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ABSTRACT  The function of ezrin, a member of the ezrin-radixin-moesin (ERM)
protein family, is to regulate the cell membrane architecture within the context of
fundamental biological processes by linking the membrane and the actin cytoskele-
ton. In the inactive state, ezrin is conformationally masked by self-association of N-
and C-terminal domains. Ezrin activation is thought to rely on a conformational
change induced by binding to L-a-phosphatidylinositol-4,5-bisphosphate (PIP,) and
followed by phosphorylation of a conserved threonine (T) residue, thus rendering
the binding site for filamentous actin (F-actin) accessible. However, the contribu-
tion of the individual activation factor is still controversially discussed. Moreover,
several lines of evidence indicate that PIP, binding might be sufficient to establish
a stable interaction between ezrin and F-actin

In the first part of this work, different strategies for the preparation of PIP,-
containing solid-supported lipid bilayers (SLBs) are presented overcoming often
encountered spreading issues owing to the multiple negative charges of PIP,. Re-
flectometric interference spectroscopy (RIfS) and fluorescence microscopy were em-
ployed to verify the SLB formation. With regard to reliable formation of SLBs con-
taining high PIP, fractions and subsequent ezrin binding to control the accessibility
of PIP,, only spreading at pH 4.8 gave satisfactory results, whereas calcium ions or
increased ionic strength revealed to be not suitable. Solid-supported hybrid mem-
branes, prepared by spreading of PIP,-containing vesicles on hydrophobically func-
tionalized substrates, were characterized by comparably high lateral PIP, mobility
(3pum?/s, mobile fraction of 98 %) in fluorescence recovery after photobleaching
(FRAP) experiments using a fluorescent PIP, analogue as tracer. Binding of ezrin
to PIP, effectively reduced its diffusion, implicating that ezrin is able to maintain
PIP, clusters within a cellular context.

The main part of this thesis is dedicated to investigating to what extent PIP,
and phosphorylation contribute to ezrin activation regarding on the one hand
a possible height change of ezrin aggregates on SLBs due to the conformational
change and on the other hand the strength of its interaction with F-actin. The influ-
ence of phosphorylation was assessed by using three ezrin variants, namely ezrin
wildtype, ezrin T567A (nonphosphorylatable), and ezrin T567D (pseudophospho-
rylated). The influence of PIP, on the activation was addressed by using two dif-
ferent ezrin immobilization strategies, either nickel nitrilotriacetic acid (NTA-Ni)-
or PIP,-mediated. Only the combination of PIP, binding and phosphorylation led
to a significantly lower protein height level on the SLB as determined by RIfS and
atomic force microscopy imaging. By colloidal probe microscopy (CPM), it was
found that PIP, is sufficient to significantly enhance the interaction between ezrin
and F-actin in terms of increased surface adhesion energies, whereas phosphoryla-
tion contributes to a minor extent. Notably, the adhesion forces remained almost
unchanged. From these findings, we inferred that ezrin activation generates rather
many weak than few strong bonds between ezrin and F-actin, forming a stable

multivalent interaction.



ZUSAMMENFASSUNG  Ezrin, ein Mitglied der Ezrin-Radixin-Moesin (ERM)-Pro-
teinfamilie, ermoglicht eine dynamische Verkniipfung von Membran und Aktinzy-
toskelett und ist somit an grundlegenden biologischen Prozessen beteiligt. Ezrin
wird durch intramolekularer Selbstassoziation in seiner Aktivitdt konformell re-
guliert. Als moglicher Aktivierungsmechanismus wird ein Konformationswechsel
diskutiert, der durch Bindung an r-a-Phosphatidylinositol-4,5-bisphosphat (PIP,)
und anschliefSfender Phosphorylierung eines spezifischen Threoninrestes induziert
wird. Allerdings wird auch postuliert, dass PIP,-Bindung als alleiniger aktivieren-
der Faktor ausreichend ist.

