After fixing
the fluXXion substrate, 30 ul of the GUV solution that was kept at 4 °C for no longer
than a week was pipetted on the porous substrate. After 1 h at room temperature the
surface of the fluXXion pores was thoroughly rinsed with buffer and the quality of the

PSMs was inspected by means of fluorescence microscopy.
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mercaptoethanol
gold layer

SizN, porous support

Fig. 3.9 Scheme of a pore spanning membrane. Fluxxion porous substrates with a pore diameter of

1.2 pum, coated with a 30 nm layer of gold and functionalized with mercaptoethanol were used.

PBS bulffer: 27mM KCl, 136.9mM NaCl, 1.5 mM KH:2POs 8.1 mMm
Na:HPOs, pH 7,4

3.3 Proteinbiochemical Methods

There are several well known protein expression systems available. Alongside the most
prominent prokaryotic system Escherchia coli (E. coli), eukaryotic model organisms like
yeast (i.e. Saccharomyces cerevisiae, Pichia pastoris), insect cells or animal cells (Chinese

hamster ovary-, HeLa-cells) are employed.

Recombinant protein expression in E. coli allows rapid protein synthesis up to high
concentrations (40-50 % of the total cell protein) with a large number of available clon-
ing vectors. 3 The E. coli strain BL21 is convenient for protein expression using the
common T7 promoter. In the recent past, the pET vector (from Novagen, Madison,
USA) has become more and more popular (Fig. 3.10). In this vector system the basal

transcription via T7 polymerase (DE3 fragment encodes for T7 polymerase and Lacl
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repressor) without induction is inhibited via the T7 lysozyme. Lysozyme expression

takes place via an additional plasmid called pLys.3!%

IS ~

pET vector

or igin

Fig. 3.10 pET vector with the origin of transcription (yellow), genes for lacl repressor and resistance
marker (blue) and the gene of interest (orange) containing a T7 promoter, lac operator, the multiple clon-

ing site for the target gene and the T7 terminator site.

Drawbacks of the E. coli expression system are the formation of inclusion bo-dies® and
the lack of posttranslational modifications. To overcome these disadvantages, eukary-

otic model organisms can be utilized.

The proteins that were recombinantly expressed in E. coli in this work, are listed to-

gether with their properties, strains, vectors and antibiotic resistances in Table 3.3.
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Table 3.3 Proteins that were recombinantly expressed in E. coli, respective strains, vectors and resistanc-
es. Protein properties were extracted from expasy official website. 3(amp.=ampicillin,

cam. = chloramphenicol, kan. = kanamycin)

Protein Properties Strain, vector,resistance
290 amino acids
Rosetta,
cPC2 M =32.69 kDa
pPMAI-c2/TEV-PKD2c
C-terminal polycystin-2 pl5.06
amp./cam.
e=11,460 M!-cm™!
134 amino acids
BL21(DES3),
cPC1 M =14.58 kDa
pET21b/PKD1c
C-terminal polycystin-1 pl10.98
amp.
e=1,490 M!-cm™!
PIGEAT4 126 amino acids
A BL21(DES3),
polycystin-2 interactor, M = 14.47 kDa
Golgi- and endoplasmic pET21b/CIP1(116/493)
p19.09
reticulum-associated pro- amp.
tein with a mass of 14 kDa | ¢~ 6990 M -cm’
586 amino acids
ezrin wt, BL21(DE3)pLysS,
M =69.41 kDa
ezrin T567A, pET28a (+)
pl 5.94
ezrin T567D kan./cam.
£ =66,935 M1-cm™!
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3.3.1 Heterologous Protein Expression in Escherichia coli

E. coli bacterial strains were kept as glycerol stocks at -80 °C prepared from overnight
cultures and sterile glycerol, 1:1 (v/v). From these stocks, bacteria colonies were trans-
ferred to a lysogeny broth (LB) containing agar plate using the streaking technique. The
agar plate was incubated for 12-15 h at 37 °C. For overnight cultures 10 ml of LB medi-
um was inoculated with an individual colony and incubated overnight at 37 °C and
150 rpm. The main culture (250 ml) was inoculated with 5 ml of the overnight culture
(in case of cPC2-MBP fusion protein 0.5 g/l glucose was added to the main culture) and
incubated at 37 °C and 150 rpm until an optical density at A=595 nm (ODss) of 0.5-0.6
was reached (in case of cPC1: ODses = 1.0). Protein expression was induced by addition
of 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) and the main cultures were in-
cubated at 37 °C and 150 rpm for 4 h (in case of PIGEA14: T =30 °C, in case of ezrin:
cells were harvested after 3 h). The respective antibiotics (as listed in Table 3.3) were
given to the LB media of agar plate, overnight and main culture before further usage
with the following final concentrations: ampillicin (amp.), c= 50 pg/ml; kanamycin
(kan.), ¢ =60 pg/ml; chloramphenicol (cam.), c =34 pg/ml. After incubation with IPTG,
the main culture was allowed to cool on ice for 15 min. Cells were harvested via cen-
trifugation (4000 X g, 4 °C, 20 min). The cell pellet was resuspended in lysis buffer and
sonicated on ice (5 X 30 s, duty cycle: 50 %, output control 5). The cell lysates were cen-

trifuged at 100000 X g and 4 °C for 1 h.

LB medium: 10 g/l bacto tryptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.4
(NaOH)
LB agar: 15 g/l agar, 10 g/l bacto tryptone, 5 g/l yeast extract, 10 g/l

NaCl, pH 7.4 (NaOH)
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lysis buffer 500 mM NaCl, 5 mM imidazole, 20 mM TRIS/HCI, pH 8.0
(cPC1,PIGEA14):

lysis buffer 200 mM NaCl, 20 mm TRIS/HCL, 1 mM EDTA, pH 7.4
(cPC2):

lysis buffer (ez- 300 mM NaCl, 20 mM imidazole, 40 mM HEPES, 1 mM EDTA,
rin): 10 mM mercaptoethanol (right before usage), 1 tablet Roche

complete protease inhibitor /50 ml (right before usage)

stock solutions: 50 mg/ml amp., 30 mg/ml kan., 34 mg/ml cam. (in ethanol p.a.),

1MIPTG

3.3.2 Protein Purification and TEV Protease Cleavage

All proteins listed in Table 3.3 had a C-terminal (cPC1 and PIGEA14) or N-terminal
(ezrin) hexahistidine (Hiss) tag, except cPC2 that was recombinantly expressed as a
maltose binding protein (MBP) fusion protein to increase protein stability and facilitate
correct protein folding. In case of the Hiss tagged proteins, the supernatant obtained
after ultracentrifugation was applied to a nitrilotriacetic acid (Ni-NTA) agarose column
(Qiagen, Hilden, Germany) or an iminodiacetic acid (Ni-IDA) agarose column (No-
vagen, Darmstadt, Germany) that had first been charged with 50 mM NiSOs (column
volume = 1.5-2 ml). All columns were washed with 10 column volumes of MilliQ water
and equilibrated with 15 column volumes of equilibration buffer before applying the
supernatant (in case of the ezrin purification the column was washed with 10 column
volumes of binding buffer after the equilibration step). After the supernatant was ap-
plied to the column material, it was washed with 15 column volumes of washing buffer
and then eluted with elution buffer. At least 15 fractions (volume per fraction = column

volume) were collected.

As cPC2 was expressed with an MBP tag, the fusion protein was first purified using an

amylose column from New England Biolabs (Frankfurt, Germany,) with a column vol-
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ume of 1.5 ml. The column was prepared by washing with MillliQ water and equilibra-
tion buffer. After supernatant application, the column was washed with 15 column
volumes of washing buffer and the fusion protein was eluted using the respective
maltose containing elution buffer. The cPC2 protein was then cleaved from the MBP
using the Tobacco etch virus (TEV) protease (1:100, w/w). The protein/protease mixture
was stirred for 24 h at room temperature in the presence of dithiothreitol (1:50, v/v) and
EDTA (1:50, v/v). The cleaved protein was then dialysed against storage buffer and pu-
rified using a Ni-IDA agarose column that had been first charged using 50 mM NiSOx4
and was then equilibrated with 15 bed volumes of lysis buffer. After the protein lysate
was applied to the column, it was washed first with 15 column volumes of storage

buffer, then eluted with storage buffer containing 30 mM imidazole.

All protein purification steps were carried out at 4 °C. Cell lysate, washing and elution

fractions were analyzed by SDS-PAGE (chapter 3.3.3).

buffers for ezrin purification:

equillibration buffer: 300 mM NaCl, 20 mM imidazole, 40 mM HEPES, 0.1 mmMm

EDTA, pH 7.4

binding buffer: 300 mM NaCl, 20 mM imidazole, 40 mM HEPES, 0.1 mMm
EDTA, 10 mM mercaptoethanol (right before usage),
pH7.4

washing buffer: 300 mM NaCl, 30 mM imidazole, 40 mM HEPES, 1 mm

MgCl;, 10 mM mercaptoethanol (right before usage),
pH7.4

elution buffer: 250 mM imidazole, 50 mMm KCl, 2 mM TRIS/HCI, pH 7.4
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buffers for cPC1 and PIGEA14 purification:

equilibration buffer: 500 mM NaCl, 5 mM imidazole, 20 mM TRIS/HCI, pH 8.0
washing buffer: 500 mM NaCl, 5 mM imidazole, 20 mM TRIS/HCI, pH 8.0
elution buffer (cPC1): 500 mM NaCl, 1 M imidazole, 20 mM TRIS/HCL, pH 8.0

elution buffer (PI- 500 mM NaCl, 50 mMm EDTA, 20 mMm TRIS/HCI, pH 8.0
GEA14):

buffers for cPC2 purification:

equilibration and 200 mM NaCl, 1 mMm EDTA, 20 mMm TRIS/HCI, pH 7.4
washing buffer

(amylose):

elution buffer (amy- 200mM NaCl, 1mM EDTA, 10 mM maltose, 20 mM

lose): TRIS/HCI, pH 7.4

storage buffer 500 mM NaCl, 20 mm TRIS/HCI, pH 8.0

(P1 buffer):

elution buffer 500 mM NaCl, 30 mM imidazole, 20 mM TRIS/HCI, pH 8.0
(Ni-IDA):

3.3.3 SDS-polyacrylamide Gel Electrophoresis

The principle of sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) is based on separating proteins according to their size after denaturation with
SDS through a sieving medium in an electric field. In more detail, SDS as a charged,
amphiphatic surfactant molecule binds to the protein via hydrophobic interactions and
thus denatures the protein. The intrinsic protein charges are masked by SDS molecules

and the protein is denatured. Thus, the rate of protein migration in a polyacrylamide
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gel during electrophoresis is inversely proportional to the protein size/mass. Poly-
acrylamide is formed by polymerization of acrylamide and the crosslinker N,N’-
methylenebisacrylamide (bisacrylamide). Polymerization is initiated by ammonium
peroxosulfate (APS) and catalyzed by N,N,N’N’-tetramethylethylenediamine
(TEMED).

Usually, the polyacrylamide gel is divided in an upper stacking gel (large pore size,
5 % acrylamide, pH 6.8) and a resolving gel with a lower pore size (6-20 % acrylamide,
pH 8.8), with chloride ions as the only mobile anion in both gels. The tank buffer con-
tains glycine molecules, which enter the stacking gel during electrophoresis. Due to the
relatively low pH, the glycine molecules are zwitterionic inside the stacking gel and
therefore migrate relatively slowly (trailing ions), while the chloride ions migrate rela-
tively fast (leading ions). The proteins that are carried along become stacked in a thin
distinct layer. When the protein layer reaches the resolving gel, glycine molecules are
deprotonated due to the high pH. Both glycine and chloride ions run faster than the
proteins and dissipate in the gel. This allows the proteins to unstuck and separate

through the small pores of the resolving gel.

In this work, a 17 % polyacrylamide resolving gel was used to confirm the success of
cPC1 and PIGEA14 purification, while for the proteins of larger size (ezrin and cPC2) a
12.5 % gel was used. First, the resolving gel was pipetted into the gel chamber and cov-
ered with isopropanol to polymerize for 1 h at room temperature. Then, the stacking
gel was pipetted above the resolving gel and a Teflon comb was placed inside the gel to
form small wells for the protein samples. After 45 min of stacking gel polymerization,
the gel chamber was placed inside a plastic container. Container and the space inside
the gel chamber was filled with tank buffer. The comb was pulled out carefully and the
prepared protein samples were loaded inside the wells (loading volume was 10-30 ul
according to the expected protein concentration). One lane was loaded with a molecu-
lar weight standard from GE Healthcare to allow the accurate determination of protein
mass. To prepare the protein samples, they were mixed with 2 X sample buffer (1:1,

v/v) and heated inside a thermo mixer from Eppendorf (Hamburg, Germany) to 85 °C
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for 5 min with 300 rpm. Power leads were attached to the gel chamber assembly and a
current of 15 mA per gel was applied. After approximately 1.5 h the gels were disas-
sembled, washed with ultrapure, deionized water and put inside a plastic container
tilled with Coomassie Blue staining solution. The container was shaken for 5 min, be-
fore the staining solution was replaced against a destaining solution. Gels were incu-
bated in this solution overnight while shaking. They were then stored in ultrapure, de-

ionized water until they were photographed and thus digitized.

2 % sample buffer 5% (w/v) SDS, 0.3 M DTT, 15% (w/v) glycerol, 0.02 %
(w/v) bromphenol blue, 0.175 M TRIS/HCI, pH 6.8

5 % stacking gel 1.4 ml H20, 330 ul acrylamide/bisacrylamide (29:1, 30 %),
20 ul 10 % (w/v) SDS, 20 ul 10 % (w/v) APS, 2 ul TEMED,
0.25ml 1 M TRIS/HCI, pH 6.8

12.5 % resolving gel 1.6 ml H20, 2.1 ml acrylamide/bisacrylamide (29:1, 30 %),
40 ul 10 % (w/v) SDS, 40 pl 10 % (w/v) APS, 2 ul TEMED,
1.3 ml 1.5 M TRIS/HCI, pH 8.8

17 % resolving gel 0.81ml H:0, 2.89ml acrylamide/bisacrylamide (29:1,
30 %), 40 ul 10 % (w/v) SDS, 40 ul 10 % (w/v) APS, 2 ul
TEMED, 1.3 ml 1.5 M TRIS/HCI, pH 8.8

tank buffer 25 mM TRIS, 192 mM glycine, 0.1 % (w/v) SDS, pH 8.3
Coomassie Blue 0.5 % (w/v) Coomassie Brilliant Blue R-250, 45 %, (v/v )
staining solution methanol, 18.5% (v/v) glacial acetic acid

destaining solution 5 % (v/v) methanol, 7.5 % (v/v) glacial acetic acid
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3.3.4 Rebuffering Protein Solutions

In this work, proteins were rebuffered using either dialysis for larger proteins volumes

(>0.5 ml) or centrifugal ultrafiltration devices for smaller volumes.

Dialysis

For rebuffering large protein volumes, dialysis tubings from Carl Roth (Karlsruhe,
Germany) with a molecular weight cut of (MWCO) of either 5 or 14 kDa were used de-
pending on the molecular weight of the protein that had to be rebuffered. The tubings
were first cut into pieces of 5-10 cm length. They were then soaked in MilliQ water,
immersed for 30 min in a 10 mM NaHCO:s solution at 80 °C, two times for 30 min in a
80 °C 10 mM EGTA solution and once for 30 min at 80 °C in MilliQ water. The cleaned
tubings were then kept in a 10 mM NaNs solution at 4 °C until needed. The tubings
were filled with protein solution, sealed with plastic clips and transferred to a beaker
containing dialysis buffer with 200-500 times the volume of the protein solution. The
tubing assembly was stirred for at least 6 h with three changes of dialysis buffer at 4 °C.
Mostly one dialysis step was performed overnight. Rebuffered protein solutions were
then filled in a Falcon tube and kept at 4 °C until usage. Dialysis buffer was either a
protein storage buffer (high salt P1-buffer for cPC1, cPC2 and PIGEA and E1 buffer for
ezrin) or a buffer needed for certain experimental conditions. Concentration of rebuff-
ered protein samples were determined via UV/Vis spectroscopy or Bradford assay

(chapter 3.3.5)

Centrifugal Ultrafiltration

Rebuffering of small protein volumes were performed using centrifugal ultrafiltration
devices from Sartorius (Gottingen, Germany) with a molecular weight cut of (MWCO)
of 5 kDa. In order to rebuffer protein solution 50-200 pl of protein solution was pipet-

ted together with 200 pl of the desired buffer inside the ultrafiltration device. The de-
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vice was then centrifuged three times for 10-20 min with an addition of 200 pl desired
buffer after each centrifugation cycle. Rebuffered protein solutions were transferred in
an Eppendorf® tube and stored at 4 °C until needed. The concentration of rebuffered
protein samples was determined via UV/Vis spectroscopy or Bradford assay (chapter

3.3.5).

3.3.5 Quantification of Protein Concentration

There are many known assays to determine protein concentration, the Lowry assay,
Bradford assay, BCA assay and UV-absorbance being the most popular ones. Each as-
say exhibits individual benefits and limitations. While a UV-absorbance at 280 nm is
performed quickly and accurate if the protein has a known extinction coefficient (¢), it
is impossible, if either ¢ or the protein concentration is too low or components that ab-
sorb at 280 nm including imidazole are in the protein buffer (Ao of 250 mM imidaz-
ole =0.2-0.4).3 In these cases an assay developed by Bradford in 1976 would be the
method of choice. However, some detergents or surfactants are not compatible with the
Bradford assay. In the presence of detergens the Lowry and BCA assay can be applied.
Since both assays base on a reaction with a copper containing Buiret chromophore,
they are both not compatible with common reduction agents in protein solution such as
mercaptoethanol and DTT. Besides, there are other components such as EDTA, TRIS
and potassium ions that interfere with the Lowry reagent. Flow charts for selecting the
appropriate assay in order to fulfill requirements by sample and buffer composition are

provided by Current Protocols in Protein Science.®

UV Absorption

Protein samples of ezrin or cPC2 exhibited an extinction coefficient (¢) and concentra-
tion to be readily measured by UV/Vis spectroscopy. Hence, their concentration was
determined by means of UV/Vis spectroscopy/absorption at 280 nm if there was no im-

idazole in the protein sample (after rebuffering the purified proteins, see chapter 3.3.4).
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Absorption at A =280 nm occurs due to the presence of aromatic amino acids like phe-
nylalanine, tyrosine and tryptophan. UV spectra were usually collected in a quartz cu-
vette from 350-210 nm. A baseline corresponding to a UV spectrum of pure buffer solu-
tion was subtracted from the measured protein spectrum. Protein concentration was

calculated using the Beer-Lamberts law (eq. 3.4):

I
A= —lgz=g-c-l eq. 3.4

with A = absorbance, I = intensity of transmitted light, Io = intensity of incident light, ¢ =

extinction coefficient (Table 3.3), ¢ = protein concentration and ! = path length (1 cm).

As nucleic acids have an absorption maximum at 260 nm, the correlation of Ao and
A2 is a good indication, whether the protein sample is contaminated by nucleic acids.
The Azs0/Ax0 value should be higher than 1.6 to exclude nucleic acid impurities inside
the sample. Absorption at 300 nm or higher indicated the existence of aggregates as an

effect of light scattering.

Bradford assay

Concentration of proteins with low concentration or extinctions coefficient ¢ (cPC1 and
PIGEA14) or proteins samples including imidazole, were determined by means of the
Bradford assay.®”* This assay bases on the binding of Coomassie Brilliant Blue G250
dye to arginine, histidine, tyrosine, phenylalanine and tryptophan residues of the pro-
tein. Binding of the dye to a protein causes a shift of absorption maximum from 470 nm
to 595 nm. The dye response to arginine residues is eight times larger than to others,
which causes adulterant values if the protein is rich in arginine. In this case other pro-

teins than bovine serum albumin (BSA) have to be used as standards.
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In this work, BSA was the standard protein. From a BSA stock solution in MilliQ
(cstock = 10 mg/ml) mixtures of BSA and buffer (buffer corresponds to the one the protein
was stored in) containing 0-0.8 mg/ml BSA were prepared for a calibration curve (final
volume of 1 ml). 1 ml of freshly filtered Bradford assay solution (20 % in MilliQ water,
(v/v)) was given in a plastic cuvette. Plastic cuvettes were used instead of quartz, be-
cause the Coomassie Brilliant Blue dye inside the Bradford assay solution strongly
binds to quartz glass. 20 pl of the BSA mixtures as well as of the protein sample of un-
known concentration were pipetted in each cuvette. The calibration curve and protein
samples were thoroughly mixed and incubated for 5 min. Then the absorption of each
sample was measured at 595 nm with a Cary 50 UV spectrometer from Varian. With
the calibration curve (the sample containing no BSA was a buffer blank to assign the

zero point) it was possible to determine the concentration of the protein sample.

3.3.6 Ezrin Labeling

In order to visualize ezrin on a PIP2 containing solid supported membrane as evidence
of the ezrin-PIP: binding, ezrin T567A was fluorescently labeled using Alexa Fluor488
C5-Maleimide (Fig. 3.11) purchased from Invitrogen and Texas Red Maleimide
(Aex =583 nm, Aem =603 nm) from Jena Bioscience. The labeling procedure is described
in the following exemplarily for the Alexa Fluor488 C5-maleimide. The used Alexa
Fluor488 C5-maleimide fluorophor exhibits an extinction coefficient ¢ =71000 cm-M™*

and excitation and emission maxima of Aex =493 nm and Aem = 581 nm.
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Fig. 3.11 Structural formula of Alexa Fluor488 C5-maleimide.

Protein labeling was conducted according to Bosk et al. and the manual provided by
Invitrogen.3*# First, ezrin was concentrated by means of centrifugal ultrafiltration to a
final concentration of 19.5 uM and a total volume of 1 ml in E1 buffer. A 10-fold molar
excess of DTT was added to the solution (1.95 pl of a 100 mM stock solution) to reduce
possible disulfide residues. After 30 min of incubation, the protein was dialyzed at 4 °C
overnight MWCO =5 kDa) against DTT free E1 buffer. A 20-fold molar excess of Alexa
Fluor488 C5-maleimide (28 ul of a freshly prepared 10 mg/ml stock solution in de-
gassed MilliQ water) was added drop wise and stirred overnight at 4 °C. The reaction
was quenched by means of 7 mM mercaptoethanol (20 min). The mixture was then ap-
plied to a G-25 Sephadex gel filtration column from GE Healthcare. For that purpose
the 1 ml ezrin-AlexaFluo488 solution was applied to the column until it was sunken in
the column bed, so was 1.5 ml of E1 buffer. After that 2.5 ml of E1 buffer was applied
and 13 fractions (200 pl per fraction) were eluted. UV-absorption spectroscopy and

SDS-PAGE gel analysis were performed in order to confirm the success of ezrin label-

ing.
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3.3.7 F-actin Polymerization

In this work actin polymerization was performed in vitro to study the binding capacity
of filamentous actin (F-actin) on solid supported and pore suspending membranes
composed of DOEPC/DOPC (various composition) and on/within anodic aluminum
oxide (AAO) substrates with different functionalizations. Either non muscular actin
(> 95 % purity, human platelet) composed of 85 % B-actin and 15 % y-actin was used for
experiments including ezrin or muscular actin (>95 % purity, rabbit skeletal muscle)
consisting of pure a-actin was utilized for all other experiments. Muscular as well as
non muscular actin was purchased from Cytoskeleton (Denver, USA). Polymerization
protocol was adapted from Bosk et al. and the manual provided by the cytoskeleton

website. 341

First, the lyophilized protein was aliquotted with cooled MilliQ water in 10 ul portions
with a concentration of 10 mg/ml. Aliquots were stored at -80 °C. For polymerization
purposes one aliquot was dissolved in 238 ul G buffer to obtain a final globular actin
(G-actin) concentration of 0.4 mg/ml (9.5 uM, 1 unit). Then 0.2 mM ATP (0.5 ul of a
100 mM stock solution) and 0.5 mM DTT (1.25 pl of a 100 mM stock solution) were add-
ed in order to reduce actin clustering and stabilize the globular actin monomer. Stock
solutions of ATP and DTT were stored at -80 °C until usage. The mixture was incubat-
ed on ice for 1 h, to allow for depolymerization of possible actin oligomers. The mixture
was then centrifuged at 17000 x g at 4 °C for 15 min to pellet all remaining oligomers.
After centrifugation, the supernatant was transferred in another Eppendorf® tube and
polymerization was induced after addition of F salt solution (25 ul, 10 % of the overall
volume). After 20 min of polymerization 1 mol% of the fluorescently labeled AlexaFlu-
or488 phalloidin (5 ul of a 6.6 uM methanolic stock solution) was added to the polymer-
ized actin and allowed to bind for 10 min. Finally, the polymerization reaction was
stopped by addition of 99 mol% phalloidin (5 pl of a 0.47 mM methanolic solution).
Phalloidin binds 1:1 exclusively and with high affinity to F-actin, stabilizes the fila-

ments and prevents depolymerization as well as further polymerization.*> It was as-
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sumed that after approximately 1.5 h all F-actin binding places were saturated with
phalloidin. Hence, after this incubation time 0.5-1 units of the F-actin solution was giv-
en to a solid supported or pore suspending membrane and to the functionalized AAO
substrates respectively (final F-actin concentration ~1 um). The samples were incubated

overnight at 4 °C in F-buffer to allow for F-actin binding on the corresponding surface.
G buffer: 0.2 mMm CaClz, 0.2 mM ATP, 5 % (w/v) sucrose, 1 % (w/v) dextran,

5 mM TRIS/HCI, pH 8
F salt solution: 500 mM KCl, 20 mMm MgClz, 20 mMm ATP

F buffer: 50 mm KCl, 0.2 mM MgClz, 0.1 mM EDTA, 0.1 mM NaNs, 20 mM
TRIS/HCI, pH 7.4

3.4 Biophysical Methods

3.4.1 Impedance Spectroscopy

Impedance spectroscopy (IS) is a versatile, non invasive technique to electrically char-
acterize the properties of adherent cells,* solid supported membranes* and ion chan-

nels.%

In this work, IS was used to control, whether surface coverage of the self assembled
monolayer (SAM) composed of octanethiol on the gold electrode of an AT-cut quartz
crystal as well as the hybrid solid supported membrane formed after vesicle spreading,

was sufficient.

Physical Background

Impedance spectroscopy is performed by applying an AC voltage U(w,t) (w=angular

frequency) with a small amplitude (Uo) across the gold electrode-octanethiol-lipid sys-



56 | Materials and Methods

tem and measuring the corresponding current I(w,t). The ratio U(w,t)/I(w,t) defined as
impedance Z(w) as well as the phase shift ¢ (w) between U(w,t) and I(w,t) is recorded in
dependence of the frequency f. The relationship between the mentioned values is specified

ineq. 3.5.

U(t,w) Uy
I(t,w)  I(t,w)

Z(w) = (@) = |Z(w)] - elP(@) eq. 3.5

Measured variables are the absolute value of impedance | Z(w)! (eq. 3.6) and the phase

shift p(w) described by eq. 3.7:

|Z((D)| = \/(Zreal(w))z + (Zim(w))z , eq. 3.6

eq. 3.7

Zim(w) >'

¢(w) = arctan <Z—l(w)

with the effective resistance Zrai(w) and the reactive part of impedance Zim(w).

Impedance Analysis of Solid Supported Membranes

Solid supported mono- or bilayers obtain a specific resistance (Rm) and capacitance (Cm)

that can be described in analogy to a plate type capacitor (eq. 3.8):

eq. 3.8
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with €0 =8.854-10"2 As/Vm, ¢r being the relative permittivity (er of hydrophobic organic
material = 2, &r of polar lipid head groups = 10-80), A as the mono- or bilayer surface

and d as the respective thickness.

Since a series of conductors add up reciprocally, the total membrane capacity is mainly
determined by the hydrophobic part of the alkanethiol and lipid respectively. To com-
pletely electrically describe a solid supported membrane (Fig. 3.12 A), an equivalent
circuit can be used. The resistance of electrolyte and membrane (Ra and Rm) as well as
membrane capacity (Cm) and the capacitance (Ce) at the electrode-electrolyte and mem-
brane-electrolyte interface can be named as parts of equivalent circuit (Fig. 3.12 B). The
circuit can be simplified under the following assumptions. First, Ce is significantly
higher than Cm, which means that Cea can be neglected as the conductors are in series.
Second, the high membrane resistance Rm is not detectable at the applied frequency
range of f=107-10° Hz. Hence, the equivalent circuit can be reduced to an RC-circuit

composed of Ro and Cerm (Fig. 3.12 C).

Fig. 3.12 (A) Solid supported hybrid membrane composed of an alkanethiol SAM chemisorbed on a gold
electrode and a lipid monolayer. (B) Complete equivalent circuit that electrically characterizes the solid

supported membrane. (C) Simplified equivalent circuit.

To evaluate impedance spectra the measured values |Z(w)| and ¢ (w) are plotted in

dependence of the frequency (f=10'-10° Hz) as a Bode-plot. A simulated Bode-plot
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with a capacitance Cei:m =0.255 uF and a resistance of Ra=200 () is depicted in Fig.
3.13.

Fig. 3.13 Simulated Bode-plot of the phase shift ¢ (w) (hollow circles) and impedance |Z(w)| (filled
squares) as a function of frequency (range: f = 10-3-10¢ Hz) with Ca+m = 0.255 uF and Rq = 200 Q.

The Bode-plot shows that at high frequencies of f=10%*10° Hz, |Z(w)| is mainly deter-
mined by the frequency independent resistance Rq and the phase shift between U(w,t) and
I(wt) is @ (w) = 0°, while at a frequency range of f=103-10* Hz the membrane capaci-
tance can be monitored in terms of an increase in |Z(w)| and a phase angle shift to ¢

(w) = 90°.

Experimental Setup and Data Evaluation

Impedance spectroscopic analysis of both the octanethiol monolayer on the gold elec-
trode and the solid supported hybrid bilayer were performed by means of the imped-
ance analyzer SI 1260 from Solatron Instruments (Farnborough, UK) controlled by a

personal computer. Working electrode was the gold electrode on top of the quartz crys-
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tal, the backing electrode was a platinum plated platinum wire that was dipped into

the buffer solution covering the system (see Fig. 3.14).

S1 1260
[impedance spectrometer
|

Fig. 3.14 Experimental setup for impedance spectroscopic measurements. The system is connected to an
SI 1260 impedance spectrometer that is controlled by a personal computer via a working electrode (gold

electrode on top of the quartz crystal) and a backing electrode (platinum plated platinum wire).

Spectra were recorded with 61 data points in a frequency range of f=107-10° Hz with a
small voltage amplitude of 30 mV to prevent any membrane damage. A non linear

square fit was used to extract the membrane specific parameters (eq. 3.9 and eq. 3.10).

2
1
= 24— eq.3.9
|Z((l))| \/R.Q + ((l) _ Cel+m> )

1
¢(w) = arctan (—) ) eq. 3.10
W * Corym * Ro
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3.4.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy has become a versatile technique for examining
the secondary and tertiary structure of proteins, folding/unfolding events and even for

kinetic studies using the stopped flow technique.?

In this work, the secondary structure of the used proteins was studied by means of CD
spectroscopy. Hence the success of protein purification and correct folding was con-
firmed. Additionally the influence of Ca* binding to the C-terminal fragment of poly-

cystin-2 (cPC2) on its secondary structure was investigated.

Physical Background

The effect of circular dichroism refers to the different absorption of left and right circu-
lar polarized light by optical active (chiral) compounds i.e. proteins. Linear polarized
light can be viewed as two circularly polarized components with electrical field vectors
rotating in opposite directions (Ei and E:), but with the same amplitude (Fig. 3.15 A).
After passing through an optical active sample one of this component is absorbed to a
greater extent. This results in elliptically polarized light, as one of the components am-

plitude is decreased (Fig. 3.15 B).

A E|+E;
E|+Er

E
Ei Er l

Fig. 3.15 (A) Electric field vectors of left (blue) and right (red) circularly polarized light. Superposition
gives linear polarized light (black vector). (B) After passing an optical active sample that absorbs mostly

right circularly polarized light elliptically polarized light arises.
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A CD spectrometer measures this effect as a difference in absorbance (AA) of the two
circularly polarized components (AL as the absorbance of circular polarized light that
rotates counter clockwise or clockwise Ar), usually given as the ellipticity © in degrees

(eq. 3.11).

6 =32.98-AA = 32.98 (4], — AR). eq.3.11

By means of Beer-Lamberts law (eq. 3.4) eq. 3.11 can be further modified to eq. 3.12:

O =3298-(g,+eg) d-c=Ac-c-1, eq. 3.12

with e and er being the extinction coefficients corresponding to Arand Ar, c being the

sample concentration and [ being the length of the cuvette.

In order to compare CD spectra of different samples i.e. proteins the means residue
ellipticity ®mr was established (eq. 3.13), where the CD signal is normalized to the

number of amino acids (14a), protein concentration (cr) and the length of the cuvette (/).

O [mdeg]

eq.3.13
cp [M] - l[cm] - npp - 10

Omr =



62|l Materials and Methods

Protein Structural Analysis

Below 240 nm, peptide bond absorption occurs (weak, but broad n—m" transition at
220 nm and an intense T —7’ transition at 190 nm). This far UV region mainly allows to
determine the composition the protein’s secondary structure elements.*” Far CD spectra
of different protein structural elements are depicted in Fig. 3.16. There are algorithms
available to determine the content of secondary structure elements of a given protein
CD spectrum. The online sever DICHROWEB allows to use a number of algorithms
and datasets to compare CD spectra of proteins with a known crystal structure with the
given spectra of unknown composition.® In this work, the CDSSTR algorithm with a
dataset that comprises the spectra of 49 soluble proteins with known crystal structure

(reference set 7) was used to evaluate the content of secondary structure elements.

Fig. 3.16 Far UV CD spectra of different types of secondary structure elements: a-helix (yellow), B-sheet

(blue) and random coil (red).#

In order to analyze proteins in terms of their secondary structure, far UV spectra from
250-180 nm are required. To avoid high reference solution absorbance or scattering ef-
fects, some requirements have to be fulfilled. First, the sample should be free of scatter-

ing particles and the protein concentration has to be precisely determined and in a
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suitable range (0.2-1 mg/ml). Second, buffer components should be non-absorbing
(avoid chloride ions, imidazole, Triton X-100). A good overview of components that are
suitable for CD experiments is given by Kelly et al..%* In this work, a phosphate buffer
was used for protein measurements. As some proteins were kept under high salt condi-
tions in order to prevent aggregation and denaturation, they were rebuffered shortly

before the experiment was conducted.

phosphate buffer: 20 mM KH2PO4/K2HPOs4 0.1 mM EDTA, pH 7.4

Experimental Setup and Performance

All CD experiments were performed using a Jasco-810 spectropolarimeter. The experi-
mental setup is depicted in Fig. 3.17. A Xenon arc as light source gives a light output
over the range of 178-1000 nm. The light beam passes a monochromator and polarizer
that produces linearly polarized light, which is equally composed of left and right cir-
cularly polarized light. A phase modulator then continuously switches the incident ra-
diation between left and right circularly polarized component. After the light passes
the sample, the absorbance (A. and Ar) are detected by a photomultiplier. The signal is

amplified and recorded by a personal computer.



64| Materials and Methods

mono- polarizer
chromator

modulator amplliﬁier

—detector

sample

Fig. 3.17 Experimental setup of a CD spectropolarimeter. Two beams of monochromatic left and right
circularly polarized light are provided by phase modulation (light source: xenon arc). The beams pass
the sample and are detected by a photomultiplier. The signal is amplified and recorded by a personal

computer.