Im ersten Teil dieser Arbeit wurden unterschiedliche Strategien fiir die Prépara-
tion PIP,-haltiger festkorperunterstiitzter Lipiddoppelschichten (SLBs) entwickelt,
welche aufgrund der mehrfach negativen Ladung von PIP, erschwert ist. Reflek-
tometrische Interferenzspektroskopie (RIfS) und Fluoreszenzmikroskopie wurden
eingesetzt um die SLB-Ausbildung zu tiberpriifen. Spreiten unilamellarer Vesikel
in wéssrigen Losungen bei pH 4.8 erwies sich fiir die Praparation PIP,-haltiger
SLBs als geeignet, wohingegen die Verwendung von Ca’* oder erhohte Ionen-
starke zu inhomogener PIP,-Verteilung fiihrte. Festkorperunterstiitzte, PIP,-haltige
Hybridmembranen wurden im Hinblick auf fluorescence recovery after photobleach-
ing Experimente etabliert, wobei fluoreszenzmarkiertes PIP, eingesetzt wurde. Es
konnte gezeigt werden, dass die Bindung von Ezrin an PIP, zur Reduzierung der
lateralen Mobilitdt von PIP, fiihrt, was im zelluldren Kontext ein Hinweis auf die
Fahigkeit von Ezrin PIP,-Aggregate aufrechtzuerhalten ist.

Der Hauptteil dieser Arbeit adressiert die Frage, in welchem Ausmaf3 PIP, und
Phosphorylierung zur Aktivierung von Ezrin beitragen. Zum einen wurde der As-
pekt einer moglichen, mit dem Konformationswechsel einhergehenden Anderung
der Hohe von Proteinmonoschichten auf SLBs untersucht. Zum anderen wurde die
Starke der Interaktion von Ezrin und F-Aktin quantifiziert. Der Einfluss der Phos-
phorylierung wurde durch Verwendung dreier Ezrinvarianten — Ezrin Wildtyp,
Ezrin T567A (nicht-phosphorylierbar) und Ezrin T567D (pseudophosphoryliert) —
untersucht. Die Hohe der Proteinschichten auf SLBs wurde mittels RIfS und AFM
(atomic force microscopy) bestimmt. Der Einfluss von PIP, wurde durch Vergleich
von PIP,- oder Nickel-Nitrilotriessigsdaure (NTA-Ni)-vermittelter Bindung der Pro-
teine untersucht. Die Kombination von PIP, und Phosphorylierung fiihrte zu einer
signifikanten Verringerung der detektierten Hohe der Proteinmonoschicht. Mittels
colloidal probe microscopy (CPM), konnte gezeigt werden, dass PIP, zu einer deutlich
erhohten Interaktion zwischen Ezrin und F-Aktin fithrt, was anhand vergrofserter
Adhésionsenergien gezeigt werden konnte. Der Einfluss der Phosphorylierung war
hingegen geringer im Hinblick auf eine Verstirkung der Ezrin-F-Aktin-Interaktion.
Es konnte gezeigt werden, dass die Aktivierung von Ezrin nicht mit einer sig-
nifikanten Erhhung der Adhédsionskraft einer einzelnen Bindung zwischen Ezrin
und F-Aktin einhergeht, woraus geschlossen werden kann, dass die Stirke der
Ezrin-F-Aktin-Interaktion auf dem Zusammenwirken vieler schwacher Einzelbindun-

gen basiert.
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GENERAL INTRODUCTION

Fundamental cellular processes occurring at the membrane-cytoskeleton interface,
including cell motility, adhesion, endo- and exocytosis, rely on a finely balanced
linkage between the plasma membrane and the subjacent actin cytoskeleton. Linker
proteins such as the members of the ezrin-radixin-moesin (ERM) protein family
provide such a linkage.['l ERM proteins are highly conserved in their sequence
throughout evolution, giving rise to the assumption of redundant functions among
ERM proteins.[23] However, the expression of the ERM proteins in adult mam-
mals revealed to be rather tissue-specific. Ezrin is predominantly found in ep-
ithelial cells, radixin in hepatocytes, whereas moesin is mainly expressed in the
endothelium. 4! The generation of ezrin-deficient mice unveiled the critical role of
this ERM protein in intestinal epithelial cells. Wildtype intestinal epithelial cells
were characterized by uniform, densely arranged brush border microvilli (figure
1.1 A), whereas ezrin deficiency led to severe apical defects generating misoriented,

thickened microvilli (figure 1.1 B).[5!

Figure 1.1: Transmission electron micrographs showing the influence of ezrin on brush bor-
der microvilli (white dashed box) at the apical surface of intestinal epithelial cells. Wildtype
intestinal epithelial cells are characterized by uniform, densely arranged brush border mi-
crovilli (A). Severe apical defects arise in ezrin deficient intestinal epithelial cells resulting
in misoriented, thickened microvilli (B). 11000x magnification in panels A and B. Repro-
duced from Casaletto et al.[5!

In the light of the continuous dynamic interplay between the plasma membrane
and the actin cytoskeleton, a balanced regulation of the ERM linker function is re-
quired. Two findings revealed that ERM proteins are conformationally regulated by
head-to-tail folding. (1) A binding site for filamentous actin (F-actin) was identified

in the last 34 amino acids of ezrin,[®l and (2) this F-actin binding site was found
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to be masked due to the strong association tendency between C-terminal and N-
terminal domains of ezrin.!”! First insights into the regulation of ERM proteins
on a molecular level were provided by the finding that moesin is phosphorylated
at a specific threonine (T) residue during platelet activation, leading to colocaliza-
tion of phosphorylated moesin and F-actin.!®! This conserved threonine residue
within the C-terminal domain of ERM proteins was identified for ezrin, radixin,
and moesin — T567, T564, and T558, respectively — as target for phosphorylation
by Rho-kinase and protein kinase C ©.[89] At the same time, a binding site for
the phosphoinositide L-x-phosphatidylinositol-4,5-bisphosphate (PIP,) was identi-
tied within the N-terminal part of ezrin. [19] First, the role of PIP, was confined to
membrane attachment of ERM proteins.

The phosphorylation of the specific threonine residue was considered long time
to be the only activation factor of ERM proteins. However, lines of evidence accu-
mulate that the role of PIP, is not only restricted to provide membrane attachment
of ERM proteins, but also a functional role of PIP, in their activation mechanism is
suggested.[17713] Roch et al. investigated the contribution of PIP, and phosphoryla-
tion to the activation of moesin during Drosophila development, revealing intrigu-
ingly differential roles of PIP, and phosphorylation.['3] Moesin (Moe) deficient flies
were characterized by abnormally rough eyes and small crumpled wings in com-
parison to wildtype flies (figure 1.2 A, B). Different GFP-labeled moesin variants
were evaluated in vivo regarding their ability to substitute for endogenous moesin

during Drosophila development.