The instrument was flushed with nitrogen before starting the experiment (20 min), be-
cause otherwise radiation of oxygen with 41<200 nm would cause the formation of
ozone that would damage the optical instruments. All measurements were performed
with protein concentrations in the range of 2-6 uM at 20 °C in a wavelength range of
270-180 nm in a quartz glass cuvette (I=0.1 cm, minimum sample volume =200 pl)
with a scan speed of 20 nm/min (averaged over seven spectra). A blank spectrum (only
buffer inside the cuvette) was subtracted from the spectrum of the protein sample. The

subtracted spectrum was then smoothed with a software provided by Jasco-810.

3.4.3 Quartz Crystal Microbalance Technique

Quartz resonators have gained popularity in electronic devices and analytical chemis-
try since the linear relationship between their frequency response and the loaded mass
has been found by Sauerbrey in 1959.51%2 Since then, the quartz crystal microbalance
(QCM) has been employed as an acoustic wave sensor for measuring particle deposi-
tion or thin film thickness in vacuum with a sensitivity in the range of 1 ng. However, it
was only after appropriate oscillation circuits in fluids had been developed in the late
1980’s that the QCM was established as a versatile biosensor technique.>** Since then,

numerous groups have studied adsorption processes of proteins, DNA hybridization,
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antigen antibody interactions or cell adhesion in a time resolved, label free manner.>¢-

61,54

In this work, the QCM technique was used to monitor the binding event of the C-
terminal domain of polycystin-2 (cPC2) with C-terminal polycystin-1 and PIGEA14
(polycystin-2 interactor, Golgi- and endoplasmic reticulum-associated protein with a
mass of 14 kDa). These interactions were quantified in terms of their thermodynamics
and kinetics as a function of Ca? concentration and pseudophosphorylation, respec-

tively (see chapter 5 and 6).

Physical Background

The principle of QCM measurements is based on the piezoelectric behavior of the
quartz crystal. The piezoelectric effect has first been described by Pierre and Jaques
Currie in 1880. It is basically defined as an asymmetric charge accumulation and hence
the generation of an electrical field when a material that lacks an inversion centre is
under mechanical stress. As for quartz (5iO2) a network composed of SiOs tetrahedrons
(Fig. 3.18 A) that is put under mechanical stress leads to dislocation of negative and
positive charges in the opposite direction and thus an electrical field originates (Fig.

3.18 B).
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Fig. 3.18 (A) A SiOs tetrahedron as the smallest unit of the Sio2 network of quartz. (B) Side view of the

tetrahedron shows the shift of positive (silicon) and negative (oxygen) charges under pressure.

Basis for the QCM technique is the so called converse piezoelectric effect, where the

quartz crystal is deformed after applying an oscillating electrical field.

Due to the electrical field several deformations to the quartz crystal can be caused de-
pending on the cut angle in relation to the crystal lattice. Thickness shear mode resona-
tors (TSM resonators) consist of a quartz crystal with gold electrodes on each side (see
Fig. 3.6 ) that generates bulk acoustic waves (BAW) travelling perpendicular to the par-
ticle displacement and sensor surface respectively, after being excited by an external
stimuli i.e. an electrical potential (Fig. 3.19 B).®> Constructive interference occurs, if the
acoustic wavelength (Aq) is an odd multiple of twice the crystal thickness (dq). This,
standing waves as seen in Fig. 3.19 B are generated. The eigenfrequency (fo) of the

quartz can be expressed by eq. 3.14:

Vo Vo

fO:%:E eq.314

The most common used TSM resonator is an AT-cut quartz crystal, which refers to a

cut angle of 35.15 ° to the optical z-axis of the crystal (Fig. 3.19 A). They have a temper-
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ature coefficient of almost zero in the range of 0-50 °C and a frequency stability of

Af/f =103, which makes them suitable for highly sensitive biosensor applications.®0¢?

If a rigid mass is applied on top of the quartz surface the eigenfrequency decreases (see

Fig. 3.19 B, red line).

Fig. 3.19 (A) AT-cut quartz crystal. (B) Thickness shear mode (TMS) resonator with longitudinal particle
displacement (back arrows) and transversal bulk acoustic waves (BAW, back lines). The BAW frequency

is shifted to lower frequencies (red line), if a rigid mass (green) is applied on top of the gold electrode.

The linear relationship between the applied mass (Am) and the frequency shift (Af) has
first been described by Sauerbrey et al. by eq. 3.15:

2fEam
Af = -2 — 5. Am, eq. 3.15

AV Hopq

with A being the surface area of the gold electrode (A = 0,255 cm?), pq the shear modu-
lus of the quartz (uqQ=29.47 GPa), pq the quartz density (pe=2.65 g/cm?) and S being

the Sauerbrey constant that denotes the integral mass sensitivity (S = 0.14 Hz/ng).

However, this relationship is only valid for an applied rigid mass in vacuum that has
no more than 0.5 % of the quartz mass and equals the quartz density. Most biosensor

devises are used in a liquid environment, where the acoustic wave decays inside the
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liquid caused by damping of the viscous surrounding.*#¢> Also for thick layers and elas-
tic solids of viscoelastic films the Sauerbrey rule is no longer valid. Therefore, an exten-
sion of the equivalent circuit that describes an unperturbed resonator by additional
elements is needed. The decay length of a 5 MHz AT-cut quartz at 20 °C as used in this

work is about 250 nm.

Electrochemical Coupling

To describe the effect of mass load to an oscillating quartz crystal a mechanical model
depicted in Fig. 3.20 B can be used. Within this mode, the mass m is moved by an ex-
ternal force F that provokes oscillation (spring is given with a spring constant Sauer-
brey constant). Damping losses during oscillation are represented by the dashpot r.
This mechanical mode can be transformed into an electrical model, the Butterworth-
van-Dyke (BVD) equivalent circuit. This circuit contains a motional branch with a ca-
pacitance (C), inductance (L) and resistance (R) in series. An additional capacitance (Co)

is connected parallel to the series circuit in the static branch (Fig. 3.20 A).

C L R
U| | I m F
——
| | NV
k

Co

|_|:|_|'-s

Fig. 3.20 (A) Butterworth-van-Dyke (BVD) equivalent circuit with lumped impedance elements. The
circuit can be divided in a motional branch with a capacitance (C), an inductance (L) and a resistance (R)
and a statical branch with a capacitance Co that represents the admittance away from resonance. (B) Me-

chanical model of a damped oscillator with the oscillating mass (), the dashpot (r), the spring (k).

Comparing the electrical and the mechanical model, the oscillating mass m corresponds

to the inductance L, the resistance R can be compared with the dashpot r and the spring
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k corresponds to the conductivity C. The static capacitance Co is determined by the die-
lectric properties of the resonator that behaves like a capacitor far away from its reso-
nance frequency. The altered voltage U is equivalent to the external force F of the me-

chanical model.

QCM200

As mentioned above the linear behavior between the frequency response (Af) is only
linearly correlated to the applied mass (Am), if the mass is non viscoelastic. If a mass
with a certain viscoelastic content adsorbs, energy of the quartz oscillation dissipates
into the system, as a result of damping by the viscoelastic, adsorbed material. To assign
the frequency shift during an adsorption process to the deposition of rigid mass a vis-
coelastic behavior has to be excluded. Hence, the amplitude controlled QCM200 from
Stanford Research Systems Inc. (Sunnyvale, USA) was used to simultaneously monitor

the shift of resonance frequency (Af) and the change of dynamical resistance (AR).

A shift of resonance frequency that is directly related to the applied rigid mass can be
deduced from the shift of inductivity (AL), while the dynamical resistance R is a meas-
ured variable that allows to follow and interpret the viscoelastic content of the ad-
sorbed material. To correctly assign the respective measured variable, series resonance
of the oscillator circuit has to be set and the series capacity (C), which accounts for the
elastic behavior of the quartz material, has to be assumed as constant. Therefore, the
static Co has to be manually compensated (“nulled”) by a variable capacitor (Cv) paral-
lel to Co. To stabilize the oscillation of the quartz in case of damping, the QCM200 in-
cludes an automatic gain control amplifier that stabilizes the quartz oscillation in case

of damping.

Experimental setup and performance

QCM experiments were performed according to the experimental setup depicted in

Fig. 3.21. First, a solid supported hybrid bilayer composed of octanethiol-lipid mono-
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layer (preparation described in chapter 3.1.2 and 3.2.3) was prepared on top of the gold
electrode of an AT-cut quartz crystal that was placed inside a Teflon chamber. After
controlling the quality of the obtained mono- and bilayer by means of impedance spec-
troscopy (see chapter 3.4.1), the Teflon chamber was placed inside a water jacketed
Faraday cage (T =20 °C) and connected to a flow through unit via an in- and outlet. It
was made sure that no air bubbles were left inside the tubing, as they would destroy
the membrane during an experiment. Protein or buffer solution (as chosen via the se-
lection valve) was pumped with a constant rate of 0.39 ml/min to the sensor surface
(stagnation flow point geometry) via a peristaltic pump. During an adsorption process
a closed circuit was generated to avoid loss of protein material to the waste. Frequency
shift (Af) and changes in dynamic resistance (AR) were recorded in a time resolved

manner by the amplitude controlled QCM200 and monitored by a personal computer.

peristaltic pump selection valve

. ——reservoirs

—
<

QCM 200

Faraday quartz crystal teflon chamber
cage with SSM

Fig. 3.21 Schematic drawing of the setup of a QCM experiment.
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3.4.4 Kinetic Data Modeling

Reversible adsorption kinetics of small particles such as proteins on a homogenous sur-

face can be generally described by the Langmuir model (eq. 3.16):

dé
o= konma?p (1 — 6) — kogB, eq.3.16

with kon and kott being the rate constants of particle adsorption and desorption, respec-
tively. a is the particle radius, © the surface coverage, and p- is the density of the parti-

cles in bulk solution.

The model is based on the assumption that particle adsorption occurs non-
cooperatively on a homogeneous surface in a monomolecular fashion, where all indi-
vidual binding sites have the same adsorption energy for the adsorbate. However, this
model misses certain aspects of a realistic protein adsorption on a surface. First, the
protein area covering one binding site can expand over more than one lattice space,
which needs to be taken into account by assuming an appropriate available surface
function @(0). O(O) describes the available surface for deposition of particles from
bulk solution as a function of coverage. For the classical Langmuir kinetics @(©) = 1-0.
Second, the density of the particles in bulk solution p- is different from the particle
density near the surface p(6). The flux j of the particles to the surface, given by eq. 3.17,
with the transport rate constant k«, accounts for the transport of the particles to the sur-

face:

do
_ 1 — _ .3.17
ar =) = ke (poo p(6)). €q
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These two refinements lead to the generalized Langmuir-equation (eq. 3.18):

do

o= konma?p(8)P(6) — k. eq.3.18

Combining eq. 3.17 and eq. 3.18 gives eq. 3.19:

d_@ _ konnazpoo(p(e) - koffe

dt kon
oo ?(0)

eq. 3.19
1+

As the available surface function @(0) cannot be given in a compact analytical expres-
sion, there are different strategies (i.e. developing in a virial series) that can be pursued.
The scaled particle theory (SPT) is an approach to calculate the available surface func-

tion, which provides accurate results even at high coverage (eq. 3.20):

6 6 \°
d(0) = (1—9)exp[—31_9—<1_9) l eq. 3.20

SPT approximates the work of cavity formation in a hard-sphere fluid, which might be
a submonolayer of spheres covering a surface, exactly for cavities smaller than a sol-
vent particle. Reiss et al.®® developed an interpolation based on a number of exact condi-
tions imposed by geometry and thermodynamics that spans from small cavity radii to

the limit of macroscopic size providing an equation of state. It has been shown that this
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approach correlates with data derived from dynamic Monte Carlo simulations up to a

surface coverage near jamming limit.*”68

For kinetic fitting using eq. 3.19 we developed a Matlab routine based on a downhill
simplex method (Nelder-Mead algorithm) combined with a built in Dormand-Prince

solver (ODE 45) to integrate eq. 4.

3.4.5 Surface Plasmon Resonance Spectroscopy

Affinity based optical biosensors have gained significant popularity to monitor analyte-
ligand interactions in real time in order to investigate the kinetics and thermodynamics
of the binding processes. Optical techniques that detect changes of the refractive in-
dex/thickness at a solid/water interface are either reflection based such as ellipsometry,
interference based i.e. reflectometric interference spectroscopy (RIfS) or evanescent
wave techniques as surface plasmon resonance (SPR), optical waveguide spectroscopy
(OWS) and attenuated total reflection infrared (ATR-IR) spectroscopy. By means of
these techniques surface coupled binding processes can be analyzed in a label-free
manner with the advantage that no artificial fluorescent labels that may interfere with
the function of the molecules are needed to investigate the respective interaction.®”! A
grown number of commercially available evanescent wave techniques indicate that
they exhibit distinct properties that qualify them as superior compared to the others
mentioned above. First, a high sensitivity (refractive index changes of An/n=10%) can
be achieved due to the evanescent field coupling at the interface of a dielectric medium
and a noble metal. Second, small sample volumes can be employed as both excitation

and detection take place at the opposite side of the flow cell machinery (see Fig. 3.26).

In this work, both SPR and OWS are used to investigate protein-membrane and pro-
tein-protein interactions in a label-free and time resolved manner. In case of the SPR
experiments, planar gold coupled solid supported hybrid membranes were used to
specifically immobilizes proteins that serve as ligands to investigate their binding ca-

pability to other proteins (for sample preparation see chapter 3.1.2 and 3.2.3). OWS ex-
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periments were performed to investigate interactions that exclusively take place inside
the pores of porous anodic aluminum oxide substrates that were functionalized with a
solid supported hybrid membrane prior to the experiments (preparation described in

chapter 3.1.2 and 3.2.3).

Physical Background

Surface plasmons or surface polaritons are charge density oscillations of an electro-
magnetic wave that propagates parallel (along the x-axis) to a noble metal/dielectric
interface. For many reasons such as chemical resistance and capability of surface modi-
fication gold is the most frequently used noble metal, while silver, copper and indium
are other alternatives. The penetration depth (z-direction) of the excited surface plas-
mons decays exponentially (so called evanescent field) into the dielectric. This confines
the sensitivity to ~250 nm from the sensor surface. Excitation of these plasmons can be
achieved by an evanescent wave that exponentially decays into the noble metal (gold
layer thickness restricted to 45-55 nm) after total internal reflection (TIR: all light is re-
flected, no light is refracted inside the media) of an incoming light beam at the metal

interface (Fig. 3.22).
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Fig. 3.22 Surface Plasmons (left: charge density oscillation, right: electromagnetic wave) that are excited
at a gold/dielectric interface by an evanescent wave after total internal reflection at the prism/metal inter-
face. The reflection and refraction a of a light beam (red) that hits a medium with a dielectric constant

(e1>€2, e3>€2) takes place according to Snell’s law.

According to Snell’s law (eq. 3.21), the phenomenon of total internal relfection (TIR)
only occurs, if light travels from a medium with higher a refractive index or dielectric
constant (& = €2) to one with a lower refractive index (Fig. 3.22, em = €3). Otherwise, the

refracted light beam gets closer to the normal,

sin(6:) = Em eq. 3.21
sin(6,,) g’

with @i and Om as the angle measured from the interface normal and the incoming and

refracted light. The dielectric constants ¢i and em of the corresponding medium with a
refractive index of n = v/e. The subscripts m and i can be integral numbers that charac-

terize different dielectric properties of the respective media.

As surface plasmons propagate along the metal/dielectric interface (x-direction) only

light with an electromagnetic field component in x-direction is capable of plasmon exci-
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tation. While light with an electrical field vector (E) that propagates in the plane of in-
cident (p-polarized light or transverse magnetic (TM) polarized light, Ery = (Ex,0,E,))
can constructively be coupled into the gold, s-polarized or transverse electric (TE,
Erg = (0, E,,0)) polarized light cannot. 7> More precisely, the moment of the photon in
x-direction (Ex) must match with the momentum of the plasmon (ESP), so that surface
plasmon resonance can occur. According to eq. 3.22 ky is directly related to the angle of
incident (i) of the incoming light as depicted in Fig. 3.23. A higher angle of incident

S
means a greater value of k, ,

Ex = k- sin®; . eq. 3.22

Fig. 3.23 Surface plasmon excitation via p-polarized light with an electromagnetic wave vector (E) prop-
agating in the plane of incident. The value of the momentum in x-direction (ky) is increased by increas-
ing the angle of incident until it matches the momentum of the plasmon (Tc)sp). Dielectric constants corre-

spond to the respective media: 1 = air, 2 = prism and 3 = gold.
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However, without prism coupling it is impossible to achieve matching conditions of
the two wave vectors Esp and ky. This fact can be explained by comparing the disper-
sion relation of the plasmon that propagates along the gold interface (¢1 and ¢3, eq. 3.23)
and the one of the photon (l_c)ph) that propagates in a medium with the dielectric con-

stant &1 respectively (eq. 3.24)

w=k,c |[—+—, eq. 3.23
& &

w = _kx ‘C l , eq. 3.24
sin @ &

with the angular frequency (w), velocity of light (c) and dielectric constants that corre-

spond to those described in Fig. 3.23 .

As depicted in Fig. 3.24 A under non coupling conditions the tangent line (red) repre-
senting the dispersion relation of the photon in medium 1 (air) would not intersect with
the curve (grey) that results from the dispersion relation of the plasmon at the gold/air
interface (medium 1 and 3). Only by using a high refractive index prism (medium 2,
with €2> €1) as coupling device, the slope of the photons dispersion relation can be de-

creased in a way that it intersects with the plasmon curve (blue).
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Fig. 3.24 (A) Dispersion relation of a photon that propagates in air (1, red). With a high refractive index
prism as coupling device (€2, blue) the curves of the photon and the plasmon (grey curve) that propa-
gates along a gold/air interface (e3 and 1) intersect. (B) Dispersion relation of interacting photon and
plasmon dispersion relation curves without a dielectric adlayer at the metal interface (straight grey
curves) and with an adlayer (dotted green curves). While w represents the angular frequency

(wr = angular laser frequency) K, represent the wavevector of the plasmon and photon in x-direction.

An adlayer on the gold surface (i.e. after ligand or analyte adsorption) would damp the
surface plasmon and would cause a shift in dispersion relation as depicted in Fig. 3.24
B, (dotted line) Hence, the slope of the photon dispersion relation has to be further de-
creased (wave vector Ex has to be increased) by increasing the angle of incident (©) of
the incoming light according to eq. 3.24. The shift of ®: (A®) is proportional to the

adlayer thickness (d) and the refractive index change (n).

There are two possible configurations in order fulfill the prism’s coupling condition.
First, the Otto configuration is assembled in a way that there is a small gap (~2000 nm)
between the prism and a thick metal layer, where adsorption processes take place. This
experimental setup is quite complicated, which is why the so called Kretschmann setup
has been developed later. In the Kretschmann configuration the evanescent wave
propagates through a thin gold layer (45-55 nm) and excites the plasmon a the opposite

site.
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Fig. 3.25 Schematic drawing of the Otto (A) and Kretschmann (B) SPR-configuration.

Experimental Setup and Performance

SPR experiments were performed using a Res-TEC2005 spectrometer with the experi-
mental setup depicted in Fig. 3.26.7 Light source was a HeNe-laser that emits mono-
chromatic light with a wavelength of 4=632.8 nm. The light beam is first reflected by
two mirrors, then passes a beam chopper, two polarizer and a shutter until it hits the
LaSFN9 high refractive index prism (n =1.84). The first polarizer is used to adjust the
light intensity (intensity was given in Volts by a photon counter); the second polarizer
is used to create p-polarized light. The reflected light hits a photodiode that transmits
the light signal to a photon counter, which transforms the light signal in an electrical
signal (in Volts) and further to a personal computer (WASPLAS software). The prism is
connected with the non gold coated side of a LaSFN9 glass plate via high refractive in-
dex immersion oil. The gold coated functionalized side is facing a flow cell assembly
with in- and outlet tubings that are connected with a flow through system driven by a

peristaltic pump.
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Fig. 3.26 Schematic drawing of the SPR and OWS experimental setup.

Before starting the measurements, the motors of sample and detector were adjusted by

means of the goinometer to improve the optical path of the laser beam.

Vesicle spreading and protein binding was followed in situ in kinetic mode of the
WASPLAS software (Fig. 3.27 B). Before and after each adlayer formation a spectrum
was taken in scan mode (B:=49-65 ° in buffered solution) (Fig. 3.27 A). A spectrum is
characterized by a steep increase of reflectivity at TIR (©c = critical angle) followed by a
sudden dip, at which the plasmon is excited (Fig. 3.27 A, black curve). An angle at the
linear region (®un) right before the minimum is appropriate for kinetic measurements
(Fig. 3.27 B). There, the change of reflectivity (AR) is linearly depended on the thick-
ness/refractive index change at the metal interface. Hence, membrane spreading or pro-
tein binding can be followed as a time course of the reflectivity shift using the kinetic
mode. After the addition of the membrane/protein adlayer, another spectrum was rec-
orded (Fig. 3.27 A, red curve), which is shifted to the right due to changing coupling

conditions mentioned above.
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Fig. 3.27 (A) SPR spectrum taken before (black) and after adlayer formation (red) performed in scan
mode (Oc is the critical angle at total internal reflection). (B) Time course of the reflectivity change at a
certain angle (Okin), the blue region shows the formation of an adlayer, the red baseline indicates satura-

tion.

Data evaluation

SPR spectra were evaluated using the software WinSpall (freeware available online).”
WinSpall software allows to manually fit the SPR spectra based on the Fresnel formal-
ism by varying the thickness d and reflective indices of each adlayer (¢" =real part of
dielectric constant and ¢"” =imaginary part of dielectric constant). It is important only
to fit the parameters of each adlayer at a time, because otherwise they would not be
distinguishable. Knowing the approximate dielectric constants of each layer enables
one to determine the thickness of each adsorbed material. All used dielectric constants

are listed in Table 3.4.
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Table 3.4 Materials and corresponding dielectric constants (¢” = real part, ¢'* = imaginary part).

Material g g’
LaSFNO glass 3.404 -
chromium -1.15 9.7-30
gold -(10.9-12.4) 1.29
organics
2.103 -
(thiols, vesicles, proteins)
buffer 1.778 -
air 1.00 -

3.4.6 Optical Waveguide Spectroscopy

If the thickness of the optical transparent dielectric layer at the gold interface exceed a
certain thickness (>500 nm) optical waveguide modes are excited instead or additional-
ly to the surface plasmon by means of optical waveguide spectroscopy (OWS).”> In
terms of their experimental setup both SPR and OWS are identical, but there are dis-

tinct differences described in the section below.

In this work, porous anodic aluminum oxide (AAO) films with a thickness of 3-4 um
and a pore diameter of 50-70 nm was utilized as transparent dielectric film.”® Adsorp-
tion processes that take place inside the porous area were followed in a time resolved

manner i.e. vesicle spreading and protein binding within functionalized AAO pores.?'?
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Physical Background and Properties

Laser light can be guided laterally inside an optical transparent AAO film, after being
coupled inside the film via a semitransparent thin metal layer (i.e. gold).” The light
then zigzags through the medium (see Fig. 3.28 A), if the condition of total internal re-
flection is fulfilled at both the AAO/gold and the AAO/outer environment respectively
(see Snell’s law, eq. 3.21 and Fig. 3.22 B. Hence, the refractive indices of both the gold
(n3) and the environment (buffer, air, n1) have to be smaller than the AAO refractive

index (m1).

n, < > h,

Fig. 3.28 Geometry of a planar slab waveguide.After coupling of the incoming light beam (red) with the
angle of incidence @i The confined wave is guided in a high refractive index film (12> n1, ns) with low

attenuation.

In dependence on the film thickness and the effective dielectric properties, modes of
different orders (Mi) can be detected at a respective coupling angle (Owmi). Modes are
defined as the stationary properties of standing waves that can be compared with tra-
jectories of a particle in a box with two adjacent low refractive index materials (gold,
buffer) as barrier with large potential. Three of these modes and their appearance in a

scan mode reflectivity curve are depicted in Fig. 3.29 A and B. The mode Mo at ®wmo cor-
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responds to the surface plasmon that can only be detected, if the dielectric layer is suf-
ficiently thin. One eminent advantage of OWS is that both types of linearly polarized
light, p-polarized as well as s-polarized light (TE- and TM- polarized light) can be cou-
pled into the dielectric film and multiple modes can be excided. This allows to deter-
mine more than one dielectric parameter for examples if the dielectric film has aniso-
tropic dielectric constants i.e. porous AAO films (ex= &y < ¢z) evaluating the data col-
lected in scan mode. Adsorption events in the pore interior alter the coupling condi-
tions of the waveguide modes by enhancing the effective medium of the porous sub-
strate leading to an increasing coupling angle (Fig. 3.29 C). The adsorption of particles
(i.e. proteins, vesicles) inside the pores was followed using the angle tracking mode

provided by the WASPLAS program.

o 0

- 20-30 nm
~~ > 600 nm

>
Omz OM2OMm1 BsPR - @

Ospr Oy

Fig. 3.29 (A) SPR/waveguide spectroscopy combination. At specific angles of incidents In addition to the
SP (Osp) different waveguide modes (Owm) can be excited. (B) Reflectivity (R) as a function of angle of
incident (©). Different dips of the spectra correspond to each waveguide mode. (C) Adsorption of parti-

cles (green circles) inside the AAQ pore interior.

Effective medium theory based data evaluation

The measured values of the dielectric constants can only be effective values (¢.t) as the
AAOQO domain size (d) is effectively smaller than the scattering limit of incident radiation
(~1/10 Aight). The contribution derives from both the anisotropic AAO dielectric con-

stants ¢xy and ¢z and the medium filling the pore interior (¢pore). To discriminate each
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individual dielectric constant, a Maxwell Garnett (MG) approach of the effective medi-
um theory is adopted separately for the pore interior and AAO material assuming cy-

lindrical shaped pores.””” The general approach is given by eq. 3.25:

€matrix T (fdomain + fmatrix ) P) * (€domain — Ematrix)

eq. 3.25
Ematrix T fmatrix * (€domain — Ematrix) * P

Eeff = Ematrix-

)

with éematix as the dielectric constant of the continuous matrix of the porous support
(here: €alumina), £domain as the dielectric constant of pore interior (€pore) and the fractions of
fdomain=1-fmatrix (fpore= 1-faumina). The depolarization factor P is determined by the shape
and orientation of the domains (0 < P> 1). For cylindrical shaped pores the spatial con-

tents of P are given as Px=Py=0.5 and P.=0.

The pore diameter of the AAO porous substrate (drore) was first identified by comparing
the constants of the alumina matrix exy and ¢- determined by OWS spectra fitting (TM-
and TE-mode) with the dielectric constants calculated by the MG approach (eq. 3.25,
exy = &eif With P = 0.5, exz = €ett with P = 0) using the geometric relation between the pore

fraction (fpore) and pore diameter drore given for hexagonal cylindrical pores.”

The dielectric response for the pore interior after particle deposition can be calculated
by applying the MG equation. The pore interior now consists of an unfilled fraction
funtilled pore (buffer) and of the deposited material fmateriat with the respective dielectric con-

stants (eq. 3.26):

pore __ Eunfilled pore + (fmaterial + funfilled pore * P) ’ (gmaterial — Eunfilled pore) eq 3.26
Eeff = Cunfilled pore* R .p , T
Eunfilled pore + funfilled pore (gmaterial — Eunfilled pore)

with Eunfilled pore = Ebuffer = 1.775 and €material = Eorganic = 2.10.
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The layer thickness of the particle adlayer can be then calculated from the material frac-

tion by:

d P
_ “pore _ _ 3.
dorganic - 2 (1 1 fmaterial ): €q 3.27

Thus, the thickness of each adlayer deriving from vesicle spreading or protein binding

can be determined to ensure an appropriate membrane quality and protein binding.

3.4.7 Confocal Laser Scanning Microscopy

As a further development of standard epifluorescence techniques, the confocal laser
scanning microscope (CLSM) offers the possibility to collect high resolution images of
one focal plane and even compile three dimensional images or z-stacks. The CLSM
technique has become invaluable for a wide range of medical, biological and biophysi-

cal investigations, imaging living and fixed cells, tissues or artificial membranes.*

In this work, the quality of solid supported hybrid membranes and bilayers as well as
of pore spanning membranes (PSMs) that were doped with a fluorescent marker (Bod-
ipy-PC or perylene, see Table 3.2, page 33) was controlled by means of the CLSM. Also,

fluorescently labeled F-actin was visualized and investigated via the CLSM.

Physical background

The basic principle of a fluorescence microscope is the excitation of a fluorescently la-
beled specimen after illumination with light (source of light: xenon arc lamp, mercury
vapor lamp). An electron of the molecule that serves as fluorescence label (see Table
3.2) will reach a higher electronic quantum state (S1) after being excited by light of a

defined wavelength (Ae). It then relaxes back to the ground state (So) emitting a photon
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of higher wavelength (Aem > Aex). This so called Stokes shift is due to non-radiative vi-

bronic relaxation of the electron in the higher quantum state.?!

The confocal principle as the main difference of conventional epifluorescence micro-

scope is presented in Fig. 3.30.

detector
emission filter
pinhole

laser collimator

beam splitter

scan mirror

objective

focal plane

Fig. 3.30 Schematic setup and optical path of a confocal laser scanning microscope (CLSM).

Instead of incoherent lamp light, monochromatic laser light passes through a collimator
to a beam splitter that separates the excitation from the emitted light in the beam path.
The excitation light of the laser then hits a focal plane of the specimen after passing the
objective lens. A scan mirror guides the focused laser beam pixel by pixel across the
focal plane. A motorized z-control unit below the specimen allows to access any focal
plane. The emitted light then passes through the beam splitter, a lens and an adjustable
pinhole that excludes the out of focus light. A pinhole that is set to 1 airy unit (1 A.U.)
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further improves the x-y-resolution of an epifluorescence microscope by excluding
higher orders of diffraction pattern. An emission filter ensures, that only light emitted

with a certain wavelength reaches the detector (photomultiplier tube).

The x-y-resolution limit of an image (d) is given by the law of Abbé (eq. 3.28):

Aex Aex

d= = eq. 3.28
2n-sinad 2-NA’

with 7 being the refractive index of the lens medium and a the half angle of the objec-
tive. It can be enhanced using objective lenses with a high numerical aperture (NA).
Mostly the NA =1, so that the x-y resolution is approximately half of the laser wave-

length. The z-resolution is significantly poorer with ~1 um.

In this work, the LSM 710 (Carl Zeiss, Jena, Germany) that was equipped with the
software Zen 2008 and a water immersion 63 x objective with NA =1 (W Plan Achro-
mat, Carl Zeiss, Jena, Germany) was used. To excite Bodipy-PC, Alexa Fluor488 Phal-
loidin and the Alexa Fluor488 C5-maleimide an Ar-ion laser (25 mW , Aex =488 nm,
Aem =496-575 nm) was used, while for perylene excitation a diode laser (30 mW,
Aex =405 nm, Aem =409-479 nm) was chosen. To excite the TexasRed-maleimide a HeNe-
laser (5 mW, Aex =633 nm, Aem = 638-648 nm) and for PIP.-TMR excitation a DPPS laser
(20 mW, Aex =561 nm, Aem =574-619 nm) was used.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) is an important technique to study
the lateral mobility of lipids in artificial membranes or living cells.®?83 Further methods
to investigate lateral diffusion of lipids or proteins inside a membrane are fluorescence

correlation spectroscopy (FCS) or single particle tracking (SPT).
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Several theoretical models were developed in the past i.e. by Axelrod et al that enable
one to determine the diffusion rate constant D by fitting the fluorescnence recovery
curve obtained during a FRAP experiment.®*> A general FRAP curve as well as the cor-
responding fluorescence images are shown in Fig. 3.31 A and B. First of all, a round
region of interest (ROI) is defined. The ROI should be chosen in a way that it is located
in the middle of a homogenous, defect free membrane patch. Then a high energetic la-
ser pulse photochemically destroys the fluorescently marked molecules inside the ROL
After this short bleaching period (~1-3 s) the fluorescence recovery inside the ROI due

to lateral diffusion is recorded as a function of time (Fig. 3.31 A).
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Fig. 3.31 (A) Normalized FRAP cuvre with essential parameters (Io= normalized fluorescence intensity
before bleaching, Ini= intensity after bleaching, Im= intesity after recovery). (B) Exemplary fluorescence
images showing the time course of fluorescence recovery as observed after bleaching a ROI of a solid
supported hydrbid membrane doped with Bodipy-PC. Numbers correspond to the moment marked in
the FRAP curve.

Data evaluation a non normalized FRAP curve was performed using the built in soft-

ware Zen2008 by fitting the recovery curve monoexponentially (eq. 3.29):
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I(t) = Iy — (Iy — Ig) exp(—7 - 1),

eq. 3.29

with I(t) = the fluorescence intensity at a certain time, Im = the intensity after recovery,

IsL = the intensity after bleaching and 7= is the obtained fitting parameter.

From 7 the half life of the recovery can be calculated (eq. 3.30):

In 0.5
Tp = .

The diffusion coefficient D can be obtained by (eq. 3.31):

with 7 = radius or the ROI.

eq. 3.30

eq.3.31

If the intensity after recovery (Im) does not reach the level of the intensity before bleach-

ing (Io) a cetrain immobile fraction is apparent. This fraction (In) can be determined as

follows: (eq. 3.32)

lo—1Iy

IIM:IO_IBZ

eq. 3.32
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In this work, the quality of solid supported hybrid membranes and bilayers as well as
pore spanning membranes was controlled by means of FRAP measurements. Diffusion
coefficients and immobile fractions were extracted and compared to similar membrane

systems.

3.4.8 Scanning Electron Microscopy

While the resolution d of a light microscope is limited by the law of Abbé (4~200 nm)
with a scanning electron microscope (SEM) it can be reduced to 1 nm, since the wave-
length of an electron beam is much lower compared to visible light. The main disad-
vantage is that only metal coated specimen that are stable in high vacuum can be visu-

alized. Performing experiments in a liquid environment is thus impossible.

In this work, SEM was utilized to characterize and control anodic aluminum oxide
(AAOQO) porous substrates, silicon nitride pores and cantilever. Prior to SEM imaging
each specimen was coated with 5-30 nm gold by means of a Bal-Tec MCS610 thermal

evaporation unit.

Physical Background and Setup

Instrumental setup and electron beam path are presented in Fig. 3.32. The electron gun
generates electrons by thermionic emission from a tungsten filament at high tempera-
tures under high vacuum (~5-10"1® mbar). The electrons are accelerated towards an an-
ode (0.2-30 kV). A condenser lens system then focuses the electron, while a magnetic
field generated by scan coils deflects the electron beam back and forth. After being fo-
cused by the objective lens the specimen is scanned (electron beam spot size ~ 1-5 nm)
and backscattered or secondary electrons (SE) are detected by several possible detectors
(here SE are detected by an in-lens or the SE2 defector and backscattered electrons by
the BSE detector). 8087
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Fig. 3.32 Schematic daring of the scanning electron microscope (SEM) setup and optical path.

Interaction of highly accelerated electrons with the specimen surface produces a variety
of electrons that are either reflected by or emitted from the substrate. Secondary elec-
trons (SE) result from inelastic collision of the incident electrons with the specimen
electrons. Loosely bound electrons of the specimens surface gain enough energy to be
emitted. Hence, information about the specimen’s topographic is provided. Backscat-
tered electrons (BSE) are reflected electrons after elastic collision with the specimen.
They penetrate deeper into the specimen compared to SE and thus provide information
about the topographic and the atomic number contrast with a lower resolution than SE.
Besides these electrons, X-rays and Auger electrons are generated, which give infor-

mation about the specimen’s composition.
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Experimental Performance

In this work, a LEO supra-35 SEM from Carl Zeiss (Jena, Germany) was used for SEM
imaging. After flushing with nitrogen and obtaining a high vacuum (5-101° mbar), elec-
trons were accelerated with a gun power of 5 kV. Higher voltages normally lead to a
higher resolution, if the material is highly conductive. However, higher voltages often
cause charging effects or substrate damage. An in-lens SE detector that was perpendic-
ular to the specimen surface was chosen to provide the best possible x-y resolution (a
45 ° SE2 detector in the contrary was used for z-topographic information). Contrast and
brightness were automatically regulated and a standard aperture stop of 30 um was
chosen. After focusing onto the specimen, the optical path of the electron beam was
optimized by centering the aperture stop (aperture align/focus wobble) and correcting the
astigmatism of the electron beam (stigmation x, y). This procedure had to be repeated in

order to optimize the image quality.