Figure 1.2: Activity tests of different Moe variants in vivo monitoring their ability to substi-
tute for the endogenous product during fly development. Scanning electron micrographs
of adult eyes and pictures of wings were taken from the wildtype fly (A) and moesin-
deficient flies (B-D). Moesin deficiency leads to the development of reduced rough eyes
and small crumpled wings (B). Expression of the moesin wildtype analogue MoeWT-GFP
rescues both eye and wing phenotypes (not shown). The nonphosphorylatable MoeTA-
GFP mutant does not rescue the eye but the wing phenotype (C). The mutant deficient
in PIP, binding, namely MoeKN-GFP, fails in rescuing both phenotypes (D). Scale bars:
50um top panels, 250 um bottom panels. Reproduced from Roch et al. [*3]
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The expression of the moesin wildtype analogue MoeWT-GFP was able to rescue
both the wing and eye phenotypes of moesin deficient flies (not shown). Notably,
the nonphosphorylatable moesin variant MoeTA-GFP did not favor normal eye de-
velopment, however, it was able to rescue the wing phenotype (figure 1.2 C). In light
of the long assumed prerequisite of phosphorylation for activation of ERM proteins,
this is a striking result. In addition, the moesin variant abolished in PIP, binding,
namely MoeKN-GFP, was neither able to rescue the eye nor the wing phenotype,
thus emphasizing the pivotal role of PIP, regarding moesin activation in Drosophila
(figure 1.2 D). This is corroborated by Yonemura et al. showing that threonine
phosphorylation is not necessarily required for ERM activation./'"] Based on these
findings, a two-step model was proposed for ERM activation comprising recruit-
ment to the membrane and activation by PIP, followed by phosphorylation of the
conserved threonine residue in the C-terminal domain providing a fine-tune mech-
anism to further stabilize the interaction between F-actin and ERM proteins. 113!
The interpretation of an observed effect caused by a specific activation factor
is often hampered due to the interwoven regulation mechanisms within the cell.
Therefore, model systems are suited to reduce the cellular complexity, allowing
the investigation of individual interactions in a well-defined environment. An in-
direct measure of ERM activation is the capability of ERM proteins to bind to
F-actin as the conformational change of ERM proteins upon activation is prerequi-
site for the release of the F-actin binding site. In a recent confocal laser scanning
microscopy (CLSM) based assay to probe the F-actin binding capability of ezrin, we
aimed to assess the individual contributions of PIP, binding and phosphorylation
by using an artificial membrane system (figure 1.3).['4 We were able to show that
ezrin wildtype (wt) bound via PIP, to a solid-supported lipid bilayer (SLB) led to a
significantly higher F-actin surface coverage than ezrin wildtype bound through a
6 xhistidine (Hisg) tag to a SLB displaying nickel nitrilotriacetic acid (NTA-Ni) head
groups. By using pseudophosphorylated ezrin T567D, we mimicked the activating
influence of phosphorylation. From the significantly increased F-actin surface cov-
erage in case of ezrin T567D bound via PIP,, we concluded a synergism between

phosphorylation and PIP,.
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DOGS-NTA-Ni + T567A DOGS-NTA-Ni + wt i DOGS-NTA-Ni + T567D

PIP,+ T567A PIP,+ wt PIP,+ T567D

<4’
\

Figure 1.3: F-actin surface coverage depending on ezrin activation. CLSM images of
AlexaFluor488-phalloidin labeled actin bound to ezrin on DOGS-NTA-Ni (10 %) doped
solid-supported lipid bilayers (SLBs) or PIP, (10% doped SLBs on silicon substrates us-
ing ezrin T567A, ezrin wildtyFe (wt), and ezrin T567D as indicated. Scale bars: 10pum.
Reproduced from Bosk et al.[14

The F-actin cytoskeleton is the major force bearing structure within the cell, pro-
viding mechanical stability and sustaining forces. Evidently, the bond between
F-actin and ezrin is exposed to force as well. This gives rise to the question how
the interaction between F-actin and ezrin is affected by the activation factors PIP,
and phosphorylation. First insights were obtained in colloidal probe experiments
showing that the interaction between F-actin and ezrin wildtype bound via PIP,
to SLBs was characterized by significantly larger adhesion forces and energies as
compared to that between F-actin and ezrin wildtype adsorbed via its Hisg-tag to a
SLB displaying NTA-Ni head groups.[*5! So far, a comprehensive characterization
covering the individual contributions of PIP, and phosphorylation with regard to
possible differences in adhesion forces and energies between F-actin and ezrin is

not available.



OVERVIEW AND SCOPE OF THESIS

The main objectives of this thesis were (1) the investigation of the conformational
change of ezrin due to its activation, i.e., L-a-phosphatidylinositol-4,5-bisphosphate
(PIP,) binding and phosphorylation, and (2) the development of a model system
allowing the thorough characterization of the F-actin (filamentous actin) binding
capability of ezrin as a function of its activation.