3.4.9 Atomic Force Microscopy

Atomic force microscopy (AFM) is a high resolution microscopic technique (x,y-
resolution~1 nm, z-resolution~0.1 nm) that was developed in the 1980’s as a successor
of the scanning tunneling microscope (STM). The AFM allows imaging the specimens
surface by scanning it with a cantilever. By means of force spectroscopy the mechanical
properties of the specimen can be characterized. Although it is a non-destructive tech-
nique that allows to examine biological specimen in an aqueous environment with a
higher z-resolution than SEM, its drawbacks include long measuring times of only

small scaled images (um range).

In this work, AFM was applied to investigate the mechanical properties of pore span-
ning membranes by means of indentation force maps and the influence of an attached
F-actin network. Additionally it was utilized to image the porous structure of anodic

aluminum oxide pores.
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Physical Background and Setup

The measuring principle of AFM is based on emerging forces between cantilever tip
and surface of the specimen after the cantilever approaches the surface. A SEM micro-
graph of a cantilever is shown in Fig. 3.33 A together with an energy potential diagram
(B) and force distance curve (C) that describes the behavior of a cantilever that comes in

contact with a surface.

repulsive

attractive

<>
condact mode
intermittant condact mode,
7

d d

Fig. 3.33 (A) SEM micrograph of MLCT cantilever (B-F) (bottom) and the used C-cantilever (top) with a
mean spring constant of k=30 mN/m. (B) Energy potential (E) diagram and (C) idealized cantilever de-
flection (dc) versus distance d curve: cantilever approaches the surfaces (1), snaps on (2) and gets deflect-

ed (3) the cantilever is retracted (4), loses contact (5) and is withdrawn from the surface.

A cantilever that scans the specimens topography gets bend due to attractive or repul-
sive forces from the surface (Fig. 3.34). This leads to deflection (lateral and/or vertical)
of the laser beam that is reflected from the cantilever, which is detected by a photodi-
ode. A feedback mechanism is employed that readjusts the cantilever displacement via
a z-piezo element. Piezo crystals of the z and the x,y element respectively contract or

expand in the presence of a voltage, so that three dimensional movements are possible.

The cantilever deflection (dc) is linearly proportional to the force (F) that acts on the tip
(Hooke’s law, eq. 3.33):
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F=kc dc. eq. 3.33

Hence, with a priory determined cantilever spring concstant (kc) the force can be calcu-

lated.
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Fig. 3.34 Schematic drawing of an AFM setup.

AFM imaging can either be performed in contact or intermittent contact mode (so
called tapping mode). In contact mode, the generally scans the surface with a constant
force, where the deflection setpoint is kept constant. In intermittent contact mode, the
cantilever constantly oscillates close to its resonance frequency with a constant ampli-

tude that its readjusted by a feedback loop.

Beside the imaging mode, force distance curves can be employed to measure mechani-
cal properties of cells or artificial membranes as well as interaction forces between bi-

omolecules.®?# By means of indentation experiments performed on cells or artificial
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membranes, the stiffness (Young’s modulus, elastic response) and viscoelastic response
can be examined. Also, the contribution of cellular components i.e. the cytoskeleton to
the mechanical properties can be determined. Therefore, force distance curves are rec-
orded and plotted as the force response F of the cantilever against the sample-tip dis-
tance d (see Fig. 3.33 C). As the cantilever gets in contact to the surface (Fig. 3.33 C, blue
curve, section 3), repulsion from the surface leads to a cantilever deflection. The force
response can be calculated from the cantilever deflection, if the spring constant of the
cantilever is known. The slope of the corresponding curve is, in case of pore spanning
membranes, mainly determined by the lateral tension of the membrane, so that the ap-

parent spring constant kapp can be evaluated by linear regression.

A non-elastic behavior of the specimen during indentation/retraction reflected in a hys-
teresis between the indentation and retraction curve. This phenomenon is an indication
of energy loss during the indentation/retraction process, caused by viscoelastic effects.
The cantilever response during retraction gives further information about adhesion or

stretching phenomena.

Experimental Performance

Force mapping indentation experiments of pore spanning membranes with and with-
out an attached F-actin network were performed with the MFP-3D stand alone AFM
from Asylum Research (Santa Barbara, USA) using a soft, triangular MLCT lever
(kc =10-60 mN/m, see Fig. 3.33 A) from AFM Probes (Camarillo, USA). Force maps
consisting of 40 x 40 force distance curves (images size 7 X 7 um?) were performed

with different approaching velocities (v = 0.3-20 pm/s).

Prior to each experiment, reference curves on a hard surface (silicon nitride) were rec-
orded to determine both, the contact point of the cantilever tip and the sensitivity of the
photodiode (deflection signal/ output voltage) by linear regression of the obtained

curve.
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Before force distance curves were recorded, the exact spring constant of the cantilever
(kc) was determined using the thermal noise calibration method (see eq. 3.33). The

spring constant is obtained from eq. 3.34:

kB'T

=—, eq. 3.34
(z2)

k¢

with the mean square deflection <z2> of the cantilever arousing from thermal fluctua-
tions. The method is based on the assumption that the mean thermal energy of the sys-

tem is 0.5 kT per degree of freedom (equipartition theorem).
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4 Biosensor Assay Development Based on
Solid Supported Membranes: Studying

Protein-Protein Interactions

4.1 Abstract

The transmembrane protein polycystin-2 (PC2) is a member of the transient receptor
potential (TRP) family and functions as a Ca*-permeable, non selective cation channel.
PC2 is in the centre of a protein interaction network, where interactions are mediated
by its C-terminus (cPC2). These interactions are claimed to be responsible for regulat-

ing cellular proliferation and differentiation.

Here, developed a membrane based biosensor assay that mimics the natural environ-
ment of the membrane anchored protein fragments. This platform can serve as a
screening assay, that would allow us to determine the binding affinities and kinetic rate
constants of cPC2 and its interaction partners in order to evaluate their biological rele-

vance.

As an accepted cPC2 interaction partner, C-terminal polycystin-1 (cPC1) was employed
to build up the a membrane based biosensor assay using two independent techniques,
the surface plasmon resonance (SPR) and quartz crystal microbalance (QCM). Specific
immobilization of the hexahistidine tagged protein ¢cPC1 on a solid supported DOPC
membrane doped with 10 mol% DOGS-NTA-Ni and subsequent cPC2 binding and de-

sorption was monitored by means of the two biosensor techniques. Binding affinities
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and kinetic rate constants were evaluated and compared in order to elucidate the ap-

plicability of the SPR and QCM instruments as biosensor devices.

4.2 Introduction

As a member of the transient receptor potential (TRP) channel family, Polycystin-2
(PC2) or TRPP2 functions as a Ca?" permeable, non-selective cation channel that plays a
fundamental role in cell development and proliferation. The gene pkd2 that encodes for
PC2 is one of at least two genes, whose mutation leads to the development of renal
cysts and eventually causes renal failure. This autosomal polycystic kidney disease
(ADPKD) is one of the most common monogenetic disorders with a prevalence of
~1:1000. PC2 is composed of 968 amino acids (~110 kDa) with six membrane spanning
regions and intracellular N- and C-terminal domains. The C-terminus of PC2 (cPC2),
especially its coiled-coil domain, has been identified as a region with many potential

interaction partners (see Fig. 4.1).
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Fig. 4.1 Schematic drawing of polycystin-2 embedded in a cellular membrane. A selection of potential

interaction partners, that putatively interacts with the C-terminal region of polycystin-2 are listed.

The topology of the C-terminal PC2 (Ile®®-Val*®®) is depicted in Fig. 4.2 A together with
the structural model (Fig. 4.2 B) obtained from ROBETTA by Célic et al. in 2008.! As
structural motifs, it harbors an EF hand domain as a potential Ca* binding site, a reten-
tion signal to the endoplasmatic reticulum (ER) and most interestingly one accepted
and one proposed coiled-coil domain, which have been narrowed down as interaction

sites of some of its potential interaction partners.
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Fig. 4.2 (A) Topology of the cPC2 predicted domains (Ile®®-Val). (B) Model of cPC2 (Ile?*-Val?) ob-
tained from ROBETTA.!

The interactions between cPC2 and these proteins however, have yet not been investi-
gated in a quantitative manner. However, quantifying the interactions would be of
great interest, because it offers the possibility to distinguish those that are of biological
relevance, indicated by a strong affinity, from those, which can biologically be neglect-

ed.

One of this interaction partners is a proteins named polycystin-1 (PCI). PCl1
(4003 amino acids, 462 kDa) is encoded by pkd1, the second gene, whose mutation
causes ADPKD. This plasma membrane anchored protein is composed of 11 trans-
membrane spanning regions with an extracellular N-terminus and an intracellular C-
terminal region.? By means of a co-immunuprecipitation assay Hanaoka et al. found
that a coiled-coil domain within the C-terminal domain of PC1 was sufficient to mediate

cPC1-cPC2 complex formation.?

Due to its large extracellular N-terminus, PC1 is capable of sensing fluid shear stress,
being localized in the ciliary plasma membrane. This stress causes a conformational
changes, which facilitates the interaction of the two intracellular coiled-cloil domains of
PC1 and PC2. PC2 in turn produces a Ca* influx, leading to a total increase of intracel-
lular Ca? concentration and thus to cellular activities, which regulate cell development

and growth.* A schematic drawing of the PC2/PC1 complex is shown in Fig. 4.3.
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Fig. 4.3 Schematic drawing of the domain structure of polycystin-1 and polycystin-2 during complex

formation.

The sequence of cPC1 used in this work (136 amino acids, original PC1 sequence from
Ser#2-Thr#®) is depicted in Fig. 4.4 A together with a helical wheel diagram of the
coiled coil domain (Arg*"-Gly**) in Fig. 4.4 B.
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Fig. 4.4 (A) Sequence of the C-terminal portion of PC1 (134 amino acids) used in this work. Red letters
indicate sequence elements derived from the original protein sequence, the coiled coil domain (yellow

square) is presented as a helical wheel diagram (B).

Commonly often applied, solution based techniques to quantitatively investigate pro-
tein-protein interactions such as isothermal titration calorimetry (ITC) or fluorescence
based techniques provide only thermodynamic, but no kinetic information or often re-
quire high protein concentration. Also, the introduction of fluorescent labels could af-
fect the conformation an thus reactivity of the respective protein, which might alter the

measured parameters.

These drawbacks were overcome by introducing surface coupled biosensors®®, with
which thermodynamic as well as kinetic data evaluation is possible in a time resolved
manner and label free- manner (see chapter 1.2.1) Besides several techniques that are
capable of detecting surface coupled binding events, the surface plasmon resonance
(SPR) technique became the most commonly used method to study analyte-ligand in-
teractions.” The quartz crystal microbalance (QCM) on the contrary is an acoustic bio-
sensor that detects binding events as changes in resonance frequency and resistance of
the quartz crystal resonator.®®® Both the QCM and SPR technique are extremely sensi-

tive gold coupled biosensors with a detection limit of ~1 pM/mm?.



Biosensor Assay Development | 113

To allow coupling of one interaction partner (ligand) on the biosensor surface, the gold
surface has to be chemically modified. Therefore either planar, chemically modified
alkanethioles!® or three dimensional carboxylated dextran layers (~100-200 nm) are
used to specifically immobilize the ligand atop the surface (Fig. 4.5 A and B).!® Dextran
surfaces are flexibly, non-crosslinked layers with reduced unspecific binding events
that allow to homogenously immobilize a large amount of ligand within the three di-
mensional network. However, being immobilized on a two dimensional alkanethiol
surface, a comparable accessibility of protein binding sites is guaranteed and diffusion

processes are limited.>
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Fig. 4.5 (A) Scheme showing the three-dimensional structure of a dextran (upper part) and alkanethiol
(lower part) covered gold surface (scales are not comparable). Dextrans and alkanethiols are chemically
modified (green circles) to facilitate ligand (red pentagon) immobilization. (B) Coupling chemistry com-
monly used to immobilize ligands via amine or thiol coupling (1), streptavidin/biotin interaction (2),
monoclonal antibody (mAB)/TAG (i.e. GST, HSV, FLAG) interaction (3) and Ni-NTA/hexahistidin
(6 x His) interaction (4).

Although in most biosensor applications one of the above mentioned immobilization
strategies are utilized, solid supported lipid bilayers'? with specifically modified phos-
pholipid head groups have the main advantage to mimic the cellular environment and

maintain the lateral mobility of surface coupled proteins. Interactions of proteins with
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their respective lipid receptors such as the peanut agglutinin-Gwi'®, annexin al-
phosphatidylserine'* and ezrin-PIP:!® interaction were matter of investigation in the

recent past.

As the adsorption of proteins on surfaces is governed and influenced by individual
protein binding behaviors and biosensor setups, different kinetic models were devel-
oped to satisfy each distinct requirement.!® Important kinetic adsorption mechanisms

and their corresponding model is depicted in Fig. 4.6
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Fig. 4.6 Schematic drawing showing different kinetic models of protein adsorption. In the Langmuir
model, adsorption takes place at distinct available surface sites, while in the RSA model the adsorption
takes place on random available surface sites. The two states model refers to conformational changes
upon adsorption leading to a higher affinity (left: transition model, right: two path model). Surface clus-
ters can form either via the piggyback pathway (left) or lateral monomer diffusion (right). Cooperative
adsorption takes place at the tracking model, where proteins preferably adsorb close to other surface

bound proteins.'6

The simplest model that describes the adsorption of small, rigid particles at distinct

available surface sites has been proposed by Langmuir in 1932. This, non cooperative
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adsorption leads to the formation of a complete monolayer at a maximal surface cover-
age (Omax =1). Moreover, the Langmuir model assumes that small, rigid particles ad-
sorb on individual, independent binding sites with the same adsorption energy. This
assumption however, is not valid for large, non-rigid proteins, which might cover more
than one binding site. This weakness had been overcome by the development of the
random sequential adsorption (RSA) model, at which the probability of protein binding
is decreased at higher surface coverage, leading to a jamming limit of maximal surface
coverage Omax = 0.55.77 An exact description of the surface coverage can be obtained as a
function of available surface sites (available surface function, @(®)). As the available
surface function cannot be expressed analytically, other models such as the scaled par-
ticle theory (SPT, see section 3.4.3 on kinetic data modeling) have to be adopted.!® In case
of surface coupled interactions, mass transport of the respective particle from the bulk
solution to the sensor surface is another factor that needs to be implemented in terms of
a mass transport rate constant k. Although there are some possibilities to reduce mass
transport effects, such as increase of the flow rate and lowering the surface concentra-
tion of the ligand, it can usually not be completely eliminated.' If mass transport is in-
fluencing the binding kinetics of the interaction, both the rate constants of association
(kon) and dissociation (kotf) are distorted.?’ While kon is under-determined, due to lack of
proteins in the so called unstirred layer directly above the sensor surface, kot is under-
determined due to rebinding of proteins to the sensor surface. Hence, kinetic models
that take mass transport effects into account, leading to the extraction of a mass
transport rate constant kw, are often employed, if a detailed kinetic analysis is per-

formed.

Other adsorption phenomenon are mainly associated with the protein characteristics.
Lateral interaction, such as cooperative binding or protein clustering can influence the
protein binding kinetics.!> Cooperative binding was first described by Minton and Cha-
telier, leading to a sigmoidal adsorption isotherm.?! Reorientation or conformational
changes of proteins that have been adsorbed on a surface leading to a different binding

behavior compared to proteins in solution, is also commonly observed.®
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In this work, we aimed to establish a membrane based biosensor assay that would al-
low us to quantify the interaction between C-terminal polycystin-2 (cPC2, Ile®-Val*®)
and some of its potential interaction partners in a label-free and time-resolved manner.
To be able to develop this biosensor assay, we used C-terminal PC1 (cPC1), which is an
accepted interaction partner of cPC2, with a yet unknown affinity. A membrane based
assay was chosen to, on the one hand provide the lateral mobility of the immobilized
protein and, on the other hand mimic the cellular environment of the two membrane

coupled protein fragments.

Therefore, the hexahistidine tagged protein cPC1 was specifically immobilized on a
DOGS-NTA-Ni containing solid supported hybrid membrane.?> The cPC2-cPC1 inter-
action was investigated by means of either the QCM (set up is depicted in Fig. 4.7) or
SPR biosensor and the protein-protein interaction was then analyzed using a kinetic
model that based on the scaled particle theory in order to extract the dissociation con-
stant (Kp) and rate constants of adsorption (kon), desorption (ko#) and mass transport
(keans). After establishing this assay with the two model proteins cPC2 and cPCl, it
should serve as a screening platform that allows to investigate the interactions that cen-

tre PC2 (see Fig. 4.1), varying possible parameters (see chapter 5 und 6).
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Fig. 4.7 Schematic drawing of the binding assay. cPC1 (shown in green) is immobilized on a solid sup-
ported membrane composed of octanethiol-DOPC/DOGS-NTA-N], 9:1 via its histidine tag (depicted in
yellow). The solid supported membrane is prepared on a gold electrode of a 5 MHz quartz crystal. cPC2
(shown in red) is added in solution and binding is monitored by changes in the resonance frequency of

the quartz plate.

4.3 Results

4.3.1 Protein Expression and Purification

C-Polycystin-1

The C-terminal domain of polycystin-1 (cPC1, 136 amino acids, Ser*>--Thr*%, Fig. 4.4
A) was recombinantly expressed in Escherichia coli (strain: BL21(DE3)) with a hexahisti-
dine tag at the C-terminus. The high purity of the protein solution after Ni-
iminodiacetic (Ni-IDA) affinity purification was confirmed by SDS-PAGE analysis (Fig.
4.8, lane L and E). The gel shows cPC1 at approximately 14 kDa (lane E). By means of
Western Blot analysis the accessibility and functionality of the hexahistidine tag was
confirmed (Fig. 4.8,WB, lane E) using a pentahistidine antibody from Qiagen (Hilden,

Germany).
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SDS-PAGE WB
kDa M L E E

Fig. 4.8 SDS gels and Western blot analysis of C-Polycystin-1 (cPC1) protein fractions. The Coomassie
stained SDS gel shows the molecular marker (M), cell lysate (L) and elution fraction (E) of cPC1. Accord-
ing to the SDS gel and Western blot analysis (WB, anti Hiss) the molecular weight of cPC1 is approxi-
mately 14 kDa.

C-Polycystin-2

The C-terminal fragment of polycystin-2 (cPC2, 290 amino acids, Ile®’-Val*®) was ex-
pressed and purified as a maltose binding protein (MBP) fusion protein to increase pro-
tein solubility and stability of cPC2 during all expression and the purification steps. A
SDS-PAGE gel analysis of cPC2-MBP was performed after amylose affinity purification
(compare Fig. 4.9, cPC2-MBP, lane L and E of cell lysate and elution fraction). The fu-
sion protein was obtained with an approximate mass of 76 kDa. After TEV-protease
cleavage, the cleaved protein was isolated from the MBP construct using a Ni-
iminodiacetic (Ni-IDA) agarose column (see chapter 3.3.2). Due to internal histidine
residues the affinity of cPC2 to the Ni-IDA column material was higher compared to
that of the MBP. While the MBP was found exclusively in the flow through (FT) frac-
tion (Fig. 4.9, cPC2 lane FT, M~40 kDa), the cleaved cPC2 fragment could be eluted
with 30 mM imidazole (Fig. 4.9, cPC2, lane E, M~ 33 kDa). Compared to proteins that
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possess an artificial hexahistidine tag, the imidazole concentration was quite low,

which denotes the lower affinity of cPC2 to the column material.
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Fig. 4.9 SDS gels of cPC2-MBP as fusion protein and after TEV protease cleavage (cPC2). The Coomassie
stained gel shows the molecular marker (M), the cell lysate (C) and elution fraction (E) of the fusion pro-
tein cPC2-MBP with 76 kDa (left hand side) and of cPC2 with 33 kDa after cleavage from MBP (right
hand side). The flow through (FT) after cleavage shows the MBP at 40 kDa.

4.3.2 Impedance and SPR Analysis of Hybrid Solid Supported Mem-

branes on Gold

Solid supported hybrid membranes were prepared on gold as described in chapter
3.2.3. The lipid composition of the membranes was chosen so that specific coupling of
the regarding protein of interest was possible (i.e. DOGS-NTA-NI as a receptor lipid for
hexahistidine tag proteins). As a defect free membrane was essential to prevent unspe-
cific protein binding and thus to correctly determine binding constants and kinetic pa-
rameters of the protein-protein interaction, a high value was set on controlling the

membrane quality and identifying optimal spreading conditions. Hence, in situ moni-
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toring of the vesicle spreading and thickness determination of the lipid monolayer by
means of SPR as well as the impedance spectroscopic membrane characterization were

employed to guarantee an adequate membrane quality.

SPR Analysis of Solid Supported Hybrid Membrane Formation on Octanethiole Gold Surfaces

Spreading of small unilamellar vesicles (SUVs) composed of either DOPC/DOGS-NTA-
Ni (9:1) or pure DOPC on a octanethiol-gold surface of an LaSFN9 glass plate was mon-
itored in situ by means of the SPR in kinetic mode (see chapter 3.4.5, page 79). The
shape of the curve as well as the monolayer thickness determined after the spreading
process provides valuable information about the membrane quality i.e. the existence of

defects or vesicles adsorbed on the surface.

The time cores of the relative reflectivity change of pure DOPC vesicle spreading per-
formed in low salt E1 buffer (50 mmM KCl, 20 mm TRIS/HCI, 0.1 mM EDTA, 0.1 mMm
NaNGs, pH 7.4) is depicted in (Fig. 4.10, black curve). After vesicle addition (A), the sud-
den increase of relative reflectivity indicated spreading of the vesicles. In the case of
pure DOPC vesicles, however, a baseline that would demonstrate the formation of a
monolayer atop the hydrophobic octanethiol surface was not observed. Instead, the
curve increased steadily, most likely due to vesicle adsorption atop the monolayer sur-
face. After rinsing with buffer (B), a small drop in relative reflectivity indicated the de-
sorption of a few surface adhered vesicles. A membrane thickness of d=3.9 nm (n=1)

could then be determined according to a procedure described in chapter 3.4.5 on page

81.

While spreading of DOPC/DOGS-NTA-Ni, 9:1 vesicles in high salt P1 buffer
(500 mM NaCl, 20 mM TRIS/HCI, pH 8.0) was usually completed after 60-90 min with a
mean thickness of d = (3.4 £1.6) nm (n=17, Fig. 4.10, blue curve), spreading of identi-
cally composed vesicles in low salt E1 buffer in the presence of 10 mM CaCl:z resulted in
the formation of a monolayer (d = (1.2 + 0.5) nm, n = 3) within 20-30 min (Fig. 4.10, red

curve).
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Fig. 4.10 Exemplary time courses of the relative reflectivity change after addition of SUVs (a) and buffer
rinsing (b). DOPC SUVs (black curve) were added in low salt E1 buffer (50 mm KCl, 20 mm TRIS/HC],
0.1 mM EDTA, 0.1 mM NaNs, pH 7.4), while SUVs containing DOPC/DOGS-NTA-Ni (9:1) were applied
in high salt P1 buffer (500 mM NaCl, 20 mM TRIS/HCI, pH 8.0, blue curve) or low salt E1 buffer in the

presence of 10 mM CaClz (red curve).

These values differ from the one expected for a perfect lipid monolayer (d=2nm), a
fact, that will be discussed in chapter 4.4. Despite the significant deviation in monolay-
er thickness, DOGS-NTA-Ni containing membranes formed under both high salt and
low salt conditions were used to specifically immobilize hexahistidine tagged proteins.
It was assumed that multilayers or vesicles adhered at the membrane surface would

not interfere with the immobilization of proteins on the membrane.

Impedance Analysis of an Octanethiol-gold Layer and a Solid Supported Membrane

Both the octanethiol monolayer on gold coated AT-cut quartz crystals used for QCM
experiments and the solid supported hybrid monolayer (DOPC/DOGS-NTA-N;i, 9:1)
formed atop were characterized by means of impedance spectroscopy in order to en-

sure an appropriate monolayer coverage. Characteristic impedance spectra of both lay-
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ers are presented in Fig. 4.11 (octanethiole monolayer: hollow squares, bilayer: hollow
circles). The Bode plots show the phase shift ¢(w) (blue squares and circles) and magni-
tude of impedance |Z(w)! (black squares and circles) as a function of frequency (range:

f=10"1-10° Hz (see chapter 3.4.1).

1|/

Fig. 4.11 Bode plot of the phase shift ¢ (w) (blue squares and circles) and impedance |Z(w)| (black squares
and circles) as a function of frequency (range: f = 10-10° Hz). Impedance spectra of an octanethiol mono-
layer (hollow squares) and solid supported bilayer (hollow circles) were recorded and the parameters of

a CR-equivalent circuit were fit to the data (black and blue lines).

Fitting the parameters of a CR-equivalent circuit to the data lead to a mean specific ca-
pacitance of Cor=(2.3+0.2) uF/cm? (n=27) for the octanethiol monolayer and
CeL = (1.1 £0.1) uF/cm? (n = 26) for the bilayer. These values are in very good agreement
with results obtained previously.!® As the capacitances of each layer ad up reciprocally,
the capacitance of the lipid monolayer can be calculated to Cwmc=(2.1+0.5) uF/cm?
(n=26).
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4.3.3 Fluorescence Microscopy and FRAP Analysis of Hybrid Solid

Supported Membranes on Silicon

DOPC membranes doped with 0, 5, and 15 mol% DOGS-NTA-Ni receptor lipid and
0.5 mol% Bodipy-PC were prepared on silicon substrates that were hydrophobically
functionalized with dodecyl trichlorosilane (DTS) resulting in hybrid lipid bilayers sim-
ilar to those prepared on octanethiol-functionalized gold surfaces used for the QCM
studies. A contact angle of approximately Owater=93 ° points out the significantly in-
creased hydrophobicity of the DTS functionalized surface compared to a hydrophilic
silicon wafer that has a contact angle of Owater =44 ° (Fig. 4.12). The values were in ac-
cordance with those reported in the literature for similar systems like alkanethiols and

other hydrophobic surfaces.?3?

Fig. 4.12 Contact angle (Owater = 180 °-©) measurement of a water drop deposited on a hydrophilic silicon
wafer (left hand side, Owater =93 °) and a wafer that was hydrophobically functionalized with dodecyl-
trichlorosilane (Owater = 44 °,right hand side).

Fluorescence microscopy images showed a homogeneous fluorescence indicating the
successful formation of rather defect-free solid supported lipid bilayers independent of
the DOGS-NTA-Ni content. Few non-spread vesicles were attached atop the membrane
visible as bright spots. Fluorescence recovery after photobleaching (FRAP) analysis fur-

ther corroborated the formation of continuous and fluid planar lipid bilayers with a
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mean diffusion coefficient of D = (1.6 £ 0.3) um?*s? (n =23), which was found to be in-
dependent of the DOGS-NTA-Ni content (Fig. 4.13). The immobile fraction was esti-
mated to be (26 +9) %. The determined diffusion coefficient and immobile fraction is in
the range of what has been found for hybrid solid supported membranes
(D =0.5-2 um?*s!, immobile fraction of about 20 %)% and verifies the lateral mobility of

the lipids independent of the DOGS-NTA-Ni content.
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Fig. 4.13 (A) Exemplary FRAP curve obtained from solid supported hybrid membrane composed of
DOPC/DOGS-NTA-Ni/Bodipy-PC, 84.5:15:0.5. The arrow indicates the time point of the bleaching pulse.
(B) Exemplary fluorescence images observed after bleaching a region of interest (ROI) of the solid sup-

ported hybrid membrane.

4.3.4 Hise-tag Protein Immobilization on DOGS-NTA-Ni Containing

Membranes

In the next step, the immobilization of hexahistidine tagged proteins PIGEA14 and
ezrin on DOGS-NTA-Ni containing membranes was investigated. Both QCM and SPR
experiments were conducted to study the influence of the DOGS-NTA-Ni content on
protein binding and the specificity of protein binding by means of an imidazole elution

experiment.
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Immobilization of PIGEA14 on Solid Supported Membranes with Variable DOGS-NTA-Ni
Content by Means of QCM

For QCM experiments solid supported DOPC membranes with different contents of
the DOGS-NTA-NI receptor lipid (0 mol%, 2.5 mol%, 5 mol%, 7.5 mol%, 10 mol% and
15 mol% DOGS-NTA-Ni) were prepared on the octanethiol-gold surface of an AT-cut

quartz crystal as described in chapter 3.2.3.

In Fig. 4.14 A, typical time courses of the frequency shifts (Af) are shown after the addi-
tion of 0.3 uM PIGEA14 to DOPC membranes with various DOGS-NTA-Ni contents.
This protein concentration was chosen for all experiments, because a further increase of
PIGEA14 concentration would not alter the resonance frequency. Hence, saturation of
the binding sites with PIGEA14 was guaranteed. As the resonance frequency did not
alter after addition of the hexahistidine tagged protein PIGEA14 to a pure DOPC mem-
brane (reference experiment), unspecific protein adsorption was ruled out. Increasing
the DOGS-NTA-Ni content from 2.5 mol% to 5 mol% and 7.5 mol% lead to higher res-
onance frequency shifts at equilibrium (Afe). As a further increase of the DOGS-NTA-Ni
content up to 15 mol% did not significantly alter the measured frequency shifts Af., is
was concluded that a full surface coverage could be obtained at a minimum content of
~7.5 mol% DOGS-NTA-Ni. In Fig. 4.14 B the frequency shift Afe after protein addition is
plotted as a function of DOGS-NTA-Ni content. The intercept of two linear fits defines
the critical DOGS-NTA-Ni content of full protein coverage at approximately 7.5 mol%.
DOGS-NTA-NI.
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Fig. 4.14 (A) Exemplary time courses of the frequency shifts (Af) after the addition of 0.3 pM PIGEA14 (a)
to solid supported membranes composed of DOPC and different DOGS-NTA-Ni contents in high salt P1
buffer (500 mM NaCl, 20 mm TRIS/HCI, pH 8.0). Rinsing with buffer is indicated by (b). (B) Mean equi-
librium frequency shifts (-Af.) after the adsorption of 0.3 uM PIGEA 14 to membranes composed of

DOPC and various DOGS-NTA-Ni contents.

Mean values of -Afe after PIGEA14 addition to DOPC membranes with various DOGS-

NTA-Ni contents are listed in Table 4.1.

Table 4.1 Mean values of -Afe after addition of 0.3 uM PIGEA14 to DOPC membranes with different

DOGS-NTA-NI contents.

DOGS-NTA-Ni content / mol% -Afe [ Hz
2.5 (21+2),n=3
5 (38+9),n=5
7.5 (53 +14),n=>5
10 (54+8),n=4
15 (55+5),n=2
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However, all experiments that required a completely protein covered membrane were

performed with 10 mol% DOGS-NTA-NI to reproducibly ensure full protein coverage.

Specific Binding and Elution of Ezrin on and from DOGS-NTA-Ni Containing Membranes
Investigated by Means of SPR

The specific binding of hexahistidine tagged proteins to DOGS-NTA-Ni containing
membranes was further investigated by means of SPR spectroscopy. This was to prove
that both affinity constants and kinetic rate constants can bedetermined by means of
the QCM technique as well as the optical SPR method. Besides this, experiments were
performed with the hexahistidin tagged protein ezrin (for further information see chap-
ter 7.2, page 196) to ensure that binding specifity is independent of the chosen protein.
First, specific binding of ezrin to the receptor lipid DOGS-NTA-Ni was investigated by
comparing the binding of 0.8 uM ezrin to a solid supported hybrid membrane com-
posed of DOPC containing 10 mol% DOGS-NTA-Ni (Fig. 4.15 A, red curve) and a pure
DOPC membrane (Fig. 4.15 A, black curve). This protein concentration guaranteed
complete saturation of all available binding sites.?® It turned out that the content of un-
specifically bound ezrin to a pure DOPC membrane constitutes 14 % of the ezrin bound
to a membrane with 10 mol% DOGS-NTA-Ni content. As this was a non negligible con-
tent, a further experiment was conducted to proof that ezrin binds only specifically to a
10 mol% containing DOGS-NTA-Ni membrane (Fig. 4.15 B). Ezrin, that was immobi-
lized on a DOPC membrane containing 10 mol% DOGS-NTA-Ni was firstly rinsed with
low salt E1 buffer (50 mM KCl, 20 mM TRIS/HCI, 0.1 mM EDTA, 0.1 mM NaNs, pH 7.4)
to allow for desorption of unspecifically bound protein. Then, the system was rinsed
with ezrin elution buffer (250 mM imidazole, 50 mm KCl, 20 mm TRIS/HCI, pH 7.4)

which lead to the complete elution of ezrin from the membrane surface.
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Fig. 4.15 (A) Exemplary time course of the relative reflectivity shift after the addition of 0.8 uM ezrin (a)
to a membrane composed of DOPC/DOGS-NTA-N;, 9:1 (red curve) and a pure DOPC membrane (black
curve). Rinsing with low salt E1 buffer (50 mm KCI, 20 mM TRIS/HCI, 0.1 mm EDTA, 0.1 mM NaNj,
pH 7.4) is indicated by (b). (B) Exemplary time course of the relative reflectivity shift after the addition of
0.8 uM ezrin (a) to a membrane composed of DOPC/DOGS-NTA-Nj, 9:1. Rinsing with E1 buffer (b) only
led to desorption of unspecifically bound ezrin, while rinsing with a 250 mM imidazole buffer (250 mm

imidazole, 50 mM KCl, 20 mm TRIS/HCI, pH 7.4) (c) lead to the specific elution of ezrin.

This effect could only be obesevred after rinsing with E1 buffer, which readjusted the
starting refractive index conditions necessary to determine the amount of eluted ezrin.
It turned out that 100 % of the ezrin bound to the DOGS-NTA-Ni containing membrane
was eluted from the membrane surface. Thus, it was proven hexahistidine tagged pro-
teins specifically bind to DOPC membranes with a 10 mol% DOGS-NTA-Ni content.
Both biosensor methods the SPR and the QCM technique are appropriate to investigate

this protein-membrane interaction.

4.3.5 Interaction of cPC1 and cPC2 on Solid Supported Membranes In-
vestigated by Means of QCM and SPR

After the formation of solid supported hybrid membranes composed of DOPC/DOGS-
NTA-N;i, 1:9 with specifically bound hexahistidine tagged cPCl1, the aim was to quanti-
tatively investigate the interaction of cPC1 with its putative interaction partner cPC2. It

was important that all available DOGS-NTA-Ni binding sites were saturated with cPC1
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(or other binding partners), as cPC2 binds to DOGS-NTA-Ni most likely via internal
histidine residues. Thus, saturation of the binding sites with cPC1 was ensured by add-
ing as much cPC1 to the system until no more change of the measured signal indicated

further binding to the membrane.

Both the optical SPR technique as well as the acoustic QCM method were applied in
order to examine, whether both techniques are equally appropriate to investigate the
protein-protein interaction in a quantitative manner. First, specific binding of cPC2 to
cPC1 immobilized on a DOPC/DOGS-NTA-Ni, 9:1 membrane was investigated by the
QCM technique. Fig. 4.16 A shows a characteristic time course of the frequency shift
after the addition of 0.22 um cPC2 in Ca* containing buffer (150 mM NaCl, 20 mMm
HEPES, 1 mM CaClz, pH 7.4) that led to a frequency shift of Afe=-10.5 Hz. Rinsing with
buffer lead to a complete cPC2 desorption indicated by an increase in resonance fre-
quency to a value of Afe =0 Hz. This demonstrates an almost fully reversible interaction
in this experiment. A mean value of (66 + 13) % , n =5 was determined as the content of
cPC2 desorption. The same experiment was then performed by means of the SPR tech-
nique. Fig. 4.16 B shows an exemplary time course of the relative reflectivity change
after the addition of 0.3 uM cPC2 to cPC1 that was immobilized on a solid supported
hybrid DOPC membrane doped with 10 mol% DOGS-NTA-Ni. An immediate increase
of relative reflectivity of rel.refl. =0.011 corresponding to a thickness of 4 =0.7 nm (see
chapter 3.4.5, page 81 for details regarding the thickness calculation). After rinsing with
buffer only 40 % of the bound cPC2 desorbed from the surface. A mean value of
(36 £16) % , n =7 was determined as the content of desorbed proteins after buffer rins-

ing during the SPR experiments.
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Fig. 4.16 (A) Representative time course of the frequency shift (Af) after addition of 0.22 um cPC2 (a) to a
DOPC/DOGS-NTA-N;, 9:1 membrane with bound cPC1 in Ca? containing buffer (150 mM NaCl, 20 mM
HEPES, 1 mM CaCly, pH 7.4); (b) indicates the time point of buffer rinsing. (B) Exemplary time course of
the relative reflectivity shift after addition of 0.30 uMm cPC2 (a) to a DOPC/DOGS-NTA-Ni, 9:1 membrane

covered with cPC1 in Ca? containing buffer.

The mean thickness of cPC2 bound to cPC1 considering only cPC2 concentration that
ensure saturation of all available binding sites (cec2>0.3 uM) was determined

tod=(0.6 +0.2) nm (n=>5).

4.3.6 Binding Affinity Determination

In order to quantify the interaction of cPC2 with cPC1 immobilized on a membrane
composed of DOPC/DOGS-NTA-N], 9:1 in Ca?* containing buffer (150 mM NaCl, 20 mM
HEPES, 1 mM CaClz, pH 7.4) the resonance frequency shift (Afe) and the relative reflec-
tivity change was plotted versus the corresponding cPC2 concentration (Fig. 4.17). The

parameters of a simple Langmuir adsorption isotherm (eq. 4.1) were fitted to the data:

Ccpc2

] eq. 4.1
Kp + cepez

Ax = Axpax
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with Ax being the respective measured variable either Afe or the thickness change d,
Axmax as the corresponding maximal value and Kb as the dissociation constant of the
cPC2/cPCl1 interaction. As the binding affinity of large proteins in complex cannot be
correctly described by means of the Langmuir isotherm (see chapter 4.2), it was only
applied in this case in order to compare the result obtained by the two techniques, not

to provide correct thermodynamic information.
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Fig. 4.17 Adsorption isotherms of the cPC2/cPC1 interaction in Ca? containing buffer (150 mM NaCl,
20 mM HEPES, 1 mM CaClz, pH 7.4). The parameters of a Langmuir adsorption isotherm were fitted to
the resonance frequency shifts (-Afe) obtained from QCM data (blue circles, blue line) and to the thick-
ness change (d) obtained from SPR experimental data (black circles, black line). A dissociation constant
of Kb = (66 +28) nM was determined from QCM data (Afmax = (16 = 2) Hz), while from the obtained SPR

data a dissociation constant of Ko = (92 + 53) nM was determined (dmax = (0.6 £ 0.1) nm).

In case of the QCM experiments, a dissociation constant of Ko = (66 + 28) nM and maxi-
mal shift of resonance frequency of Afmax = (16 + 2) Hz was determined, while the exper-
imental data derived from SPR experiments resulted in a Ko = (92 + 52) nM and a max-
imal thickness change of dmax= (0.6 £ 0.1) nm. Both dissociation constants are basically

identical taking the experimental error into account.
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4.3.7 Kinetic Data Analysis

Langmuir Model

Besides the dissociation constant Ko of the cPC2-cPC1 interaction, kinetic rate constants
of the adsorption (kon) and desorption (kof) process were determined using the Lang-
muir model. Therefore, the time course of the frequency shift (Af) is fitted monoexpo-
nentially (eq. 4.2) assuming rate-limiting kinetics and neglecting the influence of mass

transport:

Af(t) = Af,(1 — exp(=kst)), eq. 4.2

with Afe being the equilibrium frequency.

An exemplary time course of the frequency shift, after the addition of 0.18 um cPC2 to
cPC1 immobilized on a DOPC/DOGS-NTA-Ni, 9:1 membrane, along with the result of
the monoexpoential fit (ks = (8.20 + 0.03)-10° s..) is depicted in Fig. 4.18.
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Fig. 4.18 Time course of the frequency shift after the addition of 0.18 uM cPC2 to a DOPC/DOGS-NTA-
Ni, 9:1 membrane covered with cPC1 in Ca? containing buffer (150 mM NaCl, 20 mM HEPES, 1 mMm
CaClz, pH 7.4). The concentration dependent rate constant of protein adsorption (ks) was fitted to the dat

by means of a monoexponential fit. The rate constant was determined to ks = (8.20 + 0.03)-103 s°1.

The linear relation between the concentration dependent rate constant ks and the cPC2
concentration (cec2) can be used to determine both kon and kott via a linear regression

(eq. 4.3):

ks = kon "Cepcz T koffr eq.4.3

In Fig. 4.19, ks is plotted as a function of cPC2 concentration for results obtained by

means of SPR (black circles) and QCM (blue circles) measurements.
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Fig. 4.19 Concentration dependent rate constants (ks) of cPC2 adsorption to cPC1 immobilized on a
DOPC/DOGS-NTA-N;i, 9:1 membrane as a function of cPC2 concentration (ccrez) in Ca?* containing buffer
(150 mM NaCl, 20 mM HEPES, 1 mM CaClz, pH 7.4). From SPR measurements (black circles) values of
kon=(7.9+1.2)-103 M1-s? and kot =(1.2+0.3)-10° s were determined, resulting in a Kb = (150 + 46) nM.
From QCM measurements (blue circles) values of kon= (1.8 +1.1)-102M'-s? and kot = (3.4 +1.7)-103 s

were determined, resulting in a Ko = (180 + 140) nM.

In case of the SPR experiments the rate constants of association and dissociation were
determined to kon = (7.9 £ 1.2)-10° M1-s! and kott = (1.2 £ 0.3)-10° 's!, while for the QCM
experiment they were determine to kon = (1.8 + 1.1)-102 M s and kott = (3.4 £ 1.7)-10- s,
Comparing the course of the plots and the respective linear regression, it becomes ob-
vious that they notably differ, although the determined kinetic rate constants are simi-
lar taking the error into account. This issue is discussed in detail in chapter 4.4. Apply-

ing eq. 4.4, we were able to calculate the dissociation constant Kb.

Kp= —. eq. 4.4
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A dissociation constants of Kb = (150 + 46) nM was thus calculated from the values ob-
tained by SPR measurements and Kb = (180 + 140) nM from QCM measurements, re-
spectively. These values significantly differ from those determined by means of the
Langmuir adsorption isotherm (SPR: Kb = (92 + 53) nM, QCM Kb = (66 * 28) nM). A de-
viation of the dissociation constants determined by means of an isotherm and applying
the kinetic rate constants can provide an indication of wrongly determined kinetic rate
constants. Mass transport of the proteins of the sensor surface, an effect that often
arouses when adsorption phenomena are studied ad solid interfaces (see chapter 4.2),
could cause this deviation. Hence, we decided to change the evaluation of the experi-
mental data in order to obtain accurate kinetic rate constants. The kinetic model that
bases on the scaled particle (see chapter 4.2) and implements the evaluation of the mass
transport rate constant k« seems to fulfill the requirements needed, if protein adsorp-

tion takes place at a solid interface.

Model Based on the Scaled Particle Theory

Due to the fact that the Langmuir model seemed insufficient to quantify the interaction
of cPC2 with cPCl1, the rate constants of adsorption (kon) and desorption (ko) were de-
termined applying a model based on the scaled particle theory (see chapter 3.4.3, page
71) using the relation between the rate constant and the dissociation constant Ko (eq.

4.4).

The adsorption rate constant were fitted to the data based on the SPT model (eq. 3.19
and eq. 3.20) that takes mass transport effects (ki) into account. Exemplary time courses
of the frequency shift and relative reflectivity change along with the fitting results are

depicted in Fig. 4.20 A and B.



136 | Biosensor Assay Development

A T T T T T B 0.010 T T T T

m—sah

0.008 - J

. 0,006 J
N 3
T [0+

- ~ 0.004} 4
u a
< ]

~ 0002} 1
o

T 0.000 1

0 100 200 300 400 500 0 300 600 900 1200 1500

tls tls

Fig. 4.20 (A) Time dependent frequency shift after the addition of 0.22 uM cPC2 to a DOPC/DOGS-NTA-
Ni, 9:1 membrane covered with cPC1 in Ca? containing buffer (150 mM NaCl, 20 mM HEPES, 1 mMm
CaClz, pH 7.4). The rate constant of protein adsorption (kon) was fitted to the data according to a SPT
based model that takes mass transport effects into account (k). The rate constants were determined to be
kon= (2.1 £0.5)-10* M1-sL, kott = (1.7 £ 0.4)-10? s and ke = (2.7 £ 1.3)-10* M1-s1. (B) Time dependent relative
reflectivity change after the addition of 0.24 um cPC2 to a DOPC/DOGS-NTA-N;, 9:1 membrane covered
with cPC1 in Ca?-buffer. Rate constants were determined to kon= (1.0 + 0.4)-10* M's", kot = (0.8 + 0.3)-10
3s1and ki = (1.6 £ 1.1)-10* M1,

The rate constants of adsorption and desorption determined from either QCM or SPR

experiments are listed together with the respective dissociation constants in Table 4.2.

Table 4.2 Rate constants kon and kot obtained from the changes in Af or relative reflectivity as a function
of time measured by the QCM or SPR technique. Fits to the data based on a SPT model were performed.
The dissociation constant Ko was determined fitting the parameters of a Langmuir adsorption isotherm

to the changes in Af or relative reflectivity as a function of cPC2 concentration.

cPC2/cPC1 kon / 10% M1-51 kote / 103 s1 Ko/ nMm

QCM (2.1 £0.5) (1.7 £0.4) (66 + 28)

SPR (1.0 £ 0.4) (0.8 £0.3) (92 + 53)
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The results demonstrate that the kinetic constants determined from both QCM and SPR

data in the same range but not identical within the experimental error.

4.3.8 Influence of Mass Transport on the Kinetics of the cPC2/cPC1

Complex Formation

In order to elucidate, whether the mass transport could be minimized, further experi-

ments were performed.

First, the dependence of the concentration dependent rate constant ks and the mass
transport rate constant k« on the flow rate was measured by means of QCM experi-
ments. Rate constants were measured as a function of flow rate (Fig. 4.21 A and B), af-

ter adding 0.3 uM cPC2 to a DOPC/DOGS-NTA-Ni, 9:1 membrane that was completely
covered with cPC1.

ke 104 M s
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Fig. 4.21 (A) Concentration dependent rate constant ks and mass transport rate constant (B) as a function
of flow rate (v) measured after the addition of 0.3 mM cPC2 to ¢cPC1 immobilized on a membrane that

was composed of DOPC/DOGS-NTA-N;, 9:1.

It turned out that, indeed both the transport and hence the cPC2 binding kinetics, could
be accelerated by increasing the flow rate from 0.2 ml/min to 0.6 ml/min, indicated by

an increase of both rate constants (in all other experiments, the flow rate was set to
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0.4 ml/min). That no saturation of the values was observed at higher flow rates, that the
meass transport influence could be further reduces by increasing the flow rate. Howev-
er, it was not possible to do so, as the signal to noise ratio of the resonance frequency
signal (Af) became unacceptably low with flow rates higher than 0.6 ml/min. The exact

values of the measured kinetic rate constants and flow rates are listed in Table 4.3.

Table 4.3 Concentration dependent rate constant ks and mass transport rate constant k« determined at

different flow rates.

flow rate / ml-min! ks /102 s ke / 10% M1-s1
0.2 (1.8+0.3),n=3 (2.2+0.2)
0.4 (2.1+04),n=3 (2.9+0.7)
0.5 (2.4 +0.4),n=4 (3.4 +0.9)
0.6 (3.1£0.7),n=6 (4.1 = 0.6)

Besides this, the impact of the cPC1 surface coverage on the mass transport was inves-
tigated (flow rate = 0.4 ml/min). As reported in the literature, a lower surface concentra-
tion of the immobilized binding partner should reduce mass transport effects.'” In Fig.
4.22, the concentration dependent rate constant ks is plotted against the DOGS-NTA-Ni

membrane content.
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Fig. 4.22 Concentration dependent rate constant as a function of the DOGS-NTA-Ni content of a DOPC
solid supported hybrid membrane.

Indeed, ks is slightly increased at lower DOGS-NTA-Ni contents (2.5 and 5 mol%),
which accounts for a reduced mass transport influence. The exact values of ks are listed
together with the respective DOGS-NTA-Ni content and frequency equilibrium shift
Afein Table 4.4.
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Table 4.4 Concentration dependent rate constants ks together with the corresponding DOGS-NTA-Ni

contents, and frequency equilibrium shifts Afe.

DOGS-NTA-Ni content / % -Afe/ Hz ks /102s
2.5 (8 +3) (2.3+£0.4),n=2
5 (10 £ 5) (2.7+0.3),n=3
7.5 (12 £1) (1.9£02),n=2
10 (13) 20,n=1
15 (16 £ 1) (2.0£0.1),n=2

4.4 Discussion

The aim of this work was to establish a biosensor screening assay based on solid sup-
ported membranes that allows to quantitatively investigate the interaction between
membrane coupled protein cPC2 and its putative interaction partners, starting with
cPC1. The hexahistidine tagged ligand protein cPC1 was therefore specifically immobi-
lized on a DOPC membrane surface containing 10 mol% of the DOGS-NTA-Ni receptor
lipid until surface saturation was reached. The analyte protein cPC2 was the given to
the system and binding was monitored as either a change in resonance frequency Af or

relative reflectivity in a time resolved and label-free manner.

In order to develop this membrane based assay, first the quality of the solid supported
hybrid membrane was controlled and the existence of large membrane defects was
ruled out. For membranes prepared on the gold electrode of an AT-cut quartz crystal
used for QCM experiments the determined specific capacitance for the octanethiol
monolayer Cor= (2.3 +0.2) uF/cm? (n=27), the hybrid bilayer Cs.=(1.1+0.1) uF/cm?
(n =26) and calculated phospholipid monolayer Cmc = (2.1 + 0.5) puF/cm? (n = 26) were in
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accordance with results reported in literature. Subramanian et al. determined a final
capacitance of 2.45 uF/cm? for an octanethiol monolayer on gold?, while Herrig et al.
reported a capacitance of Cor=(2.0+0.2) uF/cm? for the octanethiol monolayer and
CeL= (1.1 +£0.2) uF/cm? for a hybrid bilayer system composed of POPC with variable
PIP: content.’ Independent studies performed by Steinem et al. and Plant et al. found a
phospholipid = monolayer  capacitance = of  Cwm=(1.96+0.23) pF/cm?  and
Cme = 1.92 pF/cm? in case of POPC monolayers. This value is in agreement with the re-
sults obtained for monolayers composed of DOPC/DOGS-NTA-Ni, 9:1. In this study,
analyzing in situ spreading experiments performed by the SPR technique showed that
the resulted monolayer thickness as well as the spreading kinetics were dependent on
both the lipid composition and the ionic strength of the buffer. While in low salt E1
buffer and 10 mM CaClz> (50 mM KCl, 20 mM TRIS/HCI, 0.1 mM EDTA, 0.1 mM NaNjs,
pH 7.4) the monolayer thickness of a DOPC/DOGS-NTA-Ni, 9:1 membrane was only
d=(1.2+0.5) nm (n=3), a layer thickness of d = (3.4 +1.6) nm (n=17) resulted, if vesi-
cles of the same composition were spread in high salt P1 buffer (500 mM NaCl, 20 mM
TRIS/HCI, pH 8.0). Pure DOPC monolayers were formed with a final thickness of
d=3.9 nm (n=1) and a kinetic that indicates the adhesion of vesicles on the membranes
surface monitored as a steady increase of the relative reflectance (see Fig. 4.10). In pre-
vious studies by Naumean et al. and Rossi et al. a monolayer thickness of d =2 nm and
d=(2.2+0.3) nm for egg-PC was determined by means of SPR experiments.?”?® Both the
thickness value of the pure DOPC membrane and membranes containing
DOPC/DOGS-NTA-Ni, 9:1 spread in high salt P1 buffer were larger than the values
reported in literature. Possible reasons for this discrepancy are the formation of multi-
layers or the adhesion of vesicles on the membrane surface. It is well known that vesi-
cles tend to adhere to surfaces or to each other as a function of their £-potential, a value
that depends on the lipid headgroup properties and the ionic strength of the surround-
ing solution.?2° In 2010 Jothi et al. showed that DOPC vesicles tend to form multilayers
if the NaCl concentration was increased from 5 to 20 mM.*! They concluded that high

NaCl concentration promote the coalescence of vesicles, which results in the formation
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of multilayers. They also found that an increased amount of unruptured vesicles ad-
hered on the membrane surface at high electrolyte concentrations. The corresponding
spreading curves measured by means of QCM or reflectrometry showed the same
course as the DOPC spreading curve in this work. As the monolayer thickness of
DOPC/DOGS-NTA-Ni, 9:1 membranes formed in low salt E1 buffer with addition of
10 mM CaCl: was slightly lower than average values reported in the, one could assume
that this was caused by membrane defects. The hexahistidine tagged protein binding
experiment however, showed that specific binding of ezrin to a DOPC membrane with
a 10 mol% DOGS-NTA-Ni content and further elution with 250 mM imidazol contain-
ing buffer took place. By means of this SPR experiment, it was demonstrated that no
unspecific binding in potential membrane defects occurred, as all ezrin could be eluted

after rinsing with the imidazol containing buffer (see Fig. 4.15 B).

Besides this, the specificity of hexahistidine tagged protein binding to the DOGS-NTA-
Ni receptor lipid was demonstrated by the only marginal, unspecific binding of the
protein ezrin and PIGEA14 to pure DOPC membranes measured by means QCM and
SPR experiments (Fig. 4.14 and Fig. 4.15). To more explicitly examine the DOGS-NTA-
Ni-hexahistindine tagged protein interaction in terms of a possible DOGS-NTA re-
cruitment, QCM experiments were performed in order to investigate the frequency re-
sponse after the addition of 0.3 uM PIGEA14 to membranes with various DOGS-NTA-
Ni contents (0-15 mol%, see Fig. 4.14 B). Mokhtarzada et al. determined the radius of
PIGEA14 to be 3 nm by means of dynamic light scattering, a value relatively large for a
protein with a mass of only 14 kDa.*> Hypothetically assuming that value, a DOGS-
NTA-Ni content of 2.5 mol% would be sufficient to obtain a maximal surface coverage
(Ariceais = 28.28 nm?, Apocsntani = (0.7 nm?). However, as summarized in Table 3.1 the
DOGS-NTA-NI lipid offers only two potential binding sites and a protein with six ac-
cessible histidine residues would most likely bind with a stoichiometry of 1-3. QCM
experiments suggested that maximal coverage of PIGEA14 was achieved at ~7.5 mol%
DOGS-NTA-Ni. This implies the recruitment of three DOGS-NTA-Ni molecules under

one PIGEA14 molecule. Although it makes sense that more than one receptor lipid
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binds a hexahistidine tagged protein a radius of 3 nm for a protein with a mass of
14 kDa appears to be quite large. Mokhtarzada et al. augmented than this high value
could be caused by protein dimerization, partial unfolding or formation of elongated
coiled coil structures.®> Thus, if no ideal, globular geometry of PIGEA14 can be ex-
pected or the radius of PIGEA14 may be over determined the binding stoichiometry of
PIGEA14/DOGS-NTA-Ni would be less than 1:3.

To test whether the investigation of protein-protein interaction by means of the newly
developed membrane based biosensor assay was possible, the hexahistidine tagged C-
Polycystin-1 (cPC1) and its specific interactor C-Polycystin-2 (cPC2) were used. Owing
to the fact that the dissociation constants determined by fitting the parameters of a
Langmuir adsorption isotherm (see Fig. 4.17 and eq. 4.1) and the plot and linear fit of
the concentration dependent rate constant ks against the cPC2 concentration (see Fig.
4.19 and eq. 4.4) did not match, it was concluded that the simple Langmuir model was
not sufficient to fully describe the adsorption phenomenon of proteins on solid inter-
faces. Difference in the thermodynamically and kinetically determined dissociation
constants normally occur due to mass transport effect during the binding process.
There are several possibilities to minimize the influence of mass transport effects on a
binding study.” First, a high flow rate would reduce the height of the unstirred layer
above the sensor surface. Second, lowering the content of ligand protein immobilized
on the sensor surface would lower the depletion rate and thus decrease the impact of
the mass transport on the binding kinetics. Testing these two options by means of the
QCM technique, we found that increasing the flow rate indeed led to a reduction of
mass transport effects, indicated by higher values of ks and k«.. Unfortunately, a lower
signal to noise ratio of the resonance frequency signal, forced us to work with a flow
rate (0.6 ml/min), at which mass transport still seems to influence the reaction kinetics;

as there was no saturation in the course of the measured values (see Fig. 4.21 A and B).

Lowering the surface capacity of the ligand protein indeed leads to a reduction of mass
transport effects, as higher adsorption rate constants were determined for DOGS-NTA-

Ni contents of 2.5 and 5 mol% (Fig. 4.22). Nevertheless, it also causes a twofold de-
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crease of the measured frequency shift Afe, which resulted in higher errors of the meas-
urement (see Table 4.4). Also, the ks value determined at lower surface capacities was
only in the range of the one measure at a flow rate of 0.6 ml/min. Thus, it can be strong-
ly assumed that mass transport was still influencing the kinetics. Combining the effects
of an increased flow rate (0.6 ml/min) and a low cPC1 surface capacity (DOGS-NTA-Ni
content =5 %) would probably give the best result possibly in terms of minimizing

mass transport effects, but would also cause an even worse signal to noise ratio.

Different methods and models that deal with a non ideal adsorption behavior of bio-
molecules on solid interfaces are described and discussed in chapter 1 and 9. Here, a
model that bases on the scaled particle theory (SPT) was used (see chapter 3.4.3) to de-
termine the rate constants of adsorption (kon), desorption (ko) and the transport of pro-
teins to the biosensor surface (k«). The determined rate constant of mass transport was

in good agreement with values found in the literature.’34

Regarding the cPC2/cPC1 binding kinetics, it turned out that astonishingly, while the
adsorption and desorption kinetics of cPC2 exhibit a reversibility of (66 +13) % , n=5
being examined by means of the QCM, only a reversibility of (36 +16) % , n=7 was
monitored by means of the SPR technique (Fig. 4.16 A and B). This surprising finding
consequently had an influence on the kinetic rate constants of adsorption and desorp-
tion determined by the QCM and SPR technique respectively. Both the rate of adsorp-
tion and desorption determined by SPR experiments were twofold smaller compared
to the ones obtained by QCM experiments, while the dissociation constants did not
significantly differ (Table 4.2). The most obvious explanation is that secondary bind-
ing/desorption processes took place during the SPR experiments. This could be due to
binding of cPC2 to the hydrophobic surface of putative membrane defects or to dena-
tured cPC1 inside the defects. Both binding events would explain the non reversible
content of the desorption as denatured cPC2 would not as easily desorb as specifically
bound protein. Nevertheless, the elution experiment performed with ezrin (see Fig.
4.15) excludes this assumption. Protein denaturation might also have been caused by

the long residence time of the laser spot. Other effects such as a putative rebinding of
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cPC2 during the desorption process caused by the different flow cell geometry of the
SPR experiment compared to the QCM setup, are also unlikely, because they would
only reduce the rate of desorption, but not explain the lower reversibility. As the lower
reversibility of the cPC2/cPC1 binding during SPR experiments could neither be ex-
plained nor prevented, the QCM technique was chosen for all studies that were per-
formed to quantitatively investigate the binding of protein-protein interactions (see

chapter 5 and 6).
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5 Quantifying the Interaction of the C-
terminal Regions of Polycystin-2 and Pol-

ycystin-1 Attached to a Lipid Bilayer by
Means of QCM

5.1 Abstract

The pkdl and pkd2 genes encode for the proteins polycystin-1 (PC1) and polycystin-2
(PC2). These genes are mutated in patients diagnosed with autosomal dominant poly-
cystic kidney disease. PC1 and PC2 interact via their C-terminal, cytosolic regions,

which is an essential step in the regulation of cell proliferation and differentiation.

Here, we applied an earlier developed assay that allowed us to quantitatively monitor
the interaction of the C-terminal region of PC1 (cPC1) with that of PC2 (cPC2) to be able
to answer the question of how Ca? influences the PC1/PC2 complex formation. By
means of the quartz crystal microbalance (QCM) technique, we were able to determine
binding affinities and kinetic constants of the cPC1/cPC2 interaction using a model
based on the scaled particle theory. The results suggest that cPC2 forms trimers in solu-

tion in the absence of Ca?, which bind in a one step process to cPCl1.
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5.2 Introduction

The autosomal dominant polycystic kidney disease (ADPKD) is one of the most com-
mon monogenetic disorders that results in renal cysts development and finally leads to
end stage renal disease and renal failure.! ADPKD occurs in 1:1000 humans as a result
of a mutation in one of two genes, pkd1 or pkd2. In 85 % of the individuals diagnosed
with ADPKD pkd1 is mutated, while in 5-15 % of the cases it is pkd2.2 pkd1 and pkd2 en-
code for the proteins polycystin-1 (PC1) and polycystin-2 (PC2). PC1 is a 462 kDa inte-
gral membrane protein composed of 11 transmembrane-spanning regions, with a large

extracellular N-terminus, and a smaller intracellular C-terminal part.

As PCl1 is located in the plasma membrane, its extracellular N-terminal domain is ca-
pable of acting as a sensor unit for fluid shear stress and it is thus very likely that PC1
plays a role in cell proliferation and differentiation.>* PC2 is composed of 968 amino
acids (~110 kDa) with both the C- and N-terminus located inside the cell. With six
membrane spanning regions, PC2 can be classified as a member of the transient recep-
tor potential (TRP) channels (TRPP2).5 Its C-terminus harbors an EF-hand motif (Ala”s-
Asp’!) as a potential Ca? binding site as well as a retention signal for the endoplasmic

reticulum (ER) (Asp’-Ser?).6

Although it has been shown that PC2 is located in the plasma membrane in certain cell
lines, it is more commonly found at the ER acting as a Ca? permeable, non-selective
cation channel.”® Both PC1 and PC2 are supposed to have a C-terminal coiled-coil do-
main, which are discussed to mediate the formation of a heteromeric protein-protein

complex.”10

As PC2 and PC1 are only colocalized in the plasma membrane of certain cell lines, i.e.
the primary cilium of kidney cells, the physiological role of the heteromeric protein-
protein complex formation has been discussed intensively. The primary cilium could
act as an antenna and gets bent due to fluid movement in the extracellular space as

suggested by Nauli et al..* This mechanical stress is sensed by PC1, which transmits the
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signal from the extracellular space to the cytosol by forming a protein-protein complex
with PC2. Owing to the proposed conformational change of PC2, a Ca*-influx is in-
duced that activates the intracellular rynodine receptor leading to an increase of intra-
cellular Ca* concentration. This signal transduction cascade is presumably responsible

for tissue morphology, cell proliferation and differentiation.

Besides this activation caused by fluid shear stress, a regulation mediated by cell sur-
face receptor stimulation as well as cell adhesion activated regulation has been pro-
posed.’ By electrophysiological studies on chinese hamster ovary cells containing pkd1
and pkd2 genes, Hanaoka et al.!! found that only a co-assembly of PC1 and PC2 produc-
es a cation channel. Cai et al.??> discovered that the channel activity depends on the cy-
toplasmic Ca* concentration and can be modulated by Ser®!? phosphorylation. In a re-
cent study by Schumann et al.’3, the role of Ca?* to induce conformational changes in a
C-terminus of PC2 (cPC2) has been elucidated in detail. By means of circular dichro-
ism-, fluorescence-, and NMR spectroscopy, they were able to identify two Ca? binding
sites with different affinities (Kp1 = 55 uM, Koz = 179 uM). Moreover, they suggested a
Ca*-dependent homodimerisation of cPC2. In the absence of Ca?, cPC2 putatively
forms a homodimer, while in the presence of Ca? it exists as a momoner. Yu et al.'*
however, reported that cPC2 forms a trimer, both in solution and crystal structure. Pull
down experiments with cPC2 mutants demonstrated that only the full length, trimer
forming fragment (Gly®3-Gly®®) is capable of interacting with the C-terminal coiled-coil
domain of PC1 (cPC1)." The protein-protein complex was composed of three cPC2
molecules and one cPC1 domain. These findings suggest that Ca?* is capable of modu-

lating the complex formation of cPC1 with cPC2.

To investigate the protein-protein complex formation, we made use of an earlier estab-
lished assay (see chapter 4) that allows us to quantitatively monitor the interaction of
cPC1 with cPC2 in a time resolved and label free manner. The assay should allow us to
answer questions of how Ca?* influences the PC1/PC2 complex formation. The idea was
to mimic the natural environment of the C-terminal part of PC1 by attaching cPC1 to a

lipid bilayer. To achieve this goal, we used solid supported membranes and immobi-



154 | Quantifying the Interaction of cPC2 and cPC]1

lized cPC1 via its histidine tag to a Ni* nitrilotriacetic acid (NTA-Ni) modified lipid. By
means of the quartz crystal microbalance (QCM) technique we were able to investigate
the binding of cPC2 without attaching any label in a time resolved manner. From the
obtained results, we managed to extract binding affinities and kinetic parameters ap-

plying the scaled particle theory? as a function of the Ca?-concentration.

The QCM technique has proven to be a powerful tool to observe adsorption processes
at solid-liquid interfaces in a label-free and time-resolved manner.!*'” Owing to the fact
that the frequency response of the quartz crystal is directly proportional to the ad-
sorbed mass at the solid-liquid interface, the QCM techniques allows to study binding
processes such as protein-membrane interactions, protein-protein interactions or cell
and liposome adhesion.!®1822 Additionally, viscoelastic changes during the binding
process can be monitored, which gives a closer insight into the nature of the adhered

biomaterial.2>2*

5.3 Results

5.3.1 CD Analysis of cPC2 as a Function of Ca?

Besides the analysis of secondary structure elements performed by means of circular
dichroism (CD) spectroscopy in phosphate buffer (see chapter 3.4.2) described in chap-
ter 6.3.2, CD spectra of cPC2 were recorded as a function of Ca? concentration to find

out whether cPC2 undergoes Ca* induced structural changes.

Fig. 5.1 A shows the CD spectra of cPC2 (black line) in an EDTA containing buffer
(150 mM NaCl, 0.1 mM EDTA, 20 mM TRIS/HCI, pH 7.4). After the addition of 1.4 mM
CaClz (red line, Ca?* titration buffer: 150 mM NaCl, 20 mMm CaClz, 20 mMm TRIS/HCI,
pH 7.4) the spectra is shifted to greater negative values of mean residue ellipticity (©)

indicating a change of secondary structural elements upon Ca* binding to cPC2 at the



Quantifying the Interaction of cPC2 and cPC1 |155

EF Hand (see Fig. 4.2). This effect was reproducibly obtained also the other way around
(addition of EDTA to a Ca? containing buffer), which showed the exact opposite re-
sponse. After each CaCl. or EDTA addition the solution was mixed and allowed to
equilibrate for 10 min to ensure Ca* binding or desorption. Seven averaged spectra
were taken from 260-200 nm at 20 °C with a scan speed of 20 nm/min in each experi-

ment.
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Fig. 5.1 (A) CD spectra of cPC2 recorded in the absence (black line) and after the addition of Ca?" (red
line). (B) cPC2/Ca?titration isotherm that shows the change of normalized mean residue ellipticity A©22:
after addition of different Ca?" concentrations. A dissociation constant of Kp=(15+4 um) was deter-

mined assuming a 1:1 binding stoichiometry.

In addition, it was aimed to quantify the Ca?/cPC2 binding by means of a CD-titration
experiment. Different Ca* concentrations were titrated to a cPC2 solution in EDTA
containing buffer. The normalized mean residue ellipticity at 222 nm A©®22 was plotted
against the free Ca?" concentration (Fig. 5.1 B). The free Ca?" concentration was calculat-

ed using EDTA Ca? binding constants by means of a self written MathCad routine.

The parameters of eq. 5.1 were fitted to the obtained data:
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with Af;7;™ as normalized mean residue ellipticity at 222 nm, x as the stoichiometry
parameter. A dissociation constant of Ko = (15 +4 uM) was determined assuming a 1:1

binding stoichiometry.

5.3.2 Immobilization of cPC1 on a Solid Supported Membrane

To investigate the interaction of cPC1 and cPC2, we first established an immobilization
strategy for cPC1 on the surface of the gold electrode of a quartz plate, which provides
a natural environment for cPC1 mimicking the situation in the living cell including that

the lateral mobility of the protein on the surface is guaranteed (see chapter 4.3.4)

Following this idea, we made use of solid supported membranes composed of DOPC
doped with 10 mol% DOGS-NTA-Ni. The high content of DOGS-NTA-Ni ensures an
almost irreversible binding of cPCl1 to the chelator lipid via its histidine tag as well as
full coverage of the membrane with cPC1.This strategy is advantageous over a covalent
attachment of the protein to the surface, where the protein is completely laterally im-

mobile.

We investigated the success of immobilization by the QCM technique. cPC1 was added
to the DOPC/DOGS-NTA-Ni membranes in both Ca*-free and Ca?-containing buffer
with increasing concentrations and the change in resonance frequency of the 5 MHz
quartz crystal was monitored until the resonance frequency did not further change up-
on protein addition indicating full coverage of the binding sites (Fig. 5.2), which pre-
vents any non-specific binding of cPC2. Rinsing with buffer results in only very little
desorption of proteins showing the almost fully irreversible attachment of cPC1 to the

membrane.
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Fig. 5.2 Time course of the frequency shift of a 5 MHz quartz plate functionalized with a solid supported
membrane (octanethiol-DOPC/DOGS-NTA-Nj, 9:1) after addition of 0.87 um (A), 0.98 uMm (B), 1.02 um (C)

cPC1 in Ca? containing buffer. (D) indicates the time point of rinsing with buffer.

In Ca?-free buffer (150 mM NaCl, 20 mM KH2PO4/K2HPOs, 0.1 mM EDTA, pH 7.4) satu-
ration of the binding sites was achieved at a cPC1 concentration of (1.1 + 0.5) uM result-
ing in an average decrease in resonance frequency of -Afe=(29 +5) Hz (n=8). In the
Ca*-containing buffer (150 mM NaCl, 20 mM HEPES, 1 mM CaClz, pH 7.4) a mean final
concentration of cPC1 of (0.8 + 0.2) uM was required, which produced an average shift
in resonance frequency of -Afe = (37 £ 5) Hz (n =5). Simultaneously, for both buffer sys-
tems, a small change in the dynamic resistance AR was monitored demonstrating a
slight viscoelastic contribution of cPC1 upon binding (in Ca?-free buffer: AR = (7.9 +
0.6) Q), in Ca?-containing buffer: AR = (5.1 + 1.1) Q).
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5.3.3 Interaction of cPC2 with ¢cPC1 Immobilized on a Solid Supported

Membrane

Prior to the investigation of the cPC2/cPC1 interaction, control experiments were per-
formed to rule out any non-specific binding of cPC2. As a control, the protein ezrin
harboring a histidine tag, was immobilized on the DOPC/DOGS-NTA-Ni (9:1) mem-
brane. This protein does not specifically interact with cPC2. After immobilization of
ezrin, which was observed by QCM, different concentrations of cPC2 were added up to
0.4 uM (Ca?-free buffer), and 0.2 um (Ca?*" containing buffer). No significant change in
resonance frequency was monitored independent of the chosen buffer demonstrating

that non-specific binding of cPC2 to a protein decorated membrane can be excluded.