Chapter 4 focuses on the preparation of PIP,-containing solid-supported lipid
bilayers (SLBs) and hybrid membranes (SHMs). Owing to the multiple negative
charges of PIP,, the preparation of SLBs containing high PIP, fractions is hampered.
The spreading process was monitored by reflectometric interference spectroscopy
(RIfS) and confocal laser scanning microscopy (CLSM). To evaluate the influence of
different spreading protocols on the accessibility of PIP,, the PIP, binding protein
ezrin was added after membrane formation and visualized by RIfS and CLSM. The
influence of PIP, binding agents — calcium ions and ezrin — was evaluated in flu-
orescence recovery after photobleaching (FRAP) experiments in terms of diffusion
coefficients and immobile fractions.

In chapter 5, the question was addressed whether the conformational change of
ezrin due to activation can be investigated by RIfS and atomic force microscopy
(AFM) imaging in terms of changes in protein height levels and surface coverages
on SLBs. To map the influence of the individual activation step, ezrin wildtype and
two mutants — nonphosphorylatable and pseudophosphorylated variants — were
employed. Moreover, membrane attachment of the proteins was either achieved by
binding to the natural receptor lipid PIP, or via its N-terminal 6 xhistidine (Hisy)
tag to a NTA-Ni-terminated lipid to evaluate the influence of PIP,.

The main part of this thesis deals with the thorough investigation of the inter-
action between ezrin and F-actin by force measurements described in chapter 6.
Colloidal probe microscopy (CPM) was used to analyze the strength of the inter-
action between F-actin and ezrin depending on its activation state with respect to
adhesion forces and surface adhesion energies. Similar to chapter 5, ezrin wildtype
and mutants were used in combination with PIP, to assess the individual contri-
butions of the activation factors in the context of the F-actin binding capability of

ezrin.






METHODS AND MATERIALS

3.1 BIOCHEMICAL METHODS

Bacterial expression systems are widely used for heterologous protein expression
due to their capability to grow fast and at high density. In particular, the well
characterized genetics as well as the large number of available cloning vectors and
mutant host strains make the Escherichia coli (E. coli) bacterium an excellent choice
for the expression of protein if no posttranslational modifications, such as glyco-
sylation, are required. A widely used promoter system in E. coli is the Ty RNA
polymerase system. Based on this development by Studier and colleagues, the
pET vector series by Novagen has been established.!*®! The most commonly used
host strain in combination with the pET system is BL21, which is available with
a prophage (ADE3) encoding the T7 RNA polymerase under the control of the
lacUV5 promoter. This promoter is induced by the non-hydrolyzable isopropyl -
D-1-thiogalactopyranoside (IPTG). However, there is basal expression of Ty RNA
polymerase even in uninduced cells, which poses a problem in case of toxic target
proteins. More stringent control is achieved using a host carrying the vector pLysS.
This plasmid expresses T7 lysozyme, a natural Ty RNA polymerase inhibitor, thus
preventing the transcription of target genes in uninduced cells. Most E. coli strains
can be used to propagate a plasmid, although the characteristics of the particular
strain have to be taken into account. The level of endonuclease activity, methylation
and growth characteristics may strongly influence the quality of DNA. The E. coli
strain BL21(DE3)pLysS was used as production host, while the E. coli strain TOP10
is ideal for plasmid propagation.[17:18l

All steps sensitive to microbiological contamination, such as transformation, cell
growth and cultivation were carried out under aseptic conditions using a laminar-
flow clean bench. All glassware, tubes, culture media and distilled water were

autoclaved at 121 °C for 20 min to sterilize them and to avoid contamination.

3.1.1  Transformation

Chemically competent cells (One Shot®cells, table 3.1) were purchased from Life
Technologies (Darmstadt, Germany). The cells are calcium chloride treated to facil-

itate the uptake of exogenous genetic material upon a brief heat-shock.
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Table 3.1: Chemically competent E. coli cells and corresponding genotypes.

Strain Genotype

BL21(DE3)pLysS F- ompT gal dem lon hsdSB(rB- mB-) A(DE3) pLysS(cm®)

TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) ®8olacZAM15 AlacXy4

nupG recA1 araD139 A(ara-leu)7697 galE15 galK16 rpsL(StrX)
p 39 7697 galk1s & p

endA1 A-

The pET28a(+) vector (Merck Millipore, Darmstadt, Germany) with the insertion
of either human cDNA of ezrin wildtype, ezrin T567A or ezrin T567D (table 3.2)
was provided by Prof. Dr. Volker Gerke (ZMBE, Miinster).

Table 3.2: Plasmids.

Plasmid name Insert Vector Resistance

pEzrinWT full human ezrin cDNA pET28a(+) kan

pEzrinT567A  full human ezrin cDNA, substitution pET28a(+) kan
T567A

pEzrinT567D  full human ezrin cDNA, substitution pET28a(+) kan
T567D

The vials containing the plasmids were briefly centrifuged and placed on ice un-
til use. For each transformation, one vial (501l) of One Shot®cells was thawed
on ice. 8ong of the corresponding plasmid was pipetted to a vial of competent
cells and mixed gently. The transformation mixture was placed on ice for 30 min.
Thereafter, the vials were incubated for exactly 30s in a water bath at 42 °C. Then,
they were removed from the water bath and cooled down on ice. To allow for
replication of the desired plasmid, 250 ul of pre-warmed SOC medium (37 °C) were
added to each transformation mixture. The vials were incubated for 1h in a shak-
ing incubator (225rpm, 37°C). s50ul of the transformation mixture were spread
on one half of a pre-warmed, kanamycin containing agar plate (6ong/ml, 37 °C).
The remaining cells in the vial were pelleted and most of the supernatant was
discarded. Resuspending the cells with approximately 50l of the remaining su-
pernatant yielded a suspension of high cell concentration, which was spread on
the other half of the agar plate. The inoculated agar plates were inverted and incu-
bated overnight at 37°C. After successful transformation, clones were picked the
next day for overnight cultures at 37°C in LB medium containing the appropriate

antibiotics, that is, kanamycin (6o ng/ml) for cells containing the pET28a(+) vector
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and additionally chloramphenicol (34 pg/ml) for cells carrying the pLysS plasmid.
Glycerol stocks (1:1 (v/v)) were prepared from overnight cultures, snap-frozen in

liquid nitrogen and stored at —80 °C.

Table 3.3: Media used for transformation.

Name Composition

LB medium 10g/1 tryptone, 5g/1 yeast extract, 10g/1
NaCl, pH 7.4

SOC medium 20g/l tryptone, 5g/l yeast extract, 1omm

NaCl, 25mMm KCl, 1omm MgCl,, 10mm
MgSO,, 20 mm glucose

LB agar plates 10g/1l tryptone, 5g/1 yeast extract, 10g/1
NaCl, 18 g/1 agar, pH 7.4

Kanamycin stock solution 3omg/l in ultrapure water

Chloramphenicol stock solution 34 mg/l1 in ethanol p.a.