The specific interaction of cPC2 with cPC1 was also investigated by QCM after immobi-
lization of cPC1 on the DOPC/DOGS-NTA-Ni membrane. cPC2 was added to the sys-
tem, which results in an immediate decrease in resonance frequency. An addition of
0.34 uM cPC2 in 150 mM NaCl, 20 mM KH2PO4/Ko2HPO4, 0.1 mM EDTA, pH 7.4 results in
an immediate decrease in Af indicating the specific binding of cPC2 to cPC1 immobi-

lized on the lipid membrane (Fig. 5.3)
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Fig. 5.3 Representative time course of the frequency shift upon addition of 0.34 um cPC2 (A) to a solid-
supported membrane (octanethiol-DOPC/DOGS-NTA-N;i, 9:1) with bound cPC1. (B) indicates the time
point of rinsing with Ca?-free buffer (150 mM NaCl, 20 mM KH2PO4+/KoHPO4, 0.1 mMm EDTA, pH 7.4).

A change in the dynamic resistance of AR = 1.3 Q after protein addition was detected,
characteristic for an almost negligible contribution of viscoelastic effects upon binding.
After a constant frequency shift of Afe = -8.5 Hz was reached, the system was rinsed
with buffer. An instant increase in resonance frequency to a value of Afe = 0.5 Hz
demonstrates that the binding of cPC1 to cPC2 is fully reversible. Reversibility of the
interaction of cPC2 with cPC1 was found under both conditions, in the presence and

absence of Ca?.

5.3.4 Binding Affinity of the cPC1/cPC2 Interaction in the Absence and

Presence of Ca%

To quantify the interaction of cPC1 with cPC2 as a function of Ca?*, the concentration
dependent change in resonance frequency Afe upon addition of cPC2 to a cPC1 covered
lipid bilayer was monitored by means of QCM. The Af. values were plotted versus the

monomeric cPC2 concentration in solution and the parameters of the adsorption iso-
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therm based on the scaled particle theory (SPT) were fitted to the data (eq. 5.2) assum-
ing the radius of cPC2 to be a =1.7 nm:"3

_ Koo -2 ( 6 )2 5.2
CCPCZ_l_geXp 1_9 1_9 eq' .
with 0 = i. Kbp is the dissociation constant of the c’C1/cPC2 interaction.

max

In Ca*-free buffer (150 mM NaCl, 20 mM KH2POs+/K2HPOs, 0.1 mM EDTA, pH 7.4) Ko
was determined to be (260 + 45) nM with a maximal resonance frequency shift of Afmax =
(35 + 5) Hz (Fig. 5.4 A). However, in Ca? containing buffer (150 mM NaCl, 20 mM
HEPES, 1 mM CaClz, pH 7.4) the binding constant of cPC2 to cPC1 was about three
times larger exhibiting a dissociation constant of Ko = (81 + 30) nM, while the maximum

shift in resonance frequency remains nearly the same (Afmax = (37 + 5) Hz, (Fig. 5.4 B).
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Fig. 5.4 (A) Adsorption isotherm of the cPC2/cPC1 interaction in Ca?-free buffer (150 mM NaCl, 20 mMm
KH2PO4+/K2HPOq, 0.1 mM EDTA, pH 7.4). The parameters of the adsorption isotherm (eq. 5.2) were fit to
the resonance frequency shifts obtained from the QCM data. A dissociation constant of (260 + 45) nM was
determined for the cPC2/cPC1 complex with a maximal shift in resonance frequency of Afmax = (35 %
5) Hz. (B) Adsorption isotherm of the cPC2/cPCl1 interaction in Ca?* containing buffer (150 mM NaCl, 20
mM HEPES, 1 mM CaClz, pH 7.4). A dissociation constant of (81 + 30) nM for the cPC2/cPC1 complex was

found with a maximal shift in resonance frequency of Afmax = (37 £ 5) Hz.

5.3.5 Kinetics of the cPC1/cPC2 Interaction in the Absence and Presence
of Ca%

Besides the binding affinities, we asked the question, how the binding kinetics change
as a function of the Ca*-concentration. Thus, the rate constants of adsorption and de-
sorption kon and kotr, respectively were extracted from the time resolved changes in res-

onance frequency using the known Kb values according to eq. 5.3:

Kp = . eq.5.3

A representative result of the fitting routine to a plot of Af(t) obtained after the addition
of 0.34 uM cPC2 to a membrane coated with cPC1 is depicted in Fig. 5.5.
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Fig. 5.5 Time dependent frequency shift after the addition of 0.34 uM cPC2 in Ca*-free buffer (150 mMm
NaCl, 20 mM KH2PO4/K2HPOs, 0.1 mM EDTA, pH 7.4). The adsorption rate constant kon was fit to the
data based on the SPT model taking the mass transport to the surface into account (ke = (4.4 £2.7)-10* M-
Ls1 (n = 6)). kon was determined to be (2.5 £ 0.7)-10* M1:s (n = 6). From the obtained dissociation constant

Kb = (260 + 45) nM the rate constant of dissociation kot = (6.4 + 1.8)-10-3 s (n = 6) was calculated.

The rate constants of adsorption and desorption in the absence of Ca? were determined
to be kon = (2.5 +0.7)-10* M!-s!, and kot = (6.4 + 1.7)-10" s, while the transport rate con-
stant reads ke = (4.4 + 2.7)-10* M1-s! (n = 6) (Table 5.1).

The rate constants of adsorption and desorption in the presence of Ca? were deter-
mined in the same manner resulting in kon = (2.1 + 0.5)-10* M'-s? and kott = (1.7 + 0.4)-103
s!  (n=3). The transport rate constant could be determined to
ke=(2.7£1.3)-10* M1-s(n =2) (Table 5.1). These results demonstrate that kon is inde-
pendent of the Ca?-concentration, while the desorption process is 3-4 times faster in a

Ca? free solution.
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Table 5.1 Rate constants kon and kot obtained from the changes in Af as a function of time in the presence
and absence of Ca?. Fits to the data based on a SPT model were performed assuming a momoneric and

trimeric form of cPC2 in the absence of Ca¥, respectively.

kon / 10% M1-571 Kkott / 1073 51
1 mMm Ca?* (2.1+0.5) (1.7+£0.4)
0.1 mM EDTA (monomer) (2.5+0.7) (6.4+1.8)
0.1 mM EDTA (trimer) (7.7 £2.3) (6.7 £2.0)

5.4 Discussion

By means of CD spectroscopy titration experiments a dissociation constant of
Kb = (15 £ 4 uM) could be extracted with an assumed binding stoichoimetry of 1:1. This
binding stoichiometry was chosen, according to Petri et al., who found that the EF-hand

domain of cPC2 harbors a single Ca? binding site (Fig. 5.6).

o4

LA

Caz'blndlng loop

Fig. 5.6 Ribbon diagram of cPC2 EF-hand motif.?

The determined dissociation constant is in good agreement with the one determined by
Célic et al. in 2008 by means of isothermal titration and in fairly good agreement with

the one determined by Schumann et al. by means of fluorescence spectroscopy in
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2009.513 While Célic et al. found a dissociation constant of Ko =(12.0 + 0.3 uM) with a
Ca?/cPC2 binding stoichoimetry of x = 0.4, Schumann et al. reported a Ko of (68 + 2 um)
assuming a 1:1 stoichiometry. However, the cPC2 construct used by Célic et al. (Ile”™-
Val®¢) better resembles the cPC2 domain used in this work (Ile®®-Val*®) compared to
the shorted portion used by Schumann et al. (Ile®®-Leu”®). As shorter constructs (PC2-
EF, Lys™-Met?") as used by Célic et al. also exhibited a larger dissociation constant of
Kb = (214 + 3 u™m), the construct length seems to been a crucial factor that needs to be

considered, when comparing the cPC2 affinity to Ca*.

By means of the quartz crystal microbalance technique, we were able to show that cPC2
specifically interacts with cPC1 with high affinity in the absence as well as in the pres-
ence of Ca?. Using a model based on the scaled particle theory, binding constants were
determined resulting in Kp(Ca?*) = (81 + 30) nM and Kb (EDTA) = (260 + 45) nM. As these
dissociation constants indicate the specificity of the binding, it is worth discussing the
protein domains that might be involved in this interaction. It has been shown that the
interaction between PC1 and PC2 is mediated through their C-termini and includes
amino acid residues 742-986 of human PC2.% It has further been suggested that coiled
coil domains in the C-terminus of both PC2 and PC1 are involved in the interaction. By
means of a yeast two-hybrid system Qian et al.1® demonstrated that cPC2 interacts with
cPC1 and with itself. They predicated a coiled-coil domain of PC1 between residues
4214-4248 and one in PC2 between residues 772-796 with probabilities of more than
80 % using the program COILS (version 2.0).” However, another program (MULIT-
COIL) only scores probabilities of 5.4 % (all scoring dimensions included). Even though
there are a few known trimeric coiled coil structures, which show a total coiled coil
probability of less than 10 %, the two different results highlight the ambiguity of coiled
coil domain predictions.?”? Our results clearly demonstrate that there is a specific in-
teraction between the C-termini of PC1 and PC2. However, whether coiled coil do-

mains drive this interaction, remains to be elucidated.

The results we obtained were analyzed under the assumption that cPC2 is monomeric

in solution, which is corroborated by the hydrodynamic radii of cPC2 found in the
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presence of Ca?."® However, Schumann et al ** also showed that the oligomerization
state of cPC2 changes in the absence of Ca*. They determined apparent molar masses
and hydrodynamic radii of cPC2 in the presence and absence of Ca* and found that the
ratio of the determined apparent molar masses of cPC2 suggests a dimer or trimer in
the absence of Ca?. These findings propose that the oligomerization state of cPC2 is
probably a function of the Ca* concentration. However, Ferreira et al. reported a homo-

tetrameric assembly of cPC2 (Ile®0-Val*®) that was Ca? independent.?

With no excess of Ca?,Yu et al.* found a trimeric form of cPC2 in solution as well as in
the crystal structure. Moreover, they demonstrated that only the trimeric form of cPC2
interacts with cPC1, while a mutant (six residues critical for the trimer formation were
simultaneously mutated to Ala) that fails to form a trimer, did not interact with cPCI.
These findings were supported by molecular dynamic (MD) simulations performed by
Zhu et al. in 2011.3° A structural model of the cPC2/cPC1 complex derived from their

MD simulations is depicted in Fig. 5.7.
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Fig. 5.7 Structural model of the cPC2/cPC2 coiled coil domain complex derived from MD simulation
performed by Zhu et al..®

It remains still an open question, whether the disturbed interaction between the cPC2

mutant and cPC1 only occurs as a result of the non-existing trimer, or whether the mu-
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tation itself affects the ability of cPC2 to interact with cPC1. Another evidence of the
preferential formation of trimers of cPC2 is given by the results using the program

MULTICOIL, which predicts a probability for the formation of a trimer of about 80 %.?

These results let us assume that cPC2 is trimeric in the absence of Ca?, and binds as a
trimer to cPC1. If we assume that only trimers exist that bind to cPC1, the dissociation
constant for this reaction would change to Ko (EDTA) = (87 + 15) nM. Interestingly, in
this case the affinity for both monomeric cPC2 (+Ca?") and trimeric cPC2 (-Ca?) to cPC1
is almost the same. From the overall maximum frequency changes it becomes, moreo-
ver, obvious that the total coverage is the same for cPC2 bound as a monomer (Afmax, ca*

= (37 £5) Hz) or as the presumed trimer (Afmax epta = (35 + 5) Hz) to cPC1.

The assumption of cPC2 trimers in solution would also influence the rate constants of
adsorption and desorption of the cPC1/cPC2 interaction. If a trimer is proposed, the
radius of the adsorbing particle changes by a factor of 2.15, while the bulk concentra-
tion of cPC2 as well as the dissociation constant is three times smaller. The resulting
rate constants obtained by fitting the SPT model to the data are given in Table 1 as a
function of the Ca?-concentration. The adsorption rate constant becomes by a factor of
3.6 larger in the absence of Ca? than in its presence, while the desorption rate constant

is about 4 times larger.

A conceivable scenario of the situation at the surface is depicted in Fig. 5.8. Binding of
the cPC2 monomer to cPC1 on the membrane surface (Fig. 5.8 A) in the presence of Ca?
can occur in three independent steps with an apparent adsorption rate constant konmono,
which is the result of up to three individual rate constants kont, kon2 and kons. The adsorp-
tion process of the assumed trimeric cPC2 in the absence of Ca? (Fig. 5.8 B) would oc-
cur in one single step with a rate constant of kon,trimer = 3.7konmono. The finding that kot trimer
= 3.9-kottmono may indicate that the topologies of the cPC1/cPC2 complex are different

under the given conditions or that the desorption itself again occurs in multiple steps.
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Fig. 5.8 Schematic drawing explaining the binding behavior of a cPC2 monomer (depicted in red) to
cPC1 (shown in green) immobilized on a solid supported membrane (A) in Ca?* containing buffer as a

three step adsorption model. The assumed cPC2 trimer binds in a one step adsorption kinetics (B).

As yet, the SPT model appears to be a versatile tool to evaluate the rate constants of
adsorption and desorption of protein binding taking also mass transport processes into
account. Mass transport limitations are a result of the large number of binding sites at
the membrane provided by cPC1.3! Effects from mass transport can be further reduced
by adding an interaction inhibitor to the system or by increasing the flow rate in the
QCM experiments.?*2 However, the flow rate of the QCM setup can only be increased

within a small regime to ensure a good signal to noise ratio.

In conclusion, we were able to demonstrate that cPC2 binds to cPC1 in the absence as
well as in the presence of Ca?. That the dissociation constant of the interaction of cPCl1
and cPC2 in the absence of Ca? is about three times larger than in its presence suggests

that cPC2 trimers exist in the absence of Ca?, which bind to cPC1.

5.5 Co-workers

Hoffmeister Hellen; Witzgall, Ralph; Janshoff, Andreas
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6 Phosphorylation of C-terminal Poly-
cystin-2 Influences the Interaction with
PIGEA14: A QCM Study Based on Solid

Supported Membranes

6.1 Abstract

The transmembrane protein polycystin-2 (PC2) is generally located at the membrane of
the endoplasmic reticulum. However, it is known to form a complex with polycystin-1
via its C-terminal domain at the plasma membrane, which is an essential regulatory
step in cell proliferation and differentiation. A mechanism for PC2 trafficking was pro-
posed, in which the interaction of PIGEA14 with PC2 is supposed to be dependent on
the phosphorylation state of PC2. Here, we quantitatively investigated the interaction
of PIGEA14 with the C-terminal part of polycystin-2 wild type (cPC2wt) and the pseu-
dophosphorylated mutant (cPC25812D) to elucidate the influence of PC2 phosphoryla-
tion on PIGEA14 binding. Solid supported membranes composed of octanethiol/1,2-
dioleoyl-sn-glycero-3-phosphocholine doped with the receptor lipid DOGS-NTA-Ni
were used to attach PIGEA14 to the membrane via its hexahistidine tag. By means of
the quartz crystal microbalance technique, binding affinities as well as kinetic constants
of the interaction were extracted in a label-free manner by applying the scaled particle
theory. The results show that the binding affinity of cPC2wt to PIGEA14 is twofold
larger than that of cPC25812D, which is in accordance with the proposed model.
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6.2 Introduction

The autosomal dominant polycystic kidney disease (ADPKD) is one of the most com-
mon inherited human renal diseases (prevalence of ~1:800) characterized by the devel-
opment of fluid filled renal cysts leading to end stage renal failure by the age of 60.12 In
85 % of the diagnosed patients, ADPKD is caused by mutations of the pkd1 gene. This
gene encodes for an integral membrane protein called polycystin-1 (PC1). PC1 is com-
posed of 4,300 amino acids (~462 kDa) with 11 membrane spanning regions, an extra-
cellular N-terminus and an intracellular C-terminal part.> A second gene, pkd2, is mu-
tated in 15 % of all affected patients, encoding for the type 2 transmembrane protein
polycystin-2 (PC2).4¢ PC2, composed of 968 amino acids (~110 kDa), has six membrane
spanning regions with the C- and N-terminus located inside the cell. The C-terminus of
PC2 (cPC2) harbors one accepted and one proposed coiled-coil domain between Glu2-
Leu™® and Phe®”-Asp??, respectively, which facilitate protein-protein interactions and
an EF-hand motif (Ala”-Pro’’) as a potential Ca** binding site.” Furthermore, the C-
terminal region exhibits a retention signal for the endoplasmic reticulum (ER) com-
posed of a cluster of acidic amino acid residues (Asp’-Ser®?) and three known phos-

phorylation sites at Ser”, Ser®! and Ser®!2.8?

While PC1 acts as a receptor sensitive to fluid shear stress,'!! PC2 being a member of
the transient receptor potential (TRP) ion channel family (TRPP2)!? functions as a non
selective, Ca?-permeable cation channel.’® PC2 channel activity is regulated by numer-
ous factors such as complex formation with PC1,* PC2 oligomerization, Ca*-
concentration,” and phosphorylation. The formation of a heteromultimeric PC1-PC2
channel complex mediated through their C-terminal coiled-coil domains plays a crucial
role in kidney development. Function and activation mechanism of this complex is
highly dependent on its localization: In primary cilia, Ca?-channel activity of PC2 is

induced by fluid shear stress and regulates tissue development as suggested by Nauli
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et al.! At the basolateral membrane, the PC1/PC2 complex can be implicated in cell-cell

or cell-matrix adhesion.151¢

Whereas PC1 is embedded in the plasma membrane, the subcellular localization of PC2
still remains a matter of discussion: depending on the cell line and cellular conditions,
PC2 was found at the ER, the plasma membrane and primary cilium."!® Hanaoka et
al.’? showed that PCl1 facilitates the targeting of PC2 to the plasma membrane. Kottgen
et al.?® discovered that the subcellular distribution of PC2 is influenced and directed by
binding to phosphofurin acidic cluster sorting proteins PACS-1 and PACS-2. However,
the mechanism of PC2 trafficking remains unclear as the PACS proteins only induce
the retrieval of PC2 at the ER and Golgi compartment. Hidaka et al.* identified PI-
GEA14 (polycystin-2 interactor, Golgi- and endoplasmic reticulum-associated protein
with a mass of 14 kDa) as a PC2 interactor employing a yeast-two-hybrid screen with

the C-terminus of PC2 (Fig. 6.1).

A

10 20 30
MPFFGNTFSP KKTPPRKSAS LSNLHSLDRS

40 50 60
TREVELGLEY GSPTMNLAGQ SLKFENGQWI

70 80 a0
AETGVSGRBVD RREVQRLRRR NQQLEEENNL]

100 110 126

[MLSESTAESH LMEKELDELR ISRKRK

Fig. 6.1 (A) Amino acid sequence of PIGEA14 (Q9Y3M2) with the coiled coil domain (red square) and
minimal interaction site for polycytsin-2 (green letters) (B) Helical wheel diagram of the coiled coil re-
gion (Arg77-Glu®%).
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Co-expression of PC2 and PIGEA14 cDNA in HeLa cells showed a redistribution of
these proteins from the ER to the trans-Golgi network. In another two hybrid screening
with PIGEA14 as the bait protein, GM130 was isolated as an interaction partner, which
is a component of the cis-Golgi compartment. These results implicate that PIGEA14
facilitates PC2 transport from the ER to the Golgi.? Recently, it has been shown by
means of NMR spectroscopy, circular dichroism and dynamic light scattering that the
C-terminus of PIGEA14 harbors a coiled-coil domain between residue 73 and 100,%

which is essential for interacting with PC2.242

Kottgen et al.'” suggested a mechanism of PC2 trafficking including PIGEA14 as the
first PC2 interactor known to date, which is capable of mediating forward tracking of
PC2. They hypothesized that PC2 is active at both the ER and the plasma membrane
and that binding of PC2 to PACS-1/-2 after phosphorylation by casein kinase 2 (CK2)
retrieves PC2 to the Golgi/ER. Dephosphorylation of PC2 releases PC2 from the PACS-
proteins and allows PC2 binding to PIGEA14. Thus, it is well conceivable that binding
to PIGEA14 is governed by PC2 phosphorylation at Ser®?. However, as yet there is no

experimental evidence for this hypothesis.

To quantitatively investigate the interaction of PC2 with PIGEA14 and elucidate the
influence of the phosphorylation of PC2, we made use of a recently established assay?
based on the quartz crystal microbalance (QCM) technique??, which allows us to mon-
itor protein-protein complex formation in a time resolved and label free manner. Solid
supported membranes doped with the receptor lipid DOGS-NTA-Ni were used, which
allow to specifically bind the hexahistidine (Hiss)-tagged protein PIGEA14. The interac-
tion of the C-terminal part of PC2 wild type (cPC2wt) as well as a mimic of the phos-
phorylated cPC2 protein, cPC25812D was quantified by means of the QCM technique.
From our results, we conclude that the phosphorylation of cPC2 significantly alters its
binding affinity to PIGEA14, which supports the proposed model of PC2 recruitment to

the plasma membrane.
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6.3 Results

6.3.1 Expression, Purification and Characterization of PIGEA14

PIGEA14 was recombinantly expressed in E. coli with a hexahistidine tag at the C-
terminus. To increase the yield of soluble, active protein and minimize the formation of
inclusion bodies, protein expression was performed at a temperature of 30 °C rather
than 37 °C.2%% Protein purification by affinity chromatography using a Ni-iminodiacetic
acid (Ni-IDA) agarose column was achieved with 50 mM EDTA instead of imidazole,
as the use of imidazole resulted in protein denaturation/precipitation during dialysis
against storage buffer. Denaturation/precipitation of PIGEA14 after elution with imid-
azole containing buffer was confirmed by means of quartz crystal microbalance (QCM)
binding experiments performed after dialysis in storage buffer. No binding of the hex-
ahistidine tagged protein was monitored in terms of changes in resonance frequency
after protein addition to a DOGS-NTA-Ni containing membrane, indicating that func-
tional protein was not obtained. Of note, purification of the PIGEA14 cell lysate was
unsuccessful if a commonly applied Ni-nitrilotriacetic acid (Ni-NTA) agarose was
used; only Ni-IDA agarose led to successful protein purification. IDA chelates Ni** ions
with lower affinity than NTA and thus PIGEA14 together with the Ni* can be eluted
more efficiently with EDTA containing buffer.?* High purity of the protein solution was
documented by SDS-PAGE showing PIGEA14 at about 17 kDa (Fig. 6.2, SDS-PAGE,
lane E). Western Blot analysis using a pentahistidine antibody that recognizes the hex-
ahistidine tag (anti Hiss, Qiagen, Hilden, Germany) confirmed the presence of an acces-

sible histidine tag of PIGEA14 (Fig. 6.2, WB, lane E).
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SDS-PAGE WB
kDa M L E E
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66
45
30
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Fig. 6.2 SDS gels and Western blot analysis of PIGEA14 protein fractions. The Coomassie stained SDS gel
shows the molecular marker (M), cell lysate (L) and elution fraction (E) of PIGEA14. According to the
SDS gel and Western blot analysis (WB, anti Hiss) the molecular weight of PIGEA14 is approx. 17 kDa.

6.3.2 CD Analysis of cPC2wt and ¢PC2S812D

By means of circular dichroism (CD), we analyzed the secondary structure of both
cPC2wt and S812D mutant to ensure that the pseudophosphorylation does not alter the
protein structure. CD spectra of cPC2wt and cPC25812D (Fig. 6.3) demonstrate that no

significant difference between the two proteins’ secondary structures can be deduced.



Quantifying the Interaction of cPC2 and PIGEA14 1179

Fig. 6.3 CD spectra of cPC2wt and cPC25812D mutant recorded in 20 mM KH2PO4/K:HPOs, 1 mM EDTA,

pH 7.4. Data evaluation assigns 36 % helix, 13 % strand, 16 % turn and 35 % unordered structures.

The different secondary structural elements of both proteins were calculated using DI-
CHROWEB (CDSSTR algorithm, reference set 7). 36 % a-helix, 13 % (-strand, 16 %
turns and 35 % random coil was determined. The calculated a-helicity is in good
agreement with the a-helical content of 34 % determined by Celic et al.8 and 30 % de-

termined by Schumann et al.3! for cPC2wt using CD spectroscopy in Ca? free buffer.

6.3.3 Immobilization of PIGEA14 on Solid Supported Membranes

To be able to investigate the interaction of PIGEA14 with cPC2wt and cPC25812D, re-
spectively, PIGEA14 was first bound to a hybrid solid supported membrane containing
DOGS-NTA-Ni via its histidine tag.?> Hybrid solid supported membranes composed of
DOPC doped with 10 mol% of DOGS-NTA-Ni were used to ensure an almost irre-
versible immobilization of the hexahistidine-tagged PIGEA14 and maximal surface
coverage. In contrast to a covalent attachment of PIGEA14 to the surface, binding of the
protein to a solid supported membrane allows for its lateral mobility, which might in-

fluence the interaction with cPC2 as a result of conceivable protein reorganization. To
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investigate the specificity of PIGEA14 binding to DOGS-NTA-Ni, control experiments
with neat DOPC membranes were performed. The addition of 0.3 um PIGEA14 does
not result in any non-specific binding, i.e. no shift in resonance frequency of the quartz
crystal was observed (Fig. 6.4 A). However, the addition of 0.65 uM PIGEA14 to a
DOPC/DOGS-NTA-Ni (9:1) hybrid membrane results in a significant decrease in reso-
nance frequency of the 5 MHz quartz plate. The change in resonance frequency (Af)
was monitored until the resonance frequency does not further change upon protein
addition indicating maximum protein binding. Rinsing with buffer only leads to a
small increase in resonance frequency, indicating an almost irreversible binding of PI-

GEA14 (Fig. 6.4 B).

Fig. 6.4 (A) Time course of the frequency shift after addition of (a) 0.3 um PIGEA14 to a solid supported
membrane composed of DOPC and (b) buffer rinsing. Buffer: 500 mM NaCl, 20 mM TRIS/HC], pH 8.0. (B)
Representative time course of the frequency shift after addition of (a) 0.65 uM and (b) 0.73 um PIGEA14
to a solid supported membrane (OT-DOPC/DOGS-NTA-Ni, 9:1). (c) indicates the time point of buffer

rinsing.

A PIGEA14 concentration of 0.8 uM resulted in an average shift in resonance frequency
of -Afe= (69 £ 19) Hz (n = 16), whereas the increase in resonance frequency after rinsing

with buffer was below 10 % in all cases (Afe = (5 + 3) Hz, n = 16).
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6.3.4 Interaction of cPC2wt and cPC2S812D with PIGEA14

Prior to the investigation of the cPC2wt/cPC25812D interaction with PIGEA14, control
experiments were performed to rule out any non-specific binding of cPC2 to a protein-
covered DOPC/DOGS-NTA-Ni membrane. The hexahistidine-tagged protein ezrin, a
protein, which does not specifically interact with cPC2, was bound to the hybrid bi-
layer composed of DOPC/DOGS-NTA-Ni (9:1). cPC2wt was added up to a concentra-
tion of 0.4 uM with no significant change in resonance frequency. This result demon-

strates that non-specific binding of cPC2 to a protein-covered membrane can be ex-

cluded.

The specific interaction of PIGEA14 with cPC2 wt and cPC25812D mutant was moni-
tored by QCM. Different cPC2 concentrations were added, which resulted in an imme-
diate decrease in resonance frequency. A characteristic time-dependent decrease in res-
onance frequency after the addition of cPC2wt (0.27 uM) to a PIGEA14-covered mem-

brane is shown in Fig. 6.5.
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Fig. 6.5 Representative time course of the frequency shift after addition of (a) 0.27 um cPC2wt to a solid
supported membrane (OT-DOPC/DOGS-NTA-N;, 9:1) with bound PIGEA14. (b) indicates the time point
of buffer rinsing (150 mM NaCl, 20 mM KH2PO4+/K2HPOs, 1 mMm EDTA, pH 7.4).

After reaching a constant frequency value, the shift in resonance frequency at equilib-
rium was read out to be Afe=-14.5 Hz. As the dynamic resistance AR does not change
during the binding event, it can be assumed that viscoelastic contributions are negligi-
ble. Subsequently after a constant frequency was reached, the system was rinsed with
phosphate buffer, which led to an increase in resonance frequency of Afe =14.0 Hz indi-
cating that cPC2wt binding to PIGEA14 is fully reversible. For all QCM experiments,

the binding process turned out to be almost fully reversible.

6.3.5 Binding Affinity and Kinetics of cPC2wt and cPC25812D

To quantify the interaction of PIGEA14 with cPC2wt and cPC25812D mutant, the
change in resonance frequency at equilibrium Afe. was determined as a function of cPC2
concentration. The obtained Af. values were plotted vs. the cPC2 concentration and the
parameters of the adsorption isotherm based on the scaled particle theory (SPT) were

tit to the data (eq. 6.1):
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Kpb 0 0 \*
Ccpc2 = exp 3—+(—) 6.1
¢ 1-6 1-6 \1-96 eq. 6.

with 8 = i. The radius of cPC2 was assumed to be a2 = 1.7 nm.*' A dissociation con-

max

stant of Kb = (64 + 22) nM was determined for the PIGEA14/cPC2wt interaction (Fig. 6.6
A). However, the affinity of the pseudophosphorylated mutant cPC25812D to PIGEA14

was two times lower with a dissociation constant of Ko = (137 + 41) nM (Fig. 6.6 B).

Fig. 6.6 Adsorption isotherms of (A) cPC2wt and (B) cPC25812D interacting with PIGEA14. The parame-
ters of eq. 6.1 were fit to the data. A dissociation constant of Ko = (64 + 22) nM was determined for the
cPC2wt/PIGEA14 interaction, while a Ko = (137 + 41) nM was found for the cPC25812D/PIGEA14 com-
plex.

In addition to the binding affinities, we raised the question, whether the binding kinet-
ics are also influenced by cPC2 pseudophosphorylation. Using the known value of Kb,
we determined the rate constant of the cPC2 adsorption kon and desorption kott. kon was
obtained by a fitting routine of Af(t) based on the scaled particle theory; kot was calcu-

lated from the known dissociation constant according to eq. (eq. 6.2):
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Kp=-—. eq. 6.2

A characteristic result of the fitting routine of the time dependent frequency shift Af(t)
after addition of 0.31 uM cPC2S812D to a DOGS-NTA-Ni/DOPC membrane covered
with PIGEA14 is shown in Fig. 6.7.

Fig. 6.7 Representative time dependent shift of resonance frequency after the addition of 0.31 pum
cPC2S812D to a membrane composed of OT-DOGS-NTA-Ni/DOPC, 9:1 with bound PIGEA14. The ad-
sorption rate constant (kon) was fit to the data according to a SPT model taking mass transport effects (ki)
into account. The rate constant of dissociation kot was calculated using the corresponding Ko. The rate
constants were determined to be kon = (6.9 + 2.4)-10* M1-s, kot = (10.9 £ 4.2)-103 s, ker = (1.6 £ 0.6)- 104 M1-s°L

An adsorption rate constant of kon = (6.9 + 2.4)-10* M!:s, a desorption rate constant of
kott=(10.9 +4.2)-10° s!, along with the rate constant of mass transport
ke= (1.6 £0.6)-10*°M"-s' were determined (n=>5). The rate constants of the PI-

GEA14/cPC2wt interaction were determined in the same manner resulting in
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kon= (10 £ 3)-10* M'-s7, kott = (6.6 £ 2.1)-10° s and ke = (4.1 + 3.6)-10* M-s! (n =5, data not
shown) All kinetic constants of the PIGEA14 interaction with cPC2wt and cPC2S812D

mutant together with the respective dissociation constants Ko are summarized in Table

6.1.

Table 6.1 Rate constants of adsorption (kon) and desorption (kotr) together with the rate constant of mass
transport (ki) of the PIGEA14 interaction with cPC2wt and cPC2S812D. Fits to the data obtained from the

time dependent shift in resonance frequency were performed using a model based on the SPT theory.

PIGEA14+ | kon/ M1sl kott / s1 ke / M1t Kp / nm
cPC2wt (10 + 3)-10¢ (6.7 +2.1)-10% | (4.1 +3.6)-10* (64 + 22)
cPC2S812D | (6.9 +2.4)-10¢ | (10.9+4.2)-10% | (1.6 +0.6)-10¢ | (137 +41)

6.4 Discussion

A mechanism of PC2 trafficking has been proposed by Kottgen et al.,'” which is based
on the previously shown phosphorylation-dependent interaction of PC2 with the pro-
teins PACS-1/-2 and which suggests that the PC2-PIGEA14 interaction is also influ-
enced by PC2 phosphorylation at Ser®? (Fig. 6.8). Phosphorylation of TRP channels in-
cluding TRPP2 (PC2)? is a general mechanism, by which these proteins are regulated.®
For example, Cai et al.3* discovered that the PC2 channel activity is Ca*-dependent and
that it can be modulated by phosphorylation of Ser®?. In recent studies, Streets et al.’
found that phosphorylation at Ser®" governs the channel activity of PC2 and influences

cell growth.
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Fig. 6.8 Postulated mechanism of PC2 trafficking. PC2, phosphorylated by casein kinase 2 (CK2) at Ser®'?,
is retrieved at the endoplasmic reticulum (ER) via binding to PACS-2/COPI. Desphosphorylation of PC2
by protein phosphatase 2 A (PP2A) facilitates its translocation to the Golgi compartment. This transport
is governed by binding to PIGEA14. Retrieval at the Golgi compartment is mediated by PACS-1/adaptin
protein-1 (AP-1) to phosphorylated PC2. Dephosphorylation and further unknown factors facilitate PC2

trafficking to the plasma membrane.

The interaction partner under investigation in this study, namely PIGEA14, is the first
protein known to date that facilitates forward trafficking of PC2 from the ER to the
Golgi compartment.?! This process might be influenced by the phosphorylation state of
PC2. We were able to quantitatively analyze the interaction of the C-terminal domain of
PC2 (cPC2) with PIGEA14 bound to a lipid membrane as a function of cPC2 phosphor-
ylation at Ser®”? by using the mutant cPC25812D. With our chosen setup, the protein-
protein interaction is limited to a planar two-dimensional geometry similar to the situa-
tion found at cellular membranes. The two dimensional interaction site influences the
binding behavior of the proteins, as one interaction partner is localized on a surface,
which reduces its translational and rotational degrees of freedom leading to altered
binding affinities.®> Replacing a Ser, or Thr residue by a Glu or Asp residue is a com-

mon method to introduce pseudophosphorylations in proteins. However, even single
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point mutations can considerably influence the protein structure and can in principle
interfere with the protein’s ability to bind specific interaction partners. In a recent study
by Bosk et al.%¢, it was shown that a single point mutation at the phosphorylation site of
the protein ezrin strongly influenced the protein’s secondary structure. Thus, we ana-
lyzed the protein structures of both cPC2wt and cPC2S812D by CD spectroscopy,
which is a rather straightforward and simple method. Our results clearly demonstrate
that the point mutation does not significantly affect the secondary structure elements of
the protein. Both proteins show an identical 36 % a-helical-, 13 % (-strand-, 16 % turn-
and 35 % random coil-content. Small alterations of the molecular structure however,
cannot be resolved by this method. A detailed NMR analysis of the respective residues
would be required, which can show slight differences in the molecular structure even

though the CD spectra are basically the same.%

The quantification of the cPC2-PIGEA14 interaction revealed that the dissociation con-
stants are in the ten nanomolar range, which is characteristic for a specific and biologi-
cally relevant PC2/PIGEA14 interaction. Of note, the affinity constant, i.e. the binding
affinity of the PIGEA14-cPC2wt interaction is two times larger than that of the PI-
GEA14-pseudophosphorylated cPC2 (cPC25812D) interaction (Table 1). The rate con-
stants of association and dissociation are only slightly altered (Table 1) by the phos-
phorylation and are in the range of 10*-10° M!-s'land 10 s, respectively. While Brown-
ian motion would result in association/dissociation rates in the range of 10°-10%° m-s,
typical association rate constants for protein interactions are in the order of 10>-10° M!-s-
I as a result of the activation energy of protein complex formation. Dissociation rate
constants vary within a wide range of 10-%-10! s1.383° The fact that our determined asso-
ciation rate constants were slightly lower compared to the average range of biological
relevant interactions can be explained in manifold ways. First, in a cellular system as-
sociation rates can be enhanced by alterations of the local pH, ionic strength or other
surroundings. Second, the protein complex exhibits a relatively small dissociation rate

constant, which accounts for a tight binding and a strong binding affinity.