3.1.2 Plasmid isolation

Alkaline Lysis was employed to isolate plasmid DNA. Briefly, a single colony was
transferred into 10ml LB medium, containing kanamycin (30 ug/ml). The culture
was incubated at 37 °C vigorously shaking overnight. 5ml of the cell suspension
were centrifuged to harvest the cells. After removal of the medium, the bacterial
pellet was resuspended in 200l of ice-cold Solution I. 400l of Solution II were
added. The contents were mixed by inverting the tube 4-6 times. Subsequently,
3001l of Solution III were added and the tube was again inverted 4-6 times. Then,
the tube was incubated for 5min on ice to allow for the renaturation of plasmid
DNA. The tube was centrifuged for 5 min (12000x g, 4 °C). Thereafter, the super-
natant was transferred to a fresh tube. To precipitate the plasmid DNA, 750nl of
ice-cold isopropanol were added and the tube was inverted several times. Spinning-
down the mixture for 15min (12000x g, 4 °C) yielded a white pellet. After removal
of the supernatant, the pellet was rinsed in ice-cold 70% ethanol and air-dried for
approximately 1omin. The clean DNA pellet was resuspended in 20 pl ultrapure
water. The final concentration was determined via UV absorbance at A = 260nm
measured with a NanoDrop spectrophotometer (Thermo Scientific, Wilmington,
USA).

9
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Table 3.4: Solutions and buffers used for plasmid isolation.

Name Composition
SolutionI  somm TRIS/HCl (pH 8.0), 1tomMm EDTA (pH 8.0), 100mg/pl
RNAse A

Solution I 0.2M NaOH, 1 % (w/v) SDS

Solution Il 3 M potassium acetate (pH 5.5)

3.1.3 Plasmid sequencing

The plasmid sequencing was carried out by Seqlab, Gottingen. The primers used
to achieve full sequencing are listed in table 3.5. Ty promotor and terminator
primers were purchased from Life Technologies (Darmstadt, Germany), while ezrin
forward and reverse primers were synthesized by Sigma Aldrich (Steinheim, Ger-

many).

Table 3.5: Primers used for plasmid sequencing.

Name Sequence

T7 promoter primer  5-TAATACGACTCACTATAGGG-3’
Ezrin forward primer 5-GGAAATGTATGGAATCAAC-3’
Ezrin reverse primer  5-CTCCTCATAGTCCTGCAG-3’
T7 terminator primer 5-GCTAGTTATTGCTCAGCGG-3’

3.1.4 Heterologous protein expression

A single colony of E. coli BL21(DE3)pLysS containing the corresponding expres-
sion vector (table 3.2) was picked from a freshly streaked agar plate to inocu-
late an overnight culture (10 ml LB medium) supplemented with chloramphenicol
(34 ng/ml) and kanamycin (6o pg/ml). The culture was grown for 12h to 14h at
37 °C vigorously shaking. The saturated culture was diluted into fresh LB medium
(containing kanamycin (60 ng/ml)) 1:50 and grown with shaking at 37 °C to an opti-
cal density of 0.5 to 0.7 at A = 60onm. Protein expression was induced by addition
of IPTG (1 mm). The culture was incubated for 3h at 37 °C with shaking. To stop
protein expression, the cells were cooled down for 10 min on ice. The cells were har-
vested by centrifugation (4000x g, 20min, 4°C). After decanting the supernatant,
the pellet was resuspended in ice-cold lysis buffer (25 ml). To complete lysis, the
suspension was sonicated on ice (5 x 305, duty cycle 50 %). The bacterial lysate was

clarified by centrifugation (100000x g, 1h, 4°C).
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Table 3.6: Solutions and buffers used for protein expression.

Name Composition

IPTG stock solution 1M IPTG in ultrapure water

Lysis buffer 4omMm HEPES, 20mm imidazole, 3oomm NaCl, 1mm
EDTA, pH 7.4
immediately before use: 10mM 2-mercaptoethanol,
1 tablet/50ml lysate of complete EDTA-free protease in-
hibitor cocktail (Roche Diagnostics, Mannheim)

3.1.5 Protein purification

The proteins ezrin wildtype, ezrin T567A, and ezrin T567D used in this work were
expressed as N-terminally hexahistidine-tagged (His) proteins. The Hisg-tag al-
lows protein purification from the clarified bacterial lysate via nickel affinity chro-
matography. 4ml of the metal-chelating material nickel-nitrilotriacetic acid (NTA-
Ni) agarose (Quiagen, Hilden, Germany) were pipetted into a purification column.
The solution was allowed to settle down evenly by gravity flow yielding a column
volume of ~2ml. The column was washed with 10 column volumes of ultrapure
water and equilibrated with the same amount of equilibration buffer. The lysate
was applied three times onto the column to assure that most of the protein was
immobilized. Wash steps were performed with 10 column volumes of wash buffer
I, and subsequently, with 10 column volumes of wash buffer II. Elution of purified
protein was achieved with 9 column volumes of elution buffer. The eluate was

collected in 1 ml fractions.