188 | Quantifying the Interaction of cPC2 and PIGEA14

The obtained results are discussed in light of the PC2 transport mechanism in the cell.
Kottgen et al.° investigated the interaction of cPC2wt and its mutants PC25812D and
PC25812A with PACS-1 and PACS-2. By means of co-immunoprecipitation, they de-
termined that binding of the C-terminal PC2 (Arg”!-Arg#!) to PACS-1 and PACS-2,
which is mediated by an acidic amino acid cluster (Asp’’-Ser®?) is increased upon PC2
phosphorylation at Ser®”?. In turn, replacing Ser812 by Ala greatly diminished these in-
teractions. Later on, Fu ef al.** confirmed the finding that a PC25812A mutation inhibits
the interaction with PACS proteins. Using zebrafish larvea as a model organism, they
discovered that the PC25812A mutant rescued cyst formation being able to reach other
subcellular compartments, whereas PC25812D remained located at the ER via binding
to PACS-2. Based on these results, Kottgen et al.'” developed a model of PC2 trafficking
including the PC2 interaction partners PACS-1 and -2 as well as PIGEA14 (Fig. 7). This
model implies that phosphorylated PC2 binds with high affinity to PACS-2 and thus,
remains located at the ER. After dephosphorylation of PC2 at position Ser812 by pro-
tein phosphatase 2A (PP2A), PC2 is released by PACS-2 as the binding affinity is de-
creased, while the binding affinity to PIGEA14 is increased as demonstrated by our
results. This change in binding affinities to two different proteins as a result of PC2-
phosphorylation can induce the transport of the protein complex to the Golgi network.
However, another aspect should also be considered. Supported by the observations of
Hidaka et al.'” and Celic et al.$, it is conceivable that the PC2 interface required for the
interaction with PIGEA14 is blocked, when PC2 is in complex with PACS-2, which
might additionally alter the binding affinity of PIGEA14 to PC2 in vivo. It has been
shown that the amino acid sequence Gly833-Ser923 of cPC2 is sufficient to interact with
PIGEA14" and that this proposed coiled-coil region is in close proximity to the domain
responsible for the PC2/PACS interaction.{Celic 2008 #100}
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7 Directing the Adsorption of Filamentous
Actin Within Surface-modified,

Cylindrical Nanopores

7.1 Abstract

Ezrin is a member of the ERM (ezrin radixin moesin) family that acts as a dynamic
linker between the plasma membrane and the actin cytoskeleton. Hence, it is involved
in membrane organization, dynamics and determination of the cellular shape. Ezrin is
highly enriched in microvilli of polarized epithelial cells, where it binds F-actin with a
C-terminal binding side upon activation via N-terminal PIP: (L-a-phosphatidylinositol-
4,5-bisphosphate) binding and phosphorylation at Thr>’. Highly ordered nanoporous
aluminum oxide (AAO) films provide similar dimension as the microvilli. Owing to
their optical transparency, they are versatile microvilli mimics to investigate the inter-
action of ezrin with F-actin by means of optical waveguide spectroscopy (OWS) and

confocal laser scanning microscopy (CLSM).

Here, we developed three model systems based on nanoporous AAO films that ena-
bled us to direct and control F-actin adsorption within and atop the porous surface. It
was further aimed to study the influence of actin bundles inside the pores on the me-

chanical properties of the F-actin network atop the pores by means of force spectrosco-

py-
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7.2 Introduction

As the structural framework of eukaryotic cells, the cytoskeleton is not only responsible
for maintaining the shape and structure of the cell, but also controls dynamic processes,
provides cellular motility and spatially organizes cellular contents. Although a large
number of proteins contribute to the cytoskeletal organization, it is mainly composed
of three types of protein filaments: actin filaments, intermediate filaments and microtu-

bules.!

Microtubules build up a hollow cylinders (length, [ =25 pym, diameter, d =25 nm) as a
result of polymerization of a- and -tubulin heterodimers. The main role of microtu-
bules is the regulation of intracellular traffic and genome segregation during mitosis.
Tetrameric intermediate filaments (4 = 10 nm) are not directly involved in cellular dy-
namics, but play a structural role, providing the stability and mechanical strength of

the cell.2?

Actin filaments are semi-flexible polymers with a mean diameter of 7 nm and a varia-
ble length ranging from 0.1-20 um.3 Filamentous-actin (F-actin) is composed of globular
actin (G-actin) protein, which consists of 375 amino acids and has a molecular weight

of M =43 kDa (Fig. 7.1).4
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Fig. 7.1 Ribbon diagram of G-actin (PDB code 1j6z) in complex with a Mg?* ion (green) and an ATP mole-

cule (orange).

Every G-actin monomer harbors an ATP and Mg* binding site and polymerizes via
head-to-tail interaction into filaments with a distinct polarity. Vertebrates contain six
isoforms of actin: four muscular a-forms and two non-muscular forms (3 and v).>¢ On
basis of the crystal structure of G-actin that had been solved in 1990 by Kabsch et al.’?,
the atomic structure of F-actin was determined by Holmes et al..8 They stated that the
filament has a helical structure with each monomer rotated by 166° and that it morpho-

logically appears as two right handed helices.

The molecular mechanism of actin polymerization can be divided in three steps includ-

ing nucleation, growth phase and steady state (Fig. 7.2).
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Fig. 7.2 Molecular mechanism of actin polymerization. Nucleation leads to the formation of a nuclei-
trimer (light green), elongation during the growth phase of the polarized filament results in a steady

state with a constant filament length.

Formation of the nuclei is the time limiting step of the polymerization process; the fol-
lowing polymer growth includes the addition of ATP-bound actin. Due to the filament
polarization, monomer addition occurs significantly faster at the plus end than at the
minus end (kon* > kon). Within the filament the ATP gets slowly hydrolyzed and stable
ADP-actin is formed. At the steady state, the rate of actin polymerization equals the
rate of depolymerization (treadmilling). As ADP-actin depolymerizes more readily
than ATP-actin, the rate of actin loss is higher at the minus end than at the plus end
(kote > kott*), which is capped by newly added ATP-actin monomers. The concentration
of G-actin at this steady state is called critical concentration (cc). Above that concentra-

tion, actin polymerizes, below it, filaments will depolymerize.?1°

In vitro, actin polymerization can be induced by the addition of Mg and K*, which
reduce the critical concentration needed for polymerization by the factor of hundred to

approximately cc =7 uM at 4 °C. Raising the temperature, c. can be further decreased.!

In vivo however, the interplay of a variety of actin binding proteins (ABPs) governs the

turnover of actin polymerization (Fig. 7.3).
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Fig. 7.3 Schematic drawing of a selection of actin binding proteins (ABPs, red) and their specific function.

Those ABPs either sequester G-actin monomers, facilitate nuclei formation or serve as
capping proteins on either end of the polymer. Other ABPs connect the filaments with
each other and facilitate the formation of networks (i.e. filamin) or bundles (i.e. a-
actinin). Only by forming three dimensional, flexible networks, the dynamic function of

cytoskeletal F-actin can be guaranteed.!>*

Certain actin binding proteins are capable of linking F-actin filaments to the plasma
membrane. Members of the ezrin radixin moesin (ERM) protein family'>” for instance
are structured in a way that intramolecular interaction between the N- and C-terminal
regions mask their protein interaction site and keep the proteins in an inactive state
(Fig. 7.4 B).1%1 ERM proteins unfold and become activated in response to protein phos-
phorylation and binding to the L-a-phosphatidylinositol-4,5-bisphosphate (PIP2) recep-
tor lipid anchored in the plasma membrane.?>?! Upon activation ERM proteins function
as dynamic membrane-cytoskeleton crosslinkers.?> Structurally ERM proteins can be

divided in a ~300 amino acids containing, N-terminal band four point one, ezrin, radix-
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in, moesin (FERM) domain, which is responsible for PIP:-binding??, an a-helical linker
region and the C-terminal ERM association domain (C-ERMAD), which harbors an F-
actin binding site (Fig. 7.4 A).»

A

567
o—helix Thr

479 585
1 309 C-ERMAD

N-ERMAD

Fig. 7.4 (A) Topology of the ezrin domain, including the PIP2 binding site (blue, N-ERMAD), a-helical
linker region (green) and the C-ERMAD (red) that harbors the F-actin binding site (551-585) and a phos-
phorylation site (yellow).(B) Model of ezrin that binds F-actin with its C-ERMAD after being activated
via PIP2 binding and phosphorylation at Thr57.

Whereas moesin is mainly expressed in a wide range of endothelial cells and radixin is
enriched in adherent junctions, ezrin was identified as a F-actin linker protein in mi-
crovilli of intestinal epithelial cells and membrane ruffles.’>* Inside these finger-like
structures, ezrin links bundles of F-actin to the plasma membrane and thus provides

maintaining the shape of these cellular protrusions (Fig. 7.5 A).
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Fig. 7.5 (A) Schematic drawing of a polarized epithelial cell. Within the microvilli (d = 80-150 nm,
[ =1-1.7 um) bundled F-actin (green) is attached to the plasma membrane via ezrin (blue) linkage. (B)
AAOQO set up (d =25-80 nm, [ = 3.5-7 um) that mimics the microvilli with solid a supported hybrid mem-

brane, actin bundles inside the pores and a F-actin network atop the pores.

In this work, we raised the question of how the mechanical properties of the cellular F-
actin network are influenced by F-actin bundles inside of the microvilli. To answer this
question, first, a proper model system was be chosen that structurally correlates with
the microvillar geometry. This model system was then be designed in a way that it
mimics microvilli and provides a platform to monitor and verify the adsorption pro-

cesses of all involved molecules (Fig. 7.5 B).

Owing to their optical transparency and tunable geometry, nanoporous anodic alumi-
num oxide (AAQ) substrates can be utilized to mimic cellular microvilli as AAO films
have similar dimensions (microvilli dimensions: d = 80-150 nm, [ = 1-1.7 um).?” Recently,

nanoporous AAO substrates have been introduced by Lazzara et al., as a biosensor
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platform that allows to follow the adsorption of macromolecules inside the porous area
in real time.?® In 2012, modified phospholipids monolayers that line the porous regions
were used to allow specific coupling of proteins.” Based on these developments, a
model system will be designed that allows the layer by layer assembly of all compo-
nents needed, to mimic F-actin linkage atop and inside of the microvilli. To elucidate
the impact of actin bundles inside the pore interior on the mechanical properties of the
overlying F-actin network, force spectroscopy experiments will be performed. Thus, it
was aimed to create two setups: one, where the F-actin network is adsorbed only atop
the AAO pores and another, where F-actin bundles are adsorbed inside the porous area

below the overlying network.

7.3 Results

7.3.1 Design of a Model System

To direct the adsorption of filamentous actin (F-actin) within anodic aluminum oxide
(AAO) nanopores, different functionalization strategies were developed. These routes
are depicted in Fig. 7.6. With the first route (Fig. 7.6, 1) F-actin immobilization was
achieved via electrostatic interaction using the positively charged silane aminopropyl-
triethoxysilane (APTES). It was aimed to control, whether F-actin adsorption takes
place only atop or also within the pores, was carried out by choosing AAO substrates
with different pore diameters (see Fig. 7.7). It was expected that using smaller pore siz-
es with pore diameters of 4 = 25 nm, F-actin with a mean diameter of d =7 nm is exclu-
sively found atop the AAO pores. However, at larger pore diameters, it was assumed
that F-actin would penetrate the pore interior. The second route (Fig. 7.6, 2) was de-
signed to offer a lateral mobile surface composed of a solid supported hybrid mem-
brane to electrostatically immobilize F-actin. Electrostatic interaction was facilitated by

integrating the positively charged lipid DOEPC in a DOPC lipid matrix (see Table 3.1,
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page 32). Hence, this system allows to vary two parameter in order to direct F-actin
adsorption, the DOEPC content and the pore diameter. The third route (Fig. 7.6, 3) was
developed to mimic the nature of microvilli best possibly. Therefore, the protein ezrin
that connects the plasma membrane of microvilli with the actin cytoskeleton, was im-
mobilized on a solid supported hybrid membrane containing the natural ezrin linker

lipid PIP:.

2 d=25-70 nm

Fig. 7.6 Schematic drawing showing the different routes to direct F-actin adsorption within surface mod-
ified cylindrical nanopores. (1) APTES covered AAO with different pore diameters, (2) DOEPC contain-
ing membranes on DTS functionalized AAO and (3) ezrin bound to a PIP: containing membrane on DTS
functionalized AAO.

In all three cases, it was aimed to control F-actin polymerization by using AAO sub-
strates with different pore sizes and a constant height of 1 =7um. AAO films with of
pore diameters ranging from d = 25-65 nm that were used in this work, are depicted in

Fig. 7.7 as SEM micrographs. Owing to the optical transparency of AAO all adsorption
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processes (spreading of vesicles, ezrin, F-actin adsorption) were studied by means of
confocal laser scanning microscope (CSLM) and optical waveguide spectroscope
(OWS). After appropriate conditions to direct the F-actin adsorption according to the
two states depicted in Fig. 7.6 (right hand side) were found, force spectroscopy experi-
ments should be conducted to elucidate the influence of F-actin filaments inside the

pore interior on the mechanical properties of the overlying F-actin network.

Fig. 7.7 SEM micrograph showing AAQO substrates with different pore sizes.

7.3.2 F-actin Adsorption Within Porous AAQO Functionalized with
APTES

To direct F-actin adsorption within porous AAOQO, first, a rather simple model system
with only little control parameters was developed using silane chemistry. The positive-
ly charged aminopropyl-triethoxysilane (APTES) was used to functionalize the AAO
surface as described in chapter 3.1.2 (page 29) and to immobilize F-actin via electrostat-
ic interaction. Freshly polymerized muscular F-actin (see chapter 3.3.7, page 54,

~0.7 uM) labeled with AlexaFluor488 phalloidin was added to APTES functionalized
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AAO substrates in F-buffer (50 mmM KCl, 0.2 mM MgClz, 0.1 mM EDTA, 0.1 mM NaNj,
20 mM TRIS/HC], pH 7.4) and incubated overnight at 4 °C. The AAO had diffrent pore
diameters of 25 nm, 35 nm, 45 nm to 65 nm. In Fig. 7.8 x-y plane fluorescence images
are depicted (green fluorescence of the AlexaFluor488 phalloidin), showing the shape
and structure of actin filaments on top of the AAO pores. Although all samples were
prepared in the same manner, the filaments exhibit different structural features. In
some cases long individual filaments that extend over several micrometers in height
were visualized (Fig. 7.8 A), while mostly a carpet of short and densely packed F-actin

was observed atop the AAO (Fig. 7.8 B).

A

Fig. 7.8 Different exemplary fluorescence x-y plane images of F-actin (labled with Alexa Fluor488 phal-
loidin) polymerized on and within AAO covered with APTES: (A) long individual filaments, (B) short
filaments, (C) few filaments atop the AAO surface and (D) filamentous coils. The nature of F-actin was

independent from the set pore diameter.

In some cases, only few individual filaments were observed (Fig. 7.8 C). The bright,

green background fluorescence indicates that the fluorescence of filaments inside the
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pores seems to cover the one above the pores and thus leads to a reduced resolution of
the filaments that were adsorbed atop the pores. This phenomenon was imaged more
often, if F-actin was adsorbed on porous AAO that have larger pore diameters
(>35 nm), a fact that shows the F-actin penetration dependence from the pore diameter.
In very few cases, no individual filaments were visualized, but few large coil-like struc-
tures (Fig. 7.8 D). These experiments were interpreted as non successful, as they cause
unexpected results regarding the pore penetration ability of actin in a way that no de-

pendence of the F-actin penetration ability from the pore diameter could be found.

The F-actin content inside the AAO pores as a function of the pore diameter can be best
visualized by means of cross section images (x-z plane images, z-lines, Fig. 7.9). Two

limitting cases (A and B) of F-actin penetration are depicted for each pore size separate-

ly.

Fig. 7.9 Fluorescence x-z plane images showing the two border cases (A and B) of different F-actin
(labled with Alexa Fluor488 phalloidin) content inside the APTES covered AAO pore interior for AAO
pores with a variable diameters (AAO height, i =7um). The dashed line represents the AAO pore bot-
tom. Scale bar: 20 um.



Directing F-actin Adsorption Within Nanopores |207

In case of the AAO films with a pore diameter of 4 =25 nm, a green fluorescence is ei-
ther visualized only atop the pores (Fig. 7.9 A) or partly inside them (Fig. 7.9 B; the
AAOQO pore bottom is marked as a white, dashed line). It turned out that the propability
of finding filaments inside the porous area is increased as a function of pore diameter.
While for AAO pores with sizes of d =35 nm, there was still a possibility of partial fil-
ament exclusion from the pore interior (Fig. 7.9 A and B), AAOs with d =45 nm were
completely filled with F-actin (labled with Alexa Fluor488 phalloidin) in most cases.
For AAO pores with a diameter of d =65 nm, the pore interior was entirely filled with
actin filaments in all experiments, indicated by a homogeneously distributed green flu-
orescence. To prove that F-actin adsorption was achieved via specific, electrostatic
binding at the positively charged APTES surface, a control experiment with non func-
tionalized AAO was performed. In this case, no fluorescence of the Alexa Fluor488
phalloidin was visualized inside or atop the pores, demonstrating the absence of F-
actin. It was aimed to gain a higher control of F-actin exclusion from the AAO pore in-
terior by selectively functionalizing the pore rims with APTES*, while the pore interior
remined completely unfunctionalized (Fig. 7.10). Although it was expected, that fila-
ment penetration would be significantly reduced compared to the AAO substrates that
were completely lined with APTES, the obtained results were identical to those, shown

in Fig. 7.9.
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Fig. 7.10 Schematic drawing of porous AAO films that are either completely functionalized with APTES
(A) or APTES only on the pore rims (B).

In conclusion, a correlation between F-actin penetration and pore diameter was found,
but a complete exclusion of F-actin from the pore interior was not achieved in a repro-
ducible manner. However, conditions needed to be developed, where the F-actin net-
work exclusively binds atop the AAO pores, so that force spectroscopy experiments
could be also performed with this system. Thus, it became obvious that directing the F-
actin adsorption only by varying the pore diameter was impossible and other control

parameters had to be introduced.

7.3.3 F-actin Adsorption Within Porous AAO with a DOEPC Containing

Membrane

Confocal Laser Scanning Microscopy Experiments

Since it had turned out that the pore diameter, as the only variable parameter to direct
F-actin adsorption, was insufficient to create conditions that completely exclude actin
filaments from the pore interior, a second variable parameter was implemented. This

strategy (second route in Fig. 7.6.) includes F-actin adsorption on positively charged
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solid supported hybrid membranes with different surface charge densities. To obtain
positively charged membranes different amounts of the positively charged DOEPC
(30 — 50 mol%) were integrated in a DOPC matrix. The AAO pore diameters wereset to
be d =35 and 45 nm, so that the pores are small enough to potentially exclude F-actin

from the interior, but large enough to allow for force spectroscopy experiments.

Fig. 7.11 shows a homogeneous, blue perylene fluorescence of a solid supported hybrid
membrane composed of DOPC/DOEPC/perylene, 79:20:1 on an AAO surface that was
functionalized with dodecyl-trichlorosilane (DTS). The homogenously distributed
perylene fluorescence of the x-z plane image (Fig. 7.11 B) demonstrates that the mem-

brane was lining the whole pore interior.

2min20s

Fig. 7.11 Fluorescence x-y plane (A) and x-z-plane (B) image of a membrane composed of
DOPC/DOEPC/perylene, 79:20:1 on DTS functionalized AAO (AAO height, =7 pm). (C) Exemplary

fluorescence images showing the time course of the recovery of fluorescence intensity after bleaching.

Fluorescence recovery after photobleaching (FRAP) experiments show the relatively
slow recovery of fluorescence intensity after bleaching compared to solid supported
planar membranes (Fig. 7.11 C). Nevertheless, the determined recovery time was in
accordance with those obtained in the literature, where a POPC membrane that lined

the pore interior of AAO (d =75 nm, h = 3.5 pum) were investigated by means of FRAP.?
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Fig. 7.12 Fluorescence x-y plane (A) and x-z-plane (B) image of AlexaFluor488 phalloidin labeled F-actin
polymerized on a membrane composed of DOPC/DOEPC/perylene, 79:20:1 spreaded on DTS functional-
ized AAO.

Muscular F-Actin was added to the membrane (~0.7 uM) and incubated overnight at
4 °C in F-buffer (50 mM KCl, 0.2 mM MgClz, 0.1 mM EDTA, 0.1 mM NaNs, 20 mMm
TRIS/HCI, pH 7.4). CLSM images (Fig. 7.12 A) show the heterogeneous green fluores-
cence of the Alexa Fluor488 phalloidin labeled F-actin atop the pores (x-y plane). The x-
z plane images show either a bright green fluorescence only atop the pores (Fig. 7.12 B,
upper image) or a pore interior that was partly filled with F-actin (Fig. 7.12 B, lower
image). Fluorescence images of neat perylene labeled membranes (/e = 488 nm) reveal
that the dark green background fluorescence observed in the cross sections was not a
result of F-actin fluorescence but of the perylene fluorescence. In fact, the regions of
empty and partly filled pores were heterogeneously distributed over the samples in
domains that could extend over several hundred micrometers. Using an atomic force
microscopy (AFM) setup in combination with a fluorescence microscope would allow
to select the desired region and investigate the mechanical properties of either F-actin

only atop or also inside the pores.

Surprisingly, F-actin integration in or exclusion from the pore interior was neither a

function of the pore diameter nor the DOEPC content in case of the applied range (30-
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50 mol% DOEPC). All parameters (d =35 nm and d =45 nm and 30 mol% and 50 mol%
DOEPC) lead to the same results that are represented in Fig. 7.12. However, a control
experiment with pure DOPC membrane showed that no filaments were attached on the

AAOQO substrate, neither atop the pores, nor in the pore interior.

Optical Waveguide Spectroscopy Experiments

Optical waveguide spectroscopy (OWS) experiments were performed and analyzed to

quantify the F-actin adsorption within APTES and DOEPC functionalized AAQO pores.
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Fig. 7.13 (A) Time course of the angular shift after spreading SUVs composed of DOPC/DOEPC, 7:3 (A)
on DTS functionalized AAO (d=60nm, h=3.5 um) and F-buffer (50 mM KCl, 0.2 mM MgClz, 0.1 mM
EDTA, 0.1 mM NaNs, 20 mM TRIS/HCI, pH 7.4) rinsing (B). (B) Time course of the angular shift after the
addition of 1 uM F-actin stabilized with phalloidin (A) to AAO covered with APTES (black) or with
membrane containing DOPC/DOEPC, 7:3 (red).

Spreading of SUVs composed of DOPC/DOEPC, 7:3 (Fig. 7.13 A) resulted in an angular
shift of 0.5°, which corresponds approximately to a thickness shift of 4 =2 nm indicat-

ing the formation of a lipid monolayer atop the DTS functionalized AAO surface.

The F-actin adsorption inside AAO pores (4 =60 nm, h = 3.5 um) that were functional-
ized with either APTES or the DOEPC containing membrane is depicted in Fig. 7.13 B.

The black curve shows the time course of the angular shift after the addition of 1 um
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F-actin to APTES functionalized AAO (angular shift = 0.18°), while the red curve corre-
sponds to the time course of the angular shift after the addition of 1 uM F-actin to the
DOEPC containing membrane (angular shift =0.03°). The apparent difference between
the two adsorption curves confirms the results obtained by means of CLSM experi-
ments. While F-actin is incorporated in the pores that are functionalized with APTES, it
is almost entirely excluded from the pore interior, if a DOEPC containing membrane is

lining the porous surface.

7.3.4 F-actin Adsorption Within Porous AAO with an erzin/PIP: Con-

taining Membrane

As a model that best mimics the nature of microvilli, a layer by layer assembly of a sol-
id supported hybrid membrane containing the natural ezrin receptor lipid PIP:, ezrin
and F-actin was aimed to build up (route three in Fig. 7.6.) First, PIP2 containing mem-
brane formation as well as ezrin binding were characterized and controlled by means

of CLSM and OWS as perquisite to controlled F-actin adsorption.

Protein Expression and Purification

Ezrin (M =69.5kDa, 586 amino acids, Met!-Leu¢) was expressed in Escherichia coli
(strain: BL21(DE3)pLysS) with a hexahistidine tag at the N-terminus. A hexahistidine
tag is commonly associated with the C-terminus. In the case of ezrin, however, this re-
gion harbors a binding site for F-actin (Ile>*-Leu®). Introducing an artificial tag at this
region would most likely mask the binding site or at least modify its F-actin binding
ability. Also, the natural binding site that links ezrin with the plasma membrane
(FERM domain, Met!-Asp?*®) is located at the N-terminus. Thus, it is beneficial to use a
N-terminal hexahistidine tag for membrane immobilization studies. Nevertheless, a N-
terminal tag implicates certain drawbacks regarding the protein purification. As pro-

teins are synthesized from the N- to the C-terminus, ezrin fragments, which are not
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completely synthesized also carry a hexahistidine tag and are thus eluted together with

the full length protein.

Fig. 7.14 shows a SDS-PAGE gel of the molecular marker (lane M), the crude cell lysate
(lane L) and an ezrin elution fraction (lane E). Several bands of lower molecular weight
(~50-32 kDa, lane E) indicate the presence of ezrin fragments with a hexahistidine tag in
the elution fraction. However, these band are way less intensive than the main ezrin
band at M = 80 kDa. It can thus be assumed that their presence would not mainly affect

the experimental performances planned with ezrin.

Interestingly, the molecular mass of ezrin determined from the SDS-gel differs from the
one calculated on the basis of the amino acid sequence (AM = 10 KDa). This deviation is
well-known in the literature and can be explained by the relatively high intrinsic
charges of ezrin (pl=5.94) and the heptaproline sequence buried in its a-helical re-
gion.®® The accumulation of proline is known to impose conformational changes that

may influence the electrophoretic mobility of the protein.*
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Fig. 7.14 SDS gels of ezrin protein fractions. The Coomassie stained SDS gel shows the molecular marker
(M), cell lysate (L) and elution fraction (E) of ezrin. According to the SDS gel the molecular mass of ezrin

is approx. M = 80 kDa.

Optical Waveguide Sectroscopy Experiments

OWS experiments were performed in order to verify proper spreading of PIP: contain-
ing vesicles on the AAQO surface that was functionalized with DTS followed by the sub-

sequent binding of ezrin to the PIP: receptor lipid.

In Fig. 7.15 A, the time course of the angular shift after addition of SUVs composed of
POPC/PIP:, 9:1 in El-buffer (50 mm KCl, 20 mM TRIS/HCI, 0.1 mM EDTA, 0.1 mM NaNGs,
pH 7.4) is shown. After rinsing with buffer an angular shift of 0.58 ° was detected. An
average thickness of d=(1.5+0.6) nm, (n=4) was determined for the POPC/PIP;, 9:1
monolayer. This value that is slightly lower than expected for a lipid monolayer
(d =2nm), but in accordance with the one measured by means of surface plasmone
resonance technique (chapter 4.3.2, page 119) for DOPC/DOGS-NTA-Ni, 9:1 mem-
branes (d = (1.2 £ 0.5) nm, n = 3).
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Fig. 7.15 (A) Time course of the angular shift after spreading of SUVs composed of POPC/PIP2, 9:1 (A) on
AAO pores functionalized with DTS and E1 buffer (50 mM KCl, 20 mM TRIS/HC], 0.1 mM EDTA, 0.1 mM
NaNs, pH 7.4) rinsing (B). (B) Time course of the angular shift after the addition of 0.7 uM ezrin (A) to a
POPC/ PIP2, 9:1 membrane (black ) and to a pure POPC membrane (red) that line the pore interior of
porous AAO and rinsing with E1 buffer (B).

A representative time course of the angular shift after the addition of 0.7 uM ezrin to a
POPC/PIP2, 9:1 membrane in E1 buffer is depicted in Fig. 7.15 B. Buffer rinsing only led
to a slight decrease of the angular shift, which demonstrates an almost irreversible,
tight ezrin-PIP: binding (black curve). The final angular shift after buffer rinsing was
0.4°, which corresponds to an ezrin thickness of 1.8 nm. A control experiment, at which

0.7 uM ezrin was given to a pure POPC membrane, only lead to a slight angular shift of

0.03° (red curve).

Ezrin Labeling

To visualize the ezrin-PIP: binding on planar and porous surfaces by means of CLSM,
ezrin was fluorescently labled using the dyes AlexaFluor488 C5-maleimide and Tex-
asRed-maleimide (see chapter 3.3.6, page 52). Ezrin exhibits two cystein residues (Cys!"”
and Cys?*), whose thiol groups are capable of reacting with the maleimide group of the
respective fluorescent dye. Compared to other reagents used for thiol modification,

maleimide groups are more selective to thiols and do not react with histidine or methi-
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onine residues.®® The labeled protein fractions were analyzed by means of SDS-PAGE

and UV/Vis spectroscopy.

SDS-PAGE
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Fig. 7.16 (A) SDS-PAGE gel showing the molecular marker (M) and elution fractions E2, E9 and E11 after

fluorescence labeling of ezrin. (B) UV/VIS spectra of different elution fractions of ezrin labeled with

1 1 1 1 1 1 1
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Alexa Fluor488 C5-maleimide: pure dye (black dashed line), fraction 2 (bue), fraction 8 (red) and fraction
11 (green).

Fig. 7.16 shows the SDS-PAGE gel (A) and UV/Vis spectra (B) of elution fractions of
ezrin labeled with AlexaFluor488 C5-maleimide along with the pure dye spectrum
(black dashed line, Aex =493 nm). Obviously, neither dye nor protein can be verified by
means of the SDS gel or the UV/Vis spectrum in fraction 2 (lane E2; blue line). Howev-
er, fraction 9 shows a strong band at M =90 kDa in the SDS-PAGE gel (lane E9) and
maxima at Aex =280 and 493 nm (red line), demonstrating the presence of AlexaFlu-
or488 C5-maleimide labeled ezrin. The SDS gel further shows, that no ezrin fragmenta-
tion occurred during the reaction and that the molecular mass is slightly higher com-
pared to the unlabeled ezrin, an effect that might be due to the negatively charged dye

(see Fig. 3.11). While in fraction 9 both maxima show nearly the same absorbance, the



Directing F-actin Adsorption Within Nanopores |217

absorbance of the dye at Aex =493 nm is significantly higher in fraction 11 compared to

the protein absorbance at Aex = 280 nm.

Protein concentration (cezin) and the degree of labeling (DOL) were calculated using eq.

7.1 and eq. 7.2:

eq.7.1

_ A280 — (A493 ’ CF)
Cezrin = . ’
ezrin

DOL = A493 * Eearin eq.7.2

(Az80 — Ag93 * CF) " €qye’

with  €ezin = 66,900 M1-cm™,  ¢€dye=71,100 Mcm? and the correction factor

CF = 0.1 = A2s0/A493 (from the dye UV/VIS spectrum).

Applying these equations, it became obvious that fraction 9 contained ezrin with a high
concentration (c =8 uM) and a DOL = 1. In fraction 11 on the contrary, the dye was en-
riched (DOL =2) and the ezrin concentration was reduced to ¢ =2 puM. This suggests
that the amount of unbound dye in fraction 11 and all further fractions, where the DOI
was even higher, was strongly increased. As unbound dye might affect experimental

results, these fractions were not used for fluorescence microscopy experiments.

Alexa Fluor488 C5-maleimide labeled ezrin was obtained with a mean concentration of

Cezrin = 6.8 UM (fraction 4-10) and a mean degree of labeling of DOL =1.0.

Ezrin Adsorption on Planar and Porous Membranes by Means of CLSM

To further demonstrate the specificity of the ezrin PIP> membrane interaction, fluores-
cently labeled ezrin was added to planar solid supported hybrid membranes with a
DTS-silicon support as well as to membranes formed on AAO that was functionalized

with DTS (experiments on planar membranes were performed by Julia Braunger). In
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case of the latter, ezrin adsorption inside the porous areas was recorded in a time re-

solved manner by means of the CLSM.

Fig. 7.17 A (upper images) shows the fluorescence of perylene (blue) and PIP>-TMR
(red) of a membrane composed of POPC/PIP2/PIP.-TMR/perylene, 96:2.5:0.5:1. After the
addition of 0.7 uM AlexaFluor488 C5-maleimide labeled ezrin (2 h incubation) and rins-
ing with E1 buffer (50 mm KCl, 20 mM TRIS/HCI, 0.1 mM EDTA, 0.1 mM NaNs, pH 7.4)
the green fluorescence of the labeled ezrin was visualized atop the membrane (Fig. 7.17
A, lower image). While the blue perylene fluorescence remained homogeneously dis-
persed after ezrin addition, the red PIP>-TMR fluorescence was heterogeneously dis-
tributed in the membrane and overlapped with the green ezrin fluorescence. The corre-
spondence between the red PIP>-TMR and the green ezrin fluorescence proves that

ezrin specifically binds to PIP:

A time course of TexasRed-maleimide labeled ezrin addition to POPC/PIP2, 9:1 mem-
branes formed on a AAO surface functionalized with DTS is shown in Fig. 7.17 B. All
images are z-x-plane images showing the pore bottom (white dashed line) and the
whole pore interior. The first image at -5s shows the weak red background fluores-
cence of the AAO covered with the PIP2 containing membrane before ezrin addition.
After addition of 0.3 uM labeled ezrin and continuous increase of fluorescence intensity

inside the porous area was monitored.
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Fig. 7.17 (A) Fluorescence x-y plane image of a solid supported hybrid membrane composed of
POPC/PIP2/PIP>-TMR/perylene, 96:2.5:0.5:1 covered with 0.3 uM Alexa Fluor488 C5-maleimide labeled
ezrin with the blue perylene fluorescence (upper left), the red PIP>-TMR fluorescence (upper right) and
green ezrin fluorescence (lower left). The fluorescence images were kindly provided by Julia Braunger,
who performed the CLSM experiments. (B) Fluorescence y-z plane images showing the evolution of
0.3 uM Texas Red maleimide labeled ezrin (red) adsorption on a POPC/ PIP:, 9:1 membrane spread on
DTS functionalized AAO. Scale bars: 20 pm.

Rinsing with buffer after 1.5 h of ezrin incubation lead to no significant loss of fluores-
cence intensity. Both experiments demonstrate the specificity of the ezrin PIP: binding

and confirms the results obtained by means of OWS experiments (Fig. 7.15).

F-actin Adsorption Within Ezrin/PIP2-membrane Covered AAQO Pores

In the next step, F-actin adsorption onto the ezrin covered membrane was monitored.
Fig. 7.18 A shows the blue perylene fluorescence of a POPC/PIP2/perylene, 89:10:1
membrane on an AAO surface that was functionalized with DTS. Lateral mobility of
this hybrid membrane was demonstrated by means of FRAP experiments (Fig. 7.18 B).
The time course of the recovery was similar to those found for DOEPC/DOPC mem-

branes (see 7.3.3) and to those from the literature.?’
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2min 30 s

Fig. 7.18 (A) Fluorescence x-y plane image of a solid supported hybrid membrane composed of
POPC/PIP2/perylene, 89:10:1 on AAO functionalized with DTS. (B) Exemplary fluorescence images
showing the time course of the recovery of fluorescence intensity after bleaching. (C) Fluorescence x-y
plane image and x-z plane image (D) of F-actin labeled with AlexaFluor488 phalloidin on a
POPC/PIP:/perylene, 89:10:1 membrane covered with ezrin (pore bottom is marked with a white, dashed

line).

After incubation of 0.7 uM ezrin (1.5 h at room temperature using a flow through de-
vice), 0.5 units (~ 1 uM) of non muscular F-actin were added to the sample and incubat-
ed overnight at 4 °C in F-buffer (50 mmMm KCl, 0.2 mM MgClz, 0.1 mM EDTA, 0.1 mM
NaNGs, 20 mM TRIS/HCI, pH 7.4). Non muscular F-actin was used in this case, since cel-
lular ezrin binds specifically to the 3-isoform of non muscular F-actin with high affinity
(Kp =46 nM, stoichiometry 1:10, ezrin/actin).3* Although Roy et al. found that human
recombinant ezrin binds to both a- and P/y-actin with comparable affinity®, it was
aimed in this work to mimic the cellular environment and conditions as best as possi-

ble, so that non muscular F-actin was chosen in this study.
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In Fig. 7.18 C the green fluorescence of AlexaFluor488 phalloidin is depicted as an x-y
plane image together with an x-z plane image (Fig. 7.18 D) that shows the presence of

F-actin in the AAO pore interior.

It was the idea to control the position of F-actin adsorption, i.e. to exclude the filaments
from the pore interior by tuning the pore diameter (d = 35-65 nm). However, it was not

possible to exclude filamentous actin in a reproducible manner.

7.4 Discussion

In this work, a model system based on highly ordered nanoporous anodic aluminum
oxide (AAO) was developed to mimic the microvilli of polarized epithelial cells (com-
pare Fig. 7.5 and Fig. 7.6). Using a layer by layer assembly, three different routes were
developed to build up systems, where the exclusion/inclusion of F-actin in the pore
interior of the AAO could be governed (Fig. 7.6). In order to examine the contribution
of F-actin bundles inside the pores on the mechanical properties of the overlying F-
actin network, the final aim was to investigate and compare the mechanical properties
of both an F-actin network with and without underlying F-actin bundles by means of
force spectroscopy measurements. Owing to the optical transparency of AAO sub-
strates, the adsorption of F-actin and ezrin as well as vesicle spreading inside the AAO
pores could be monitored in real time by means of optical waveguide spectroscopy
(OWS) or confocal laser scanning microscopy (CLSM). Combining these two methods,
it was possible to obtain quantitative information about the molecules adsorbed inside
the pores (OWS) as well as to visualize the adsorbed material in the pore interior (x-z

plane CLSM images) and atop the pores (x-y plane CLSM images).

First, F-actin adsorption atop/within AAO pores should be directed using a very sim-
plified model system that allows specific F-actin binding. Due to its low pI (~5.5) and

relatively high negative charge density (1 /2.5 A), F-actin can be electrostatically ad-
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sorbed to positively charged lipids and monolayers.*” Renault et al. demonstrated that
actin polymerization can in fact be induced by a positively charged surface.’” Using
ellipsometry and microscopic techniques, they were able to characterize the adsorption
and polymerization of actin on Langmuir monolayers with a ~30 mol% content of posi-
tively charged amphiphiles. Other groups reported the adsorption of F-actin to posi-
tively charged lipid monolayers and liposomes.?* Here, we used positively charged
aminopropyl-triethoxysilane (APTES) to bind actin filaments to the porous surface of
AAO films. The specificity of binding was demonstrated by appropriate control exper-
iments (data not shown). Using AAO substrates lacking APTES functionalization, no
Alexa Fluor488 phalloidin labeled F-actin was observed neither inside nor atop the
AAO pores. This finding demonstrates a specific F-actin-APTES interaction. Control of
F-actin exclusion from and inclusion in the pore interior of the AAO substrates should
only be gained by tuning the AAO pore diameter from 25 nm to 65 nm. However, only
the tendency of a reduced F-actin pore penetration with decreasing pore diameter was
found. Exclusion of actin filaments from the AAO pores in a reproducible manner

could not be achieved.

Regarding the actin filament dimensions, the mean diameter of unbundled F-actin is
d =7 nm (maximal diameter, dmax =9 nm), while the mean length of in vitro polymerized
actin is very heterogeneous, ranging from 0.5-10 um depending on the G-actin concen-
tration, temperature and ionic strength.*® With a G-actin concentration of ¢ = 0.5 mg/ml
at 25 °C similar to our conditions (c =0.4 mg/ml, room temperature) an average fila-
ment length of /=1 pum and a rather heterogeneous distribution (many filaments with
[<0.1 pm) was determined by Kawamura et al.** Bundling F-actin can only be
achieved using natural actin binding proteins (ABPs), artificial crosslinker (i.e. glutar-
aldehyde) or divalent cations (Ca?, Mg?*).442 Kwon et al. reported that in vitro polymer-
ized actin forms bundles with a mean thickness of d = 30 nm, if polylysine is used as
crosslink agent.** However, it can be strongly assumed that F-actin is incapable of form-
ing bundles under the applied experimental conditions, as electrostatic repulsions dis-

favor their assembly.
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Different x-y plane fluorescence images show the variable nature of F-actin adsorbed
on AAO pores (Fig. 7.8) and further confirm the heterogeneity of the F-actin length dis-
tribution. However, a heterogenous length distribution alone would not explain the
variable nature of actin filaments in different experiments, since all experiments were
performed in an identical manner. Bergeron et al. investigated the ion-dependence of
the polymerization kinetics of both non-muscular actin isoforms.® They found that
polymerization was basically finished within 25-100 min and that the presence of Ca?
rather decelerated the polymerization, while Mg? did not. In terms of the Ca* influ-
ence, these results were confirmed by Cooper et al..* They also demonstrated that actin
polymerization was significantly accelerated applying actin capping proteins. In this
work, actin polymerization was stopped after 30 min by adding phalloidin, which
binds to F-actin with high affinity and prevents further polymerization and depolymer-
ization. Slight variations of the temperature, actin or salt concentration might affect the
nature of the resulting filaments. These findings might explain why no reproducibility

was obtained using AAO with different pore diameters.

It was unexpected that experiments performed with orthogonally functionalized AAO
films (see Fig. 7.10), did not alter the penetration behavior of F-actin compared to the
AAQ pores that were completely covered with APTES. Due to the incorporation of ox-
alic acid during the AAO film growth, the surface of non functionalized AAO films is
expected to be negatively charged.® It was assumed that negatively charged actin fila-
ments would be repelled, due to repulsive electrostatic interactions. This notion was
corroborated by the observation that non functionalized AAO films do not bind F-
actin. It can be hypothesized that as long as actin filaments experience attractive forces
from the pore rims, they eventually collapse inside the pores. The remaining F-actin
network atop the AAQO pores could prevent desorption of already penetrated filaments

by rinsing with buffer.

As a next step (see route 2 and 3 of Fig. 7.6), solid supported membranes were intro-
duced that were either doped with the positively charged lipid DOEPC or the natural

erzin receptor lipid PIP.. Lazzara et al. demonstrated that SUVs composed of
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DOPC/DOGS-NTA-Ni, 9:1 and SUVs doped with various biotin contents spread on
porous AAQO, which had been functionalized with dodecyl-trichlorosilane (DTS).”* By
means of OWS experiments, they determined a monolayer thickness of
d =(2.3 £ 0.2 nm), which is in accordance with the mean value of ~2 nm determined by
surface plasmon resonance (SPR) and other techniques.**” In this work OWS was used
to determine monolayer thicknesses of d=(1.5+0.6) nm in case of the POPC/PIP:, 9:1
lipid mixture and d =2 nm for the DOPC/DOEPC, 7:3 mixture. The monolayer thick-
ness of the PIP: containing membrane is slightly lower than expected. Nevertheless, the
values correlate with those of DOPC/DOGS-NTA-Ni, 9:1 membranes
(d=(1.2+£0.5) nm) and of POPC/PIP;, 96:4 membranes (d = (1.2 +0.5) nm) determined
by means of SPR experiments in this and another work.*® The long recovery time of the
fluorophores after photobleaching of fluorescently labeled DOEPC and PIP: containing
membranes can be explained by the fact, that the actual distance of the diffusing mole-
cules is extensively increased (~170 times, assuming an inter pore distance of Ac-
c =100 nm, a pore dimater of dr = 65 nm, and a pore depth of i =7 um) due to the three
dimensional structure of the AAO pores.* This factor does not linearly correlate with
the recovery time difference of porous compared to flat surfaces. This is most likely
because fluorophore bleaching interfered with the recovery time in case of the porous
substrates, due to time scale of the measurement. Thus, quantitative evaluation of the

lateral diffusion in terms of diffusion constant was not possible.

Selective F-actin exclusion from the pore interior (dpore = 35-65 nm) was achieved using
solid supported DOPC membranes with a 30-50 mol% DOEPC content as a platform to
electrostatically immobilize F-actin. OWS and CLSM experiments showed that com-
pared to AAO functionalized with APTES considerably less filaments penetrated the
porous area. Thus, we conclude that introducing surface change with a tunable content
and the lateral mobility of the membrane surface is a quite more important control pa-

rameter to position F-action than varying the pore diameter alone.

As a final approach, it was aimed to mimic the situation within cellular microvilli as

precise as possibly (route 3, Fig. 7.6). The specificity of ezrin binding to a POPC mem-
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brane doped with 10 mol% PIP. was demonstrated by means of CLSM experiments
using fluorescently labeled ezrin and OWS experiments, in which a height of approxi-
mately d=18nm was determined. The height of a N-terminal ezrin domain (N-
ERMAD, residues 1- 297, pdb code: 1NI2, see Fig. 7.19 A) is ~4.1 nm, while full length
moesin (residues 1- 577, pdb code: 1EF1, see Fig. 7.19 B) has a height of ~5.4 nm as de-
duced from its crystal stucture (dimensions were measured by RasMol 2.5.7, freeware

available online).?*1

Fig. 7.19 (A) Crystal structure and dimension of N-terminal ezrin region N-ERMAD (pdb code: 1NI2)
and (B) the dimer of full length moesin (pdb code: 1EF1) .

Comparing the ezrin dimensions derived from the crystal structures with the protein
layer thickness of d =1.8 nm determined from OWS experiments, a 33-45 % membrane
coverage with ezrin can be calculated, which is close to the jamming limit of 54 %. Flu-
orescence images with Alexa Fluor488 C5-maleimide labeled ezrin on planar solid sup-
ported membranes composed of POPC/PIP2/PIP.-TMR/perylene, 96:2.5:0.5:1 showed
that ezrin bound only to membrane areas that contain PIP2, shown by the overlapping
fluorescence signals. This further demonstrated the specificity of the ezrin-PIP: interac-

tion. It was expected that, since the experiments performed with DOEPC containing
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membranes showed an exclusion of F-actin, ezrin covered PIP: containing membranes
would behave likewise. Surprisingly, in this case, it was impossible to gain control over
the F-actin exclusion from the pore interior from AAO pores functionalized with the

PIP>-membrane-ezrin assembly.

Additionally attempts to image the AAO surface in air with an atomic force microscope
(Fig. 7.20) showed that, even though a cantilever with a long and sharp tip was used,
the penetration depth of the cantilever inside the pores was only about 10-15 nm (Fig.
7.20 C). This depth is the minimum limit, if one considers performing indentation ex-
periments. Steltenkamp et al. imaged AAQO pores with similar pore diameters. The pen-
etration depth measured by this group was in good agreement with the one deter-
mined in our work.* In buffer however, imaging was even more hindered, as the canti-
lever tip got easily damaged from the hard and rough AAQO surface. These additional
difficulties further encouraged us to switch the system to F-actin covered PSMs that
span a larger pore area. First results that could be gathered using this system are pre-

sented in chapter 8.
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Fig. 7.20 (A and B) AFM image showing the topography of an AAO substrate with d = 45 nm. (C) Height

line profile corresponding to the black line in (A).
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Regarding that no reproducible F-actin exclusion from the pore interior could be
achieved and that imaging of the AAO surface was unexpectedly challenging, the
model system was changed in order to be able to perform force microscopy experi-
ments. Instead of using a F-actin network polymerized above filamentous bundles in-
side the AAO pore interior, it was planned to investigate the impact of an F-actin net-
work atop a pore spanning membrane (PSM) on porous silicon substrates (see chapter

8).

7.5 Co-workers

Mey, Ingo; Kramer, Corinna; Braunger, Julia; Austermann, Judith; Gerke, Volker



228 | Directing F-actin Adsorption Within Nanopores

7.6 References

[1]

[4]

[5]

[6]

[7]

[8]

[9] P

[10]

Wickstead, B., and Gull, K. (2011) Evolution: The evolution of the cytoskeleton. J.
Cell. Biol. 194, 513-525.

Fletcher, D. A., and Mullins, R. D. (2010) Cell mechanics and the cytoskeleton.
Nature 463, 485-492.

Podolski, J. L., and Steck, T. L. (1990) Length distribution of F-actin in Dictyoste-
lium discoideum. J. Biol. Chem. 265, 1312-1318.

Schmidt, A., and Hall, M. N. (1998) Signaling to the actin cytoskeleton. Annu.
Rev. Cell Dev. Biol 14, 305-338.

Herman, I. M. (1993) Actin isoforms. Curr. Opin. Cell Biol. 5, 48-55.

Bergeron, S. E., Zhu, M., Thiem, S. M., Friderici, K. H., and Rubenstein, P. A.
(2010) Ion-dependent Polymerization Differences between Mammalian-and Non

muscle Actin Isoforms. . Biol. Chem. 285, 16087-16095.

Holmes, K. C., and Kabsch, W. (1991) Muscle proteins: actin. Curr. Opin. Struct.
Biol. 1, 270-280.

Holmes, K. C., Popp, D., Gebhard, W., and Kabsch, W. (1990) Atomic model of
the actin filament. Nature 347, 44-49.

antaloni, D., Hill, T. L., Carlier, M. F., and Korn, E. D. (1985) A model for actin
polymerization and the kinetic effects of ATP hydrolysis. Proc. Natl. Acad. Sci.
U.S.A 82, 7207-7211.

T D Pollard, a. J. A. C,, Pollard, T. D., and Cooper, J. A. (1986) Actin and Actin-
Binding Proteins. A Critical Evaluation of Mechanisms and Functions. Annu.

Rev. Biochem 55, 987-1035.



[11]

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Directing F-actin Adsorption Within Nanopores |229

Koster, S. (2006) Biological Matter in Microfluidic Environment - from Single

Molecules to Self-Assembly. Dissertation, Gottingen.

W Kabsch, a. J. V., Kabsch, W., and Vandekerckhove, J. (1992) Structure and
Function of Actin. Annu. Rev. Biophys. Biomol. Struct 21, 49-76.

Staiger, C. J., and Blanchoin, L. (2006) Actin dynamics: old friends with new sto-
ries. Curr. Opin. Plant Biol. 9, 554-562.

Carlier, M.-F. (1998) Control of actin dynamics. Curr. Opin. Cell Biol. 10, 45-51.

Fehon, R. G., McClatchey, A. I, and Bretscher, A. (2010) Organizing the cell cor
tex: the role of ERM proteins. Nat Rev Mol Cell Biol 11, 276-287.

Tsukita, S., and Yonemura, S. (1999) Cortical actin organization: lessons from

ERM (ezrin/radixin/moesin) proteins. . Biol. Chem. 274, 34507-34510.

Tsukita, S., Yonemura, S., and Tsukita, S. (1997) ERM proteins: head-to-tail regu-

lation of actin-plasma membrane interaction. Trends Biochem. Sci. 22, 53-58.

Neisch, A. L., and Fehon, R. G. (2011) Ezrin, Radixin and Moesin: key regulators

of membrane—cortex interactions and signaling. Curr. Opin. Cell Biol. 23, 377-382.

Pearson, M. A., Reczek, D., Bretscher, A., and Karplus, P. (2000) Structure of the
ERM Protein Moesin Reveals the FERM Domain Fold Masked by an Extended
Actin Binding Tail Domain. Cell 101, 259-270.

McLaughlin, S., Wang, J., Gambhir, A., and Murray, D. (2002) PIP(2) and pro-
teins: interactions, organization, and information flow. Annu Rev Biophys Biomol

Struct 31, 151-175.

Bosk, S., Braunger, J. A., Gerke, V., and Steinem, C. (2011) Activation of F-actin
binding capacity of ezrin: synergism of PIP, interaction and phosphorylation. Bio

phys. J. 100, 1708-1717.

Bretscher, A. (1999) Regulation of cortical structure by the ezrin-radixin-moesin

protein family. Curr. Opin. Cell Biol. 11, 109-116.



230 | Directing F-actin Adsorption Within Nanopores

[23]

[24]

[26]

[27]

[28]

[29]

[30]

Niggli, V., Andréoli, C., Roy, C., and Mangeat, P. (1995) Identification of a phos-
phatidylinositol-4,5-bisphosphate-binding domain in the N-terminal region of
ezrin. FEBS Lett. 376, 172-176.

Smith, W. J. (2002) Structure of the Active N-terminal Domain of Ezrin. Confor-
mational and mobility changes identify keystone interactions. J. Biol. Chem. 278,

4949-4956.

Turunen, O., Wahlstrom, T., and Vaheri, A. (1994) Ezrin has a COOH-terminal
actin-binding site that is conserved in the ezrin protein family. J. Cell. Biol. 126,

1445-1453.

Berryman, M., Franck, Z., and Bretscher, A. (1993) Ezrin is concentrated in the
apical microvilli of a wide variety of epithelial cells whereas moesin is found pri-

marily in endothelial cells. J. Cell. Sci. 105 ( Pt 4), 1025-1043.

Anderson, J. H., and Taylor, A. B. (1973) Scanning and transmission electron mi-
croscopic studies of jejunal microvilli of the rat, hamster and dog. ]. Morphol. 141,

281-291.

Lazzara, T. D., Mey, L, Steinem, C., and Janshoff, A. (2011) Benefits and Limita-
tions of Porous Substrates as Biosensors for Protein Adsorption. Anal. Chem 83,

5624-5630.

Lazzara, T. D., Behn, D., Kliesch, T.-T., Janshoff, A., and Steinem, C. (2012) Phos-
pholipids as an alternative to direct covalent coupling: surface functionalization
of nanoporous alumina for protein recognition and purification. J. Colloid. Interf.

Sci. 366, 57-63.

Lazzara, T. D., Kliesch, T.-T., Janshoff, A., and Steinem, C. (2011) Orthogonal
functionalization of nanoporous substrates: control of 3D surface functionality.

ACS Appl Mater Interfaces 3, 1068-1076.



[31]

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

Directing F-actin Adsorption Within Nanopores |231

Gould, K. L., Bretscher, A., Esch, F. S., and Hunter, T. (1989) cDNA cloning and
sequencing of the protein-tyrosine kinase substrate, ezrin, reveals homology to

band 4.1. EMBO |. 8, 4133-4142.

Turunen, O., Wingvist, R., Pakkanen, R., Grzeschik, K. H., Wahlstrom, T., and
Vaheri, A. (1989) Cytovillin, a microvillar Mr 75,000 protein. cDNA sequence,
prokaryotic expression, and chromosomal localization. J. Biol. Chem. 264, 16727—

16732.

Invitrogen http://products.invitrogen.com/ivgn/product/A10254 (2012), cited on
2012 Dec. 9

Yao, X., Cheng, L., and Forte, J. G. (1996) Biochemical characterization of ezrin-
actin interaction. J. Biol. Chem. 271, 7224-7229.

Roy, C., Martin, M., and Mangeat, P. (1997) A dual involvement of the amino-
terminal domain of ezrin in F- and G-actin binding. J. Biol. Chem. 272, 20088—
20095.

Barfoot, R. J., Sheikh, K. H., Johnson, B. R. G., Colyer, J., Miles, R. E., Jeuken, L. J.
C., Bushby, R. ]J., and Evans, S. D. (2008) Minimal F-Actin Cytoskeletal System
for Planar Supported Phospholipid Bilayers. Langmuir 24, 6827-6836.

Renault, A., Lenne, P.-F., Zakri, C., Aradian, A., Vénien-Bryan, C., and Amblard,
E., (1999) Surface-Induced Polymerization of Actin. Biophys. ]. 76, 1580-1590.

Rioux, L., and Gicquaud, C. (1985) Actin paracrystalline sheets formed at the
surface of positively charged liposomes. . Ultra. Mol. Struct. R. 93, 42—-49.

Ward, R. J., Menetret, ].-F., Pattus, F., and Leonard, K. (1990) Method for forming
two-dimensional paracrystals of biological filaments on lipid monolayers. J. Elec.

Micr. Tech. 14, 335-341.

Kawamura, M., and Maruyama, K. (1970) Electron microscopic particle length of

F-actin polymerized in vitro. . Biochem. 67, 437-457.



232 | Directing F-actin Adsorption Within Nanopores

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Haviv, L., Gov, N., Ideses, Y., and Bernheim-Groswasser, A. (2008) Thickness dis
tribution of actin bundles in vitro. Eur. Biophys. ]. 37, 447-454.

Janmey, P. A. (1996) The Polyelectrolyte Nature of F-actin and the Mechanism of
Actin Bundle Formation. . Biol. Chem. 271, 8556-8563.

Kwon, H. ], Tanaka, Y., Kakugo, A., Shikinaka, K., Furukawa, H., Osada, Y., and
Gong, J. P. (2006) Anisotropic nucleation growth of actin bundle: a model for de
termining the well-defined thickness of bundles. Biochemistry 45, 10313-10318.

Cooper, J. A., and Pollard, T. D. (1985) Effect of capping protein on the kinetics
of actin polymerization. Biochemistry 24, 793-799.

Li, F., Zhang, L., and Metzger, R. M. (1998) On the Growth of Highly Ordered
Pores in Anodized Aluminum Oxide. Chem. Mater 10, 2470-2480.

Naumann, R, Jonczyk, A., Kopp, R., van Esch, J., Ringsdorf, H., Knoll, W., and
Graber, P. (1995) Incorporation of Membrane Proteins in Solid-Supported Lipid
Layers. Angew. Chem. Int. Ed. Engl 34, 2056-2058.

Rossi, C., Homand, J., Bauche, C.,, Hamdi, H., Ladant, D., and Chopineau, J.
(2003) Differential mechanisms for calcium-dependent protein/membrane asso-
ciation as evidenced from SPR-binding studies on supported biomimetic

membranes. Biochemistry 42, 15273-15283.

Schwamborn, M. (2012) Charakterisierung der Bindung von F-Aktin an Ezrin

mittels Oberflachenplasmonenresonanz. Masterthesis, Gottingen.

Steltenkamp, S., Miiller, M. M., Deserno, M., Hennesthal, C., Steinem, C., and
Janshoff, A. (2006) Mechanical properties of pore-spanning lipid bilayers probed
by atomic force microscopy. Biophys. |. 91, 217-226.



8 Mechanical Characterization of Filamen-
tous Actin on Pore Spanning Membranes

by Means of Force Spectroscopy

8.1 Abstract

The cortical cytoskeleton is an essential mechanical component composed of filamen-
tous actin (F-actin) and other regulatory factors, which control dynamical cellular pro-
cesses including cellular division, motility and shape. The mechanical properties of F-
actin networks have been studied in vitro applying F-actin gel solutions or in vivo using

living cells by means of various techniques.

Here, we present an extended in vitro assay based on artificial cell membrane mimics to
investigate the mechanical properties of pore spanning membranes (PSMs) with an
overlying F-actin network by means of atomic force microscopy (AFM). First, we used
positively charged solid supported membranes (SSMs) to study the specificity of F-
actin binding by means of the surface plasmon resonance (SPR) technique and confocal
laser scanning microscopy (CLSM). PSMs were prepared by spreading giant unilamel-
lar vesicles (GUVs) composed of DOPC/DOPEC, 8:2 on porous silicon nitride sub-
strates. F-actin binding was achieved via electrostatic interaction with the positively
charged DOEPC lipid. By means of force mapping experiments of pure PSMs and
PSMs with an overlying F-actin network the apparent spring constant (kapp) of both sys-
tem could be determined to kapp=(1.0+£0.2) mN/m for pure membranes and

kapp = (1.4 £ 0.5) mN/m for membranes with bound F-actin. While pure PSMs showed
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perfect elasticity, the appearance of a hysteresis between indentation and retraction
curve observed in case of the membranes with bound F-actin, indicated energy dissipa-

tion due to viscoelestic properties of the membrane.

8.2 Introduction

Eukaryotic cells are supramolecular assemblies composed of different complex struc-
tures called organelles that serve as compartments with distinct metabolic functions
and are embedded into membranes. The cytoskeleton is diversely organized and car-
ries out three main functions: it spatially organizes cellular organelles, provides inter-
and intracellular stability and enables dynamical cellular processes such as division,
migration and differentiation.? As the mechanical backbone of the cell, the cortical cy-
toskeleton determines structure and organization of the cell and is therefore eminent
for regulating cellular functions. Although numerous proteins are involved in cytoskel-
etal organization, it is mainly composed of three polymers: microtubules, intermediate

tilaments and actin filaments (Fig. 8.1).
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Fig. 8.1 (A) Schematic drawing showing the three components of the cytoskeleton within the cell: micro-
tubules (red), intermediate filaments (blue) and actin filaments (green). (B) Fluorescence microscopy
image showing the fluorescently labeled nucleus (blue), microtubules (green) and actin filaments (red) of

endothelial cells.3

Microtubules are the stiffest of the three polymers and exhibit a persistence length of
lp =5 mm. The persistence length is defined as the length scale, at which two segments
of the polymer become uncorrelated, while the contour length of a polymer (Ic) repre-
sents the length of a completely extended filament. They build up hollow cylinders
(length, =25 um, diameter, 4 =25nm) as a result of polymerization of a- and -
tubulin heterodimers. Microtubules regulate intracellular traffic and genome segrega-
tion during mitosis. As the most flexible cytoskeletal polymer, the tertrameric interme-
diate filaments (d =10 nm) are not directly involved in cellular dynamics, but play a

structural role, providing the stability and mechanical strength of the cell.

Actin filaments are semi flexible polymers, with a persistence length in the range of
their contour length, I, =13 um?®, a mean diameter of 7 nm and a variable length rang-
ing from 0.1-20 pm.° The role of F-actin is highly associated with cellular dynamics and
motility such as endocytosis and cytokinesis. These processes are mainly governed by
the kinetics of filament turnover and the three dimensional assemblies of actin fila-

ments.” In order to control these dynamic processes and the actin network architecture,
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several actin binding proteins (ABPs) are involved (see Fig. 7.3 in chapter 7 on page

199).
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Fig. 8.2 (A) Schematic drawing of four types of F-actin architecture associated with different stress forces
commonly encounted by these structures (compression: orange arrows, tension: blue arrows).! (B) Sche-

matic of entropic and enthalpic deformations of F-actin networks.?

Due to the steady dynamical filament turnover and network arrangement, actin fila-
ments are constantly under the action of mechanical forces, arousing either from their
interactions with cellular membranes or molecular motor proteins. The elastic contribu-
tions of actin filaments can be divided in entropic and enthalpic ones. Entropic elastici-
ty mainly results from thermal fluctuations of individual filaments. Filaments i.e. resist
extension, because this would reduce possible network configurations. Enthalpic elas-
ticity on the contrary is caused by bending or stretching of the filament and the result-
ing changes in monomer spacing. Thus, it is obvious that the F-actin elasticity is mainly
determined by the way actin filaments assemble into higher organized architectures.

Three dimensional actin networks, for instance, stiffen when shear stress is applied,
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due a higher filament entanglement (entropic elasticity).! However, enthalpic buckling
of filaments after bending or stretching of branched networks leads to stress softening.?
Crosslinkers and other ABPs further influence the mechanical properties of actin bun-
dles within networks.” Depending on the cross linker protein and its molar ratio, dif-
ferent regimes of structural phases with distinct mechanical properties such as entan-
gled actin solutions, isotropically cross linked filaments of bundled networks can be

discriminated.10

The mechanical properties of in vitro polymerized actin gels have been studied exten-
sively over the past decades by means of microrheology, dynamic light scattering or
fluorescence techniques.!'? Elasticity moduli (E), which are in the range of E =1-10 kPa,
were extracted as a function of network cross linking, density, filament length and oth-
er factors.®1312 To investigate the mechanical and viscoelastic properties of the F-actin
cytoskeleton in vivo, experiments on a single cell level are often conducted using sever-
al techniques such as optical tweezers, micropipette aspiration and atomic force mi-

croscopy. 416

By means of the AFM, the mechanical response of cells with an intact cytoskeleton as
well as cells with a disrupted, non cross linked or non functional cytoskeleton can be
investigated, giving information about the cytoskeletal influence on cellular mechanics.
Rotsch et al. for instance, studied the changes of cytoskeletal structure and cellular me-
chanics on fibroblasts treated with cytochalasin B (Cyt B), a drug, that inhibits actin
polymerization. By means of indentation maps, they demonstrated, that the cell’s stiff-
ness was remarkably reduced after CytB injection.!” Although many approaches have
been developed to examine the mechanical and viscoelastic properties of F-actin in vitro
and in vivo, these studies were confined to cellular systems or F-actin networks in solu-
tions. Both systems, however bear certain disadvantages. Regarding cellular experi-
ments the influence of single ABPs can be hardly discriminated, as the mechanical re-
sponse of the cortical actin network is influenced by the interplay of a large number of
different proteins inside a cell. In contrast, in vitro systems lack a membrane support, so

that only F-actin mechanics can be measured.
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In the past, the AFM technique has been established as a powerful tool to image biolog-
ical structures i.e. proteins, membranes and to quantitatively investigat biomolecular
interactions.’®°. The mechanical properties of biological materials, adhesive cells, arti-
ficial pore spanning membranes and fixated basolateral cellular patches have been
studied in terms of their mechanical response and viscoelastic behavior.?’?> Pore span-
ning membranes (PSMs) have been mechanically characterized as a function of the
pore diameter, lipid composition and surface functionalisation.?*”” To determine the
bending modulus, tension and viscoelastic properties, force indentation experiments

with high lateral resolution were conducted.

Here, we present an extended approach to study the mechanical properties of pore
spanning membranes coupled to a F-actin network (Fig. 8.3). Theses cellular membrane
mimics were investigated in terms of their elastic behavior by applying force indenta-
tion maps using an atomic force microscope. Pore spanning membranes were prepared
on hydrophilically functionalized gold coated silicon nitride pores (pore diameter,
d =1.2 pym) by spreading giant unilamellar vesicles (GUVs). F-actin was electrostatically
immobilized on the positively charged membrane (positive charge was provided using

a lipid mixture of DOPC doped with 20 mol% DOEPC).
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Fig. 8.3 Schematic drawing showing an indentation experiment of a pore spanning membrane composed
of DOPC/DOEPC, 8:2 with an attached F-actin network (F = applied force, o =lateral tension, d = pore

diameter).

This assay will in the future allow to systematically modulate the attached F-actin net-
work using artificial and natural cross linking agents and proteins. Thus, the impact of
different ABPs on the membrane mechanics and viscoelastic properties can be deter-

mined.

8.3 Results

8.3.1 F-actin Binding Assay on Solid Supported Membranes

To specifically immobilize filamentous actin (F-actin) on solid supported and pore
spanning lipid bilayers, we first aimed to establish a binding assay dealing with the
interaction of F-actin with positively charged solid supported membranes. Hence, solid
supported membranes composed of the zwitterionic matrix lipid DOPC and the posi-

tively charged lipid DOEPC were prepared on either silicon wafers or gold coated
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LaSFNO9 glass plates functionalized with octanethiol. Proper vesicle spreading as well
as F-actin binding was confirmed by means of the surface plasmon resonance (SPR)
technique? that allows to monitor both membrane formation and actin binding in real

time, and confocal laser scanning microscopy (CLSM).

In Fig. 8.4 A the kinetics of the spreading process of small unilamellar vesicles (SUVs)
composed of pure DOPC (red line) and DOPC/DOEPC, 7:3 (black line) on a gold cov-
ered glass plate functionalized with octanethiol in F-buffer (50 mm KCl, 0.2 mm MgCly,
0.1 mMm EDTA, 0.1 mM NaNs, 20 mM TRIS/HCI, pH 7.4) is shown. After rinsing with
buffer the final change of relative reflectivity was rel. refl. = 0.04, which corresponds to a

monolayer thickness of 4 =1.6 nm.

A .. B

0.2k
014 B
012} 0.10
5 010p 5 008F
(4] @©
~ 25 ~ 006}
&= =
S 0.08 =
= L 0041
= 004 s
[
= 0.02 £ oozt
0.00 000} < :
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
t/ min t/ min

Fig. 8.4 (A) Time course of the relative reflectivity shift after the addition of SUVs (A) composed of pure
DOPC (red curve) and DOPC/DOEPC, 7:3 (black curve) and rinsing with F-buffer (50 mM KCl, 0.2 mM
MgClz, 0.1 mMm EDTA, 0.1 mM NaNs, 20 mM TRIS/HC], pH 7.4). (B) Time course of the relative reflectivity
shift after the addition of 1 uM F-actin (A) to a pure DOPC membrane (red curve) and a DOPC/DOEPC,

7:3 membrane (black curve). B indicates the time point of F-buffer rinsing.2

In case of the DOEPC containing membrane (black line), buffer rinsing did not lead to
any changes in rel. refl., while buffer rinsing of the pure DOPC membrane (red line)
results in huge drop of rel. refl. =0.1. This large shift indicates the presence of mem-
brane adhered vesicles atop the DOPC monolayer that could be rinsed of with F-buffer.
Subsequent addition of 1 uM muscular F-actin, stabilized with an equimolar amount of

phalloidin, to the DOPC/DOEPC, 7:3 membrane (Fig. 8.4 B, black line), leads to an in-
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crease of relative reflectivity of rel. refl. =0.1, corresponding to a layer thickness of
d=4nm. Addition of 1 uM F-actin to the pure DOPC membrane did not significantly
alter the change of relative reflectivity (Fig. 8.4 B, red line). This finding demonstrates
that a certain content of DOEPC is required to electrostatically immobilize actin fila-

ments on solid supported membranes.

The dependence of F-actin immobilization on the DOEPC content was studied by
means of CLSM. The F-actin binding capability of solid supported membranes com-
posed of DOPC containing 0 mol%, 10 mol %, 20 mol%, and 30 mol% DOEPC was

quantitatively accessed.

First, solid supported membranes composed of DOPC and various DOEPC contents
doped with 1 mol% perylene were prepared on silicon supports. A homogenous fluo-
rescence indicates the successful formation of a defect free lipid bilayer. By FRAP ex-
periments continuous and lateral mobile solid supported membranes (10-30 mol%
DOEPC) were proven and a mean diffusion coefficient of D = (0.8 £ 0.2) um?-s! with an
immobile fraction of (8 £4) % was determined (n = 33). The obtained diffusion coeffi-
cient is similar to those found in the literature for pure DOPC membranes, but slightly
lower than the average values (2-4 um?*s').2-% Also, the immobile fraction is larger
compared to the almost 100 % mobility of solid supported bilayers reported for pure
DOPC membranes. Both findings might be due to an interaction of the positively
charged DOEPC lipids with the hydrophilic silicon wafer. A dependence of the diffu-
sion coefficient and the immobile fraction on the DOEPC content could thus be as-
sumed. However, this dependency was not observed within the conducted experi-

ments.

F-actin, labeled and stabilized with AlexaFluor488 phalloidin, was then incubated
overnight at 4 °C with a concentration of ~1 uM in F-buffer. After the samples were
thoroughly rinsed with pure F-buffer to remove unspecifically bound actin filaments,
they were imaged by means of a confocal laser scanning microscope in order to visual-

ize the amount of bound F-actin. Characteristic fluorescence microscopy images of F-
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actin bound to solid supported DOPC membranes with various DOEPC content
(0-30 mol%) are depicted in Fig. 8.5.

0 % DOEPC

Fig. 8.5 Fluorescence microscopy images showing AlexaFluor488 phalloidin labeled F-actin bound to the

surface of DOPC containing solid supported membranes with various DOEPC contents (10-30 mol%).

While only the background fluorescence and no green AlexaFluor488 phalloidin la-
beled F-actin can be visualized atop the perylene doped pure DOPC membrane, few
patches of F-actin are bound on DOPC membranes with 10 mol% DOEPC. On mem-
branes with 20 mol% and 30 mol% DOEPC an almost complete F-actin surface cover-
age was imaged. To gather quantitative information about the F-actin membrane cov-
erage as a function of DOEPC content, a pixel analysis was performed (Image]J) and the
F-actin area fraction of each fluorescence image was determined. Based on this ap-

proach, an F-actin area fraction of (7+3) % (n=8) was determined for pure DOPC
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membranes, (30 + 8) % (n = 20) for membranes with 10 mol% DOEPC, (46 + 4) % (n = 18)
for membranes containing 20 mol% DOEPC and (52 + 5) % (n = 26) for 30 mol% DOEPC
containing membranes. The mean area fraction of F-actin dependent on the DOEPC

content is depicted in Fig. 8.6.
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Fig. 8.6 Quantification of the F-actin membrane surface coverage as a function of the DOEPC fraction (X).

These results show that a sufficiently dense F-actin network was obtained between 20

and 30 mol% of the positively charged lipid DOEPC into the membrane.

8.3.2 F-actin Binding on Pore Suspending Membranes

Pore spanning membranes composed of DOPC doped with 20 mol% DOEPC and
1 mol% perylene were prepared on porous silicon nitride surfaces (pore diameter
d =1.2 ym) by spreading giant unilamellar vesicles (GUVs, diameter d = 5-20 um). Ow-

ing to the F-actin surface coverage analysis performed on solid supported membranes,
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20 mol% of the positively charged DOEPC content was chosen to guarantee a sufficient

surface coverage of the pore spanning membranes with F-actin.

The porous substrates were first coated with a thin layer of gold and functionalized
with mercaptoethanol (see chapter 3.1.2, page 29) to generate a hydrophilic surface that
facilitates GUV rupturing.” After adding 30 pl of GUVs (0.15 mg/ml in 300 mM sucrose
solution) to the freshly functionalized porous substrate immersed in PBS-buffer
(2.7 mMm KCl, 136.9 mMm NaCl, 1.5 mM KH2POs, 8.1 mM Na:HPOs, pH 7,4), the samples
were incubated for 1h at room temperature. They were then carefully rinsed with
buffer to remove non spread GUVs adhered on the surface. Qualitative investigation of
the lateral membrane mobility by means of FRAP experiments revealed an appropriate
membrane quality, indicated by a complete fluorescence recovery within few seconds.
Fig. 8.7 A shows the perylene fluorescence of a typically shaped membrane patch ob-
tained after GUV spreading.

A

10 ym
(=S|

Fig. 8.7 Fluorescence microscopy images of pore spanning membranes composed of
DOPC/DOEPC/perylene, 79:20:1 (A) and corresponding fluorescence of the attached AlexaFluor488 la-
beled F-actin network (B).

Unfortunately the long term stability of the F-actin covered membranes was reduced

compared to PSMs composed of other lipids.?”? Imaging the same membrane patches
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after 12 h, it became obvious that membrane rupturing events caused the originination
of non covered porous areas. In Fig. 8.7 B the fluorescence of AlexaFluore488 phal-
loidin labeled actin filaments bound on the same membrane patch is shown. It is obvi-
ous that there are many non spanned pores within the membrane patch and that these
areas are non covered with actin filaments. Indeed, the membrane fluorescence perfect-
ly overlaps with the location of F-actin. Confocal laser scanning microscopy studies
were not only utilized to confirm the membranes quality and presence of filamentous
actin, but also to be able to later localize certain membrane patches. Owing to the
unique pattern of the fluXXion coordinate system, correct positioning of the AFM canti-

lever tip atop the desired patch could be facilitated.

8.3.3 Force Spectroscopic Characterization of F-actin Decorated Pore

Spanning Membranes

Membrane patches with and without an attached F-actin network were imaged by
means of force volume mapping using the atomic force microscope (AFM). Force maps,
where every pixel represents a force distance curve, were recorded. The height infor-
mation of a force map, represented by a brightness scale, correlates with the indenta-
tion depth of the cantilever before a certain force (trigger force) is reached. Hence,
membrane covered pores appear brighter than non covered pores, because the cantile-
ver tip travels a smaller distance until it reaches the preset trigger force (300 or 500 pN).
A characteristic force map of pore spanning membranes composed of
DOPC/DOEPC/perylene, 79:20:1 are depicted in Fig. 8.8 A. together with the corre-

sponding indentation curves that are plotted as force distance curves.
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Fig. 8.8 Force maps and indentation curves of (A) pore spanning membranes composed of
DOPC/DOEPC/perylene, 79:20:1 and (B) of F-actin decorated pore spanning membranes composed of
DOPC/DOEPC/perylene, 79:20:1. The force indentation curves obtained from locations referenced by

arrows of corresponding color.

While the cantilever travels approximately 700 nm inside an empty pore, until it reach-
es the trigger force, the contact point of the pore spanning membrane is nearly identical
with that of the pore rims. This finding demonstrates that the membranes do not signif-
icantly invaginate into the pores. Both the force distance curve obtained from the pore
rim (blue) and from an uncovered pore (black) have very steep slopes, indicative of a
hard substrate repulsion. However, the slope of the force indentation curve for the
PSM is less steep. An apparent spring constant (kapp) of the pore spanning membrane,
as an indicator of the membrane stiffness, can be obtained by a linear regression of the
indentation curve. A representative force map together with the corresponding inden-
tation curves obtained from pore spanning DOEPC containing membranes with bound

F-actin is shown in Fig. 8.8 B. The mean apparent spring constant of pore spanning
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membrane without bound F-actin was determined to kapp = (1.7 £ 0.3) mN/m, n =223,
while pore spanning membranes covered with F-actin exhibit a mean spring constant
of kapp=(2.2+0.6) mN/m, n=98. A histogram that was fit with a Gaussian function
shows the frequency of the apparent spring constant of DOPC/DOEPC, 8:2 pore span-
ning membranes (non filled bars) and pore spanning membranes with attached actin

filaments (grey bars) are presented in Fig. 8.9.
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Fig. 8.9 Histogram fit with a Gaussian function shows the frequency of apparent spring constants (kapp) of
pore spanning membranes composed of DOPC/DOEPC/perylene, 79:20:1 without (non filled bars,
<kapp>= (1.7 £ 0.3) mN/m, n =223) and with an attached F-actin network (grey bars, <kapp>=(2.2+0.6)
mN/m, n = 98).

The histogram reveals that, although the mean values of the apparent spring constants
are very similar, their distribution is not. While there is a quite narrow distribution in
case of the non actin covered pore spanning membranes with a maximum at ~1 mN/m,
the apparent spring constant of pore spanning membranes with F-actin bound is

broadly distributed with a maximum that was shifted to higher values of kapp. This
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broad distribution of kapp shows the heterogeneity of F-actin covered pore spanning

membranes.

Characteristic indentation and retraction curves obtained from pore spanning mem-
branes covered with F-actin are depicted in Fig. 8.10 C together with the indentation
and retraction curves of a non actin covered pore spanning membrane (Fig. 8.10 B). In
all cases, the response of the non actin covered pore spanning membranes was fully
elastic, indicated by the lack of a hysteresis. For F-actin covered pore spanning mem-
branes, however, a hysterises between the retraction and indentation curve was ob-
served. The area between the indentation and retraction curve equals to the energy dis-
sipation during indentation. A histogram that depicts the frequency of energies deter-
mined for pore spanning membranes without F-actin immobilized on the membrane
surface (hollow bars) and with F-actin bound to the membrane (grey bars) is shown in

Fig. 8.10 A.
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Fig. 8.10 (A) Histogram showing the frequency of energies of a pore spanning membrane without (non
filled bars, E = (0.6 £ 0.4)-10''7 ], n=22) and with (grey bars, E = (7 +6)-107 ], n=37) an attached F-actin
network. Indentation (black line) and retraction (red line) curves of (B) membranes with bound F-actin

and without (C). Energies where determined as the area between indentation and retraction curve.
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The energy distribution is very narrow and close to zero, highlighting the non observed
hysteresis for non F-actin covered pore spanning membranes. The energies determined
for F-actin covered pores spanning membrane, however, are more broadly distributed
and larger, as most of the indention events showed a hysteresis, which is attributed to

the viscoelastic character of F-actin decorated membranes.

8.4 Discussion

The mechanical and viscoelastic properties of F-actin networks have been extensively
studied in the past, examining in vitro polymerized actin gels or cells that were selec-
tively manipulated with certain drugs to deliberately affect the cytoskeleton.!13173254
Here, we extended an earlier developed assay based on pore spanning mem-
branes?2¢%2¢, which allows us to investigate the influence of an attached, in vitro pol-
ymerized F-actin network on the mechanical membrane properties. PSMs generated by
spreading giant unilamellar vesicles composed of DOPC/DOEPC/perylene, 79:20:1 on
gold coated silicon nitride porous substrates that were functionalized with mercap-
toethanol. The positive membrane charges, realized by introducing the positively
charged lipid DOEPC, enabled us to specifically immobilize F-actin on the membrane
surface via electrostatic interactions. This assay allows us to systematically examine the
impact of F-actin crossklinker agents and proteins on the membrane mechanics and

viscoelastic properties.

First, the specific of F-actin binding to the positively charged lipid DOEPC was investi-
gated by means of the optical biosensor technique surface plasmon resonance (SPR).
Spreading of pure DOPC SUVs as well as SUVs that were doped with 30 mol% DOEPC
was performed on gold plates that had been functionalized with octanethiol. The
spreading kinetic of the DOPC membrane, indicates vesicles adsorption atop the mono-
layer surface, as a steady increase of relative reflectivity was monitored, while in case

of the DOPC membranes a baseline was reached shortly after vesicles addition. Differ-
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ent spreading mechanisms for positively and neutrally charged SUV’s were reported in
2008 by Wikstrom et al.. They monitored formation of DOEPC and POPC lipid bilayers
by means of the QCM-D technique on AT-cut quartz crystals coated with SiO2.% The
spreading kinetics of vesicles on hydrophobic surface®, however, differ from those on
hydrophilic surfaces, so that an accurate comparison can not be conducted. Rinsing
with F-buffer removed most of the vesicles that were adhered on the DOPC membrane,
so that both membranes exhibited final thicknesses of 4 =1.6 nm. This value is slightly
lower than expected for lipid monolayers (d =2 nm).”38 Nevertheless, an appropriate
membrane quality was guaranteed, as the presence of large defects was ruled out by
the fact that no unspecific binding of F-actin occurred on the pure DOPC membrane.
As F-actin strongly and irreversibly adheres on plain octanethiol surfaces, the DOPC
membrane must have been rather defect-free. While no F-actin binding was observed
on membranes lacking DOEPC, a 30 mol% DOEPC content resulted in a F-actin thick-
ness of d =4 nm. As each actin filament has a mean diameter of 7 nm, a filament film
thickness of 7 nm could principally be obtained assuming a 100 % surface coverage. In
our work, however, the formation of an actin filament meshwork atop the membrane
resulted in a surface coverage of 57 %. The interaction of F-actin, which harbors four
negative charges per monomer at pH 7.4 (pl 5.6), with positively charged compounds
has been studied previously. Although Gicquaud et al. even reported an interaction of
F-actin with neutral lipids in the presence of millimolar Mg? concentration (~1-2 mM
Mg?)¥, this finding could not be confirmed in this work, as no F-actin binding to pure
DOPC membranes was observed. Apparently the concentration of 0.2 mM Mg?* used in
our work, was not sufficient to mediate F-actin binding to neural membranes, since
neither CLSM images nor OWS experiments showed F-actin binding to pure DOPC
membranes. Demé et al., who investigated the adsorption of F-actin to positively
charged lipid monolayers by means of neutron reflectivity, calculated a maximal pack-
ing volume of 37 %, considering actin filaments to pack as cylindrical rods, taking the
a-helical appearance of F-actin into account. They reported a volume fractions that cor-

responds to 68-78 % of the theoretical packing volume depending on the ionic
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strength.%® Barfoot et al. only detected a F-actin thickness 0.4 nm change, which corre-
sponds to 6 % surface coverage. By means of the SPR technique, they measures binding
of actin filaments to a membrane containing ponticulin, a natural F-actin receptor pro-
tein.! The discrepancy between the surface coverage of 57 % determined in this work
and the maximal possible packing volume (37 %) can be explained by filament stack-
ing, possibly mediated by positively charged ions. However, the main reason for this
deviation might be the x-y-resolution limit of the CLSM (d = 200 nm) due to Abbe’s law
has to be taken into account. This leads to an overestimation of the apparent surface

coverage.

The fluorescence microscopy assay that examines the F-actin surface coverage as a
function of DOEPC content further confirms the specific DOEPC/F-actin binding, as no
fluorescence signal could be detected on pure DOPC membranes. Furthermore, the
DOEPC content necessary to completely cover the solid supported membrane with ac-
tin filaments was confined to 20-30 mol% (see Fig. 8.5 and Fig. 8.6). Thus, GUVs con-
taining DOPC with a 20 mol% DOEPC were prepared to produce pore spanning mem-
branes. GUVs with sizes ranging from d = 5-20 um were obtained in this work. These
GUV sizes are rather small compared with vesicles composed of uncharged lipids ob-
tained by the electroformation technique, where GUVs with diameters of ~100 um
could be prepared.* The relatively small GUV size obtained in this work might be
caused by the amount of positively charged lipid. Rodriguez et al. demonstrated that
with negatively charged lipids (here: DOPS) with a content higher than 20 %, GUV
formation by means of the electroformation method could not be achieved, while with

the gentle hydration method this content could be increased up to 40 %.%

The membranes patches that were formed after spreading of the GUVs exhibited a ho-
mogenous fluorescence and a full fluorescence recovery after bleaching, demonstrating
the formation of a pore spanning lipid bilayer. The contact point of the AFM cantilever
tip is identical to the one of the pore rim.?” This implies that the lipid bilayer spans the
porous region without invaginating the pore interior. This finding is typical of PSM

formed on hydrophilically functionalized pores, while hybrid PSM cover the entire
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functionalized gold surface to gain maximal adhesion energy, even though it implies
an increased membrane curvature.” This difference between hybrid and non hybrid

PSMs is depicted in Fig. 8.11.
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Fig. 8.11 (A) Pore spanning membrane formed on hypdrophilically functionalizes pore rims and (B) hy-

brid pore spanning membrane on hydrophobically functionalized porous substrates.

The apparent spring constant (kapp) of the DOPC/DOEPC, 8:2 pore spanning mem-
branes formed on pores functionalized with mercaptoethanol was determined to
kapp = (1.7 £0.3) mN/m (n = 223) by linear regression of the indentation curve. This value
is in very good agreement with the apparent spring constant of pure DOPC mem-
branes kapp = (1.42 £0.02) mN/m measured under similar conditions by Kocun et al. in
2011.7 It is not surprising that the apparent spring constant, as an indicator for the lat-
eral membranes tension (o, see Fig. 8.3), of hybrid PSMs is about 10fold higher, due to
the pre-stress of the hybrid membrane. Differences in membrane tension were also re-
ported for different lipid mixtures and pore radii.?*?* The lateral tension is mainly de-
termined by the bilayer adhesion to the pore rim. In fact, of all three mechanical contri-
butions (lateral tension, bending, stretching) that may be considered regarding PSMs,
the lateral tension o determines the mechanical properties of PSMs. In fact, the influ-
ence of membrane bending is neglidably in this case, as the pore radius (Rror) is suffi-

ciently high and the radius of the cantilever tip (Rtip) as well as the trigger force is ade-
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quately small. Stretching of the membrane can also be neglected, as PSMs would rup-
ture, if their area is increased over 5 % upon indentation.?* Following theses assump-

tions, the lateral tension o can be calculated using the following relationship (eq. 8.1)":

F(x F(x)Rr;
o= EON LZT”’ , eq. 8.1
4o 210Rp e

with F(x) being the force upon indentation and x being the indentation depth.

Thus, a membrane tension of ¢ = 1.22 mN/m was calculated for the non F-actin covered
PSMs and of ¢ =1.64 mN/m for the PSMs that were covered with a F-actin network,

respectively

Regarding the F-actin binding on the pore spanning membranes, it became obvious
that not all membranes patches were covered with the same amount of actin filaments
(compare Fig. 8.7.) In some cases only few filaments were adsorbed, on some patches
no attached F-actin network could be observed. This was most likely due to a reduced
DOEPC content of the regarding membrane patch, possibly caused by a yet heteroge-
neous DOEPC content in the GUVs. Larson et al. investigated the distribution of two
fluorescently labeled lipids within GUVs. They found that the molar ratio of the two

fluorophores in different GUVs differed up to a factor of seven.

The tension of the membrane o can be linearly correlated with the apparent spring con-
stant found for PSMs with an attached F-actin network, which was determined to be
kapp = (2.2 £ 0.6) mN/m, n=98. This value does not significantly differ from the one of
the pure pore spanning membrane, but the distribution (see histogram, Fig. 8.9) is
clearly higher, ranging from 0.9-3.7 mN/m. This result is supported by force indenta-
tion experiments of apical membrane fragments prepared from MDCK II cells on po-

rous silicon nitride substrates performed by Fine et al.. Here, depolymerization or dis-
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solution of F-actin by DNAse I and gelsolin did not alter the apparent spring constant

compared to the one of native cell fragments.*

Other than with experiments that measure the elastic behavior of F-actin gels in solu-
tion, experiments performed on cells or pore spanning membranes would not directly
allow to determine the elastic modulus (E) of actin filaments. As the elastic modulus of
F-actin (E =#1-10 kPa)®312 is in the same range as the elastic modulus of different cell
types (E =1-50 kPa)?! and even 1000fold lower than the one determined for polymer
pore spanning membranes (E =1-50 MPa)*, it cannot be diretly determined utilizing
cellular or membrane systems. Instead, the impact of the F-actin network or its cross
linking degree on the membrane mechanics can be determined. The main drawback of
using cells to determine the influence of the cortical F-actin network on the membrane
mechanics, is the indefinable contribution of the cellular Newtonian liquid on their vis-
coelastic response. Also, results may be difficult to interpret due to manifold complex
cytoskeletal components that contribute to the cellular mechanical properties. To really
be able to distinguish the contribution of the actin network on membrane tension and
mechanics, it is of importance to create a system that or allow to control these interfer-

ing factors.

To overcome these drawbacks, the development of appropriate model systems is man-
datory with reduced variable parameters, where the impact of the cytoskeletal proteins
on the membrane mechanics can be investigated independently from each other. The
reconstitution and organization of F-actin networks inside giant unilamellar vesicles
have been studied in the recent past.#~* While Cortese et al. found that vesicle defor-
mation can be triggered by the actin filament size*, Limozin et al. showed that the cor-
tical layer thickness inside the vesicle can be governed by the size of the vesicle®.
Helfer et al. take one step further by studying the viscoelastic properties of GUVs that

were coated with F-actin by means of optical tweezer microrheology experiments.*®

As for the experiments performed in this work, a planar membrane system based on

PSMs with an attached F-actin network was utilized to study the influence of F-actin on
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the membrane mechanics and viscoelastic properties. Here, we observed a hysteresis
between the indentation and the relaxation curve at most of the force distance curves.
The presence of a hysteresis indicates the dissipation of energy during the indenta-
tion/retraction cycle due to viscoelastic properties inherited by the material. This phe-
nomenon can be observed in experiments with living cells, cellular membrane frag-
ments and artificial polymer systems.®234¢ Nevertheless, comparing the hysteresis ob-
served in our work with the one obtained from cellular experiments, there are distinct
differences between the shape and the velocity dependency. First, in cell experiments,
the hysteresis increases as a function of probe velocity®, while in our experiments it
seems to be vice versa, although more experimental data has to gathered to confirm
this finding. Our velocity dependence is in accordance with the one determined for
polymer pore spanning membranes by Kocun et al. in 2011.” Second, the indentation
curve is rather linear, while a significant curvature was mainly observed in case of the
retraction curve. A sufficient curvature however, is mandatory to determine the elastic
modulus E of the PSM.#* This finding is inconsistent with both cell experiments and

experiments performed on polymer pore spanning membranes.

8.5 Outlook

To completely determine the dependence of the hysteresis on the of F-actin membrane
coverage and probe velocity more experiments have to be conducted to obtain relevant

statistical information.

Experiments with artificial F-actin cross linking agents (i.e. glutaraldehyde,
polyformaldehyde) or proteins (i.e. filamin, a-actinin) could be performed to elucidate
and speficically assign the impact of theses crosslinkers to the membrane tensions and
viscoelastic behavior. Proteins that link actin filaments to the pores spanning mem-
brane such as. ezrin, would elucidate, how a connetion of the cortical cytoskeleton to

the membrane infleuence the membrane mechanics.
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9 Conclusion and Outlook

The research field of protein adsorption dynamics on solid surfaces! as well as pro-
tein-protein interactions that take place at solid interfaces has gained widespread scien-
tific interest in the last decades.*” This is not surprising, as surface confined or more
specifically membrane associated interactions between proteins are abundant through-
out nature and can even involve a network of associated proteins. Understanding the
mechanisms of these protein interactions, helps elucidating their specific biological

role.

The aim of this work was to investigate the interaction of two different protein classes
at the interface of lipid membranes to elucidate their binding affinity, specificity and
their influence on membrane mechanics. Considering the cellular environment of the
respective proteins, a great effort was undertaken to create artificial systems that could

best mimic the natural environment of each protein.

In general, protein interactions can either be investigated by means of solution based or
surface coupled techniques.®® It has often been criticized that the result obtained by
either of the two possible options are not in accordance, although some groups report
otherwise.!? It is easy to comprehend that membrane confined proteins might exhibit

different characteristics and binding affinities as compared to proteins in solution.

Besides electrostatic and van der Waals forces!!, the adsorption process of proteins at
interfaces is mainly driven by an initial gain of entropy due to the loss of surface cou-
pled water at the protein interface.* A protein that is immobilized on a surface, howev-
er, loses two to four of the six degrees of freedom that they have in solution, caused by
a reduction of translation and orientation possibilities.!? This reduction of protein en-

tropy might alter the Gibb’s enthalpy and dissociation constant of an interaction re-
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spectively. Also, conformational changes as a result of the adsorption process could be
demonstrated in the past.!3!* Surface clustering, reorientation or other secondary pro-
cesses (i.e. the Vroman effect) yet increase the intricacy of describing the impact of pro-

tein immobilization on the state of the adsorbed protein.!51¢

In this work, however, coupling of the proteins to an artificial membrane is justified, if
not superior to a solution based assay, as the interaction of naturally membrane cou-

pled proteins or protein fragments are the matter of investigation.

In the first part of this work (chapter 4-6) a biosensor assay based on solid supported
membranes (SSMs) was developed and adopted to investigate the interaction of
C-terminal polycystin-2 (cPC2) with its putative interaction partners C-terminal poly-
cystin-1 (cPC1) and PIGEA14. By means of the quartz crystal microbalance (QCM)
technique, the interaction of ¢cPC2 with cPC1 was quantified in terms of its Ca? de-
pendence (chapter 5), while the interaction of cPC2 with PIGEA14 was investigated as
a function of cPC2 pseudophosphorylation at Ser®? (chapter 6). In order to determine
the impact of the respective variable and to allocate the interaction in terms of their bio-
logical relevance, dissociation constants and kinetic rate constants were extracted and

compared.

Applying a model based on the scaled particle theory (SPT) implementing the random
sequential adsorption (RSA) model” and the mass transport of the protein to the sensor
surface, we were able to evaluate kinetic data of the protein-protein interactions, in-
cluding the most commonly effects that affect interaction processes that take place on

surfaces.181915

However, this assay does not provide information about conformational changes or
other effects that might occur during the protein adsorption process. Although it is
very challenging to determine all consequences that an adsorption process might have
for a specific protein, there are some methods available to examine the state of a surface
bound protein. By means of the atomic force microscopy (AFM) technique for instance,

imaging of protein clusters on a flat surface such as a solid supported membrane (S5SM)
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is possible.?? Conformational changes of the immobilized protein could be deduced
from differential scanning calorimetry (DSC), circular dichroism (CD) or intrinsic fluo-
rescence measurements.*!3> These methods, however, are only able to describe the state
of the protein that is already bound to a surface. In situ monitoring of structural chang-
es of the protein during the adsorption, which might affect the binding kinetics, is a

task more complex.

The second part of the thesis deals with the interaction of filamentous actin (F-actin)
with solid supported membranes lining a porous area and pore spanning membranes
(chapter 7 and 8). Using anodic aluminum oxide (AAO) films, it was aimed to mimic
the structure of cellular microvilli. The controlled adsorption of F-actin within and atop
theses porous films respectively was studied by means of optical waveguide spectros-
copy (OWS) and confocal laser scanning microscopy (CLSM, chapter 7). Besides the
fact that a porous surface with the dimensions of AAO films is an adequate model sys-
tem, if the regarding protein interaction takes place at a cellular system that is com-
posed of ruffled structures, the main advantages of using AAO films lies in their opti-
cal transparency. Optical methods can be applied to investigate adsorption processes in
a time resolved manner and enable one to discriminate whether a particle adsorbs only
atop or within the pores.?'?> With this method in hand the adsorption of F-actin on the
porous surfaces was controlled by using different functionalization strategies. Despite
all the benefits of three dimensional surfaces, porous AAO films are not suited to study
adsorption processes in a quantitative manner. This is because the adsorption of parti-
cles inside the pores is limited by their flux into the pores.? Studying transport pro-
cesses by means of other, macroporous substrates that base on porous SisN4 or other
materials, offers the possibility of optical resolving an array of single pores. However,

these substrates lack the advantage of optical transparency.?

The impact of a membrane attached F-actin network on the mechanical properties of
pore spanning membranes (PSMs) was investigated by means of atomic force micros-
copy (AFM, chapter 8). Membranes that span an area in the micrometer range allow to

investigate exclusively the tension of a membrane, being able to neglect the influence of
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the supporting pore rims.?>2¢ Other artificial membrane systems such as giant unilamel-
lar vesicles (GUVs) have been utilized in the past to attach an F-actin network at the
inner leaflet.?-? However, it was first aimed in this work to determine the mechanical
properties of F-actin bound to a planar membrane by means of AFM that, in contrast to
cellular systems, is composed of an adjustable composition of the contributing proteins.
An in vitro assay is advantageous compared to measuring cellular mechanics, as the
impact of individual actin binding proteins (ABPs) on the membrane mechanics can be

studied independently from one another.
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10.1 Symbols

AAO
ABPs
ADPKD
AFM
Amp
APS
APTES
ATR-IR

Bodipy-PC

BRET
BSA
BSE

BVD

anodic aluminum oxide

actin binding proteins

autosomal dominant polycystic kidney disease
atomic force microscopy

ampicillin

ammonium peroxosulfate
aminopropyl-triethoxysilane

attenuated total reflection infrared

2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-

dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine
bioluminescence resonance energy transfer

bovine serum albumin

backscattered electrons

Butterworth-van-Dyke
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Cam
C-ERMAD
CK2
CLSM
Co-IP
cPC1

cPC2
cPC2wt
cPC25812D
DIP
DOEPC

DOGS-NTA-Ni

DOL
DOPC
DTS
E. coli
ER

F-actin

chloramphenicol

C-terminal ERM association domain

casein kinase 2

confocal laser scanning microscopy
co-immunoprecipitation

C-terminal polycystin-1

C-terminal polycystin-2

C-terminal polycystin-2 wild type

C-terminal polycystin-2 mutant (Ser®'? replaced by Asp)
database of interacting proteins
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine

1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic

acid) succinyl] (nickel salt)

degree of labeling
1,2-dioleoyl-sn-glycero-3-phosphocholine
dodecyl-trichlorosilane

Escherchia coli

endoplasmatic reticulum

filamentous actin
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FCS fluorescence correlation spectroscopy

FERM N-terminal band four point one, ezrin, radixin, moesin
FRAP fluorescence recovery after photobleaching

FRET fluorescence resonance energy transfer

G-actin globular actin

GUVs giant unilamellar vesicles

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid )
Hisse hexahistidine

IPTG isopropyl -d-1-thiogalactopyranoside

IS impedance spectroscopy

ITC isothermal titration calorimetry

ITO indium tin oxide

Kan kanamycin

LB lysogeny broth

LUVs large unilamellar vesicles

MBP maltose binding protein

MG Maxwell Garnett

MWCO molecular weight cut of

NA numerical aperture
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Ni-IDA
Ni-NTA
OD

OWS
PACS-1, -2
PC1

PC2

PIGEA14

PIP:
PIP>-TMR
POPC
PSMs
QCM
ROI

RIfS

rpm

SAM

SDS

nickel iminodiacetic acid

nickel nitrilotriacetic acid

optical density

optical waveguide spectroscopy

phosphofurin acidic cluster sorting protein 1, -2
polycystin-1

polycystin-2

polycystin-2 interactor, Golgi- and endoplasmic reticulum-associated

protein with a mass of 14 kDa
L-a-phosphatidylinositol-4,5-bisphosphate
L-a-phosphatidylinositol-4,5-bisphosphate-tetramethylrhodamine
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

pore spanning membranes

quartz crystal microbalance

region of interest

reflectrometric interference spectroscopy

rounds per minute

self assembled monolayers

sodium dodecylsulfate polyacrylamide



SE

SEM

SPR

SPT

SSMs

SUVs

TAP

TE

TEMED

TIR

™

TRIS

TRP

TRPP2

Y2H

secondary electrons

scanning electron microscopy

surface plasmon resonance

scaled particle theory

solid supported membranes

small unilamellar vesicles

tandem affinity purification
transverse electric
N,N,N’,N’-tetramethylethylenediamine
total internal reflection

transverse magnetic
tris(hydroxymethyl)aminomethane
transient receptor potential

transient receptor potetial polycystin 2

yeast two hybrid

10.2 Abbreviations

surface area, absorbance
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a particle radius

C capacitance

c concentration

d diameter, thickness

D diffusion rate constant

E electrical field, elasticity modulus
f frequency

F force

fo resonance frequency

fe frequency at equilibrium

I intensity, current

k spring constant

Ko dissociation constant

ks, kon, koft, kir kinetic rate constants of concentration dependent adsorption, ad-

sorption, desorption and mass transport

l length
L inductance
M molar mass

m mass



O
Acc
A«em

AEX

p(w)
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refractive index
resistance, reflectivity
radius

Sauerbrey constant
temperature

voltage

impedance

extinction coefficient, dielectric constant
surface coverage

angle of indicence

lattice constant

emission wavelength
excitation wavelength
density

lateral membrane tension
phase shift

angular frequenecy
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10.3 Materials

10.3.1 Chemicals

actin

Alexa Fluor488 C5-maleimide
Alexa Fluor488 phalloidin
Ampicillin

amylose resin

Bodipy-PC

BSA

Chloramphenicol
Complete-mini, EDTA-free
Coomassie Brillian Blue G250
DOEPC

DOGS-NTA-Ni

DOPC

DTS

Hellmanex

Kanamycin

tebu-bio, Offenbach, Germany

Invitrogen, Eugene, USA

Invitrogen, Eugene, USA

Carl Roth GmbH, Karlsruhe, Germany
New England Biolabs, Frankfurt, Germany
Life Technologies GmbH, Darmstadt, Germany
Carl Roth GmbH, Karlsruhe, Germany
abcr GmbH, Karlsruhe, Germany

Roche, Mannheim, Germany

Carl Roth GmbH, Karsruhe

Avanti Polar Lipids, Alabaster, USA
Avanti Polar Lipids, Alabaster, USA
Avanti Polar Lipids, Alabaster, USA
Sigma Aldrich, Taufkirchen, Germany
Hellma, Miillheim, Germany

Sigma Aldrich, Taufkirchen, Germany
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mercaptoethanol Sigma Aldrich, Taufkirchen, Germany
Mucasol Merck, Darmstadt, Germany
Ni-IDA-agarose Novagen, Darmstadt, Germany
Ni-NTA-agarose Qiagen, Hilden, Germany

octanethiol Merck, Darmstadt, Germany

perylene Sigma Aldrich, Taufkirchen, Germany

PIP: Avanti Polar Lipids, Alabaster, USA
PIP>-TMR Echelon Bioscience Inc., Salt Lake City, USA
POPC Avanti Polar Lipids, Alabaster, USA

Texas Red Maleimide Jena Bioscience, Jena, Germany

10.3.2 Materials

5 MHz AT-cut quartz crystals KVG, Neckarbischofsheim, Germany

aluminum foils Goodfellow, Bad Nauheim, Germany

centrifugal ultrafiltration devices  Sartorius, Gottingen, Germany

copper stripe Prazisions Glas & Optik GmbH, Iserlohn, Germany
dialysis tubes Carl-Roth GmbH, Karsruhe, Germany

double sided tape Tesa, Hamburg, Germany
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G-25 Sephadex gel filtration

column

ITO slides

Kalrez rings

LaSFNO glasses

LWM Calibration Kit for SDS
MLCT D-lever

perestaltic pump tubings

porous silicon nitride substrates

quartz cuvette

Rotilabo® tubings (FEP)
Scotch vacuum tape

silicon wafer

two component epoxy glue

UV-curable, optical adhesive
(NOA 83H)

GE Healthcare, Solingen, Germany

Prazisions Glas & Optik GmbH, Iserlohn, Germany

DuPont, Wilmington, USA

Hellma Optik, Halle, Germany

GE Healthcare, Miinchen, Germany
AFM Probes, Camarillo, USA

Tygon Ismatec, Wertheim-Monfeld, Germany
fluXXion B.V, Eindhoven, Netherlands
Hellma Optik, Halle, Germany
Carl-Roth GmbH, Karsruhe, Germany
3M, Neuss, Germany

CrysTec, Berlin, Germany

UHU, Briihl, Germany

Norland Products, Cranbury USA).



10.3.3 Hardware

Allegra™ X-22R, Rotor SX4250
Bal-Tec MCS610 thermal evaporation
Cary 50 UV spectrometer

Galaxy mini

Heraeus Fresco 17 Thermo

impedance spectrometer

and analyzer SI 1260

Jasco-810 spectrometer

LEO supra-35 SEM microscope
LSM 710

MFP-3D stand alone AFM
MilliQ Elix 5

MilliQ Gradient A10

Optima™ L-90K, Rotor Ti70
perestaltic pump

pH meter

pipettes
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Beckman Coulter, Krefeld, Germany
Bal-Tec AG, Balzers (Liechtenstein)
Varian, Palto Alto, USA

VWR International, Darmstadt, Germany
Waltham, USA

Solatron Instruments, Farnborough, UK

Jasco, Gross-Umstadt, Germany

Carl Zeiss GmbH, Jena, Germany

Carl Zeiss GmbH, Jena, Germany

Asylum Research, Santa Barbara, USA
Millipore, Eschborn, Germany

Millipore, Eschborn, Germany

Beckman Coulter, Krefeld, Germany
RegloDigital Ismateck, Wertheim, Mondfeld
Calimatic 766 Knick, Berlin, Germany

Eppendorf, Hamburg, Germany
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plasma cleaner PDC 32 G-2
QCM200

selection valve

Sonoplus HD 2070

SPR, Res-Tec RT 2005
sputter Coater 108 Auto
thermo mixer

Thermostat RE 104

Harrick Plasma, Ithaca, USA

Stanfort Research System Inc., Sunnyvale, USA
Upchurch Scientific, Oak Harbor, USA

Bandelin, Berlin, Germany

Resonant Technologies GmbH, Framersheim, Germany
Cressington Instruments, Watfort, UK

Eppendorf, Hamburg, Germany

Lauda, Konigshafen, Germany
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