Table 3.7: Buffers used for protein isolation.

Name Composition

Equilibration buffer 40mm HEPES, 20 mM imidazole, 300 mm NaCl, pH 7.4

Wash buffer I 4gomMm HEPES, 3omm imidazole, 30omm NaCl, 1mm
MgCl,, pH 7.4
immediately before use: 10 mm 2-mercaptoethanol

Wash buffer II 4omMm HEPES, somm imidazole, 15o0mm NaCl, 1mm
MgCL, pH 7.4

immediately before use: 10 mm 2-mercaptoethanol

Elution buffer 20mmM TRIS/HCI, 250 mMm imidazole, 50 mM KCl, pH 7.4

All protein purification steps were performed at 4 °C. Bacterial lysate, wash and

elution fractions were analyzed by SDS-PAGE (section 3.1.5.1).
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3.1.5.1  SDS polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) allows the
separation of proteins according to their electrophoretic mobility. A discontinuous
polyacrylamide gel, consisting of stacking and resolving gel, is used as support
medium. The anionic detergent SDS binds noncovalently to proteins and thus trans-
fers an overall negative charge according to their molecular weight while masking
inherent charges. SDS causes denaturation of proteins disrupting non-covalent in-
teractions. The electrophoretic mobility of a protein in the polyacrylamide gel is
determined by both, the charge-to-mass ratio of the protein and the pore size of
the gel.[19]

In this work, the vertical dual gel electrophoresis system PerfectBlue™ Twin
(PEQLAB Biotechnologie, Erlangen) was used for SDS PAGE of protein fractions
obtained during protein isolation (section 3.1.5). Polyacrylamide gels were pre-
pared by radical polymerization of acrylamide and bisacrylamide upon addition of
the initiator ammonium peroxydisulfate (APS) and the stabilizer N,N,N’,N’-tetram-
ethylethane-1,2-diamine (TEMED). The resolving gel (12.5 %, pH 6.8) was cast by
mixing 4 ml stock solution, 4ol APS, and 2l TEMED. The solution was poured
into the casting assembly, overlayed with isopropanol, and allowed to polymerize
for 45 min. To prepare the stacking gel (5.2 %, pH 8.8), isopropanol was removed
and 2ml stock solution, 20l APS, and 2l TEMED were added on top of the re-
solving gel. A comb was immediately placed into the stacking gel to form sample
wells. After approximately 45 min, the polymerization was finished and the casting
assembly was placed in the outer buffer chamber. It was filled with electrophoresis
buffer and the comb was removed. Samples for SDS PAGE were prepared accord-
ing to the following procedure: From each fraction of interest 10l were taken and
the same volume of sample buffer was added. The mixture was heated in a ther-
momixer at 85°C (5min, 350rpm) to denature the proteins. After denaturation,
the samples were pipetted into the wells. One well was loaded with low molecu-
lar weight markers (GE Healthcare, Freiburg, Germany). The gel electrophoresis
system was connected to a power source applying 15mA per gel. After around
1.5h the run was finished and the system was disassembled. The gel was rinsed
with ultrapure water, placed into a plastic container filled with staining solution
and shaken for 5min. After destaining overnight, the gel was documented using a

transilluminator (Vilber Lourmat, Eberhardzell, Germany).
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Table 3.8: Buffers and solutions used for SDS-PAGE.

Name

Composition

Sample buffer (2x)

125 mm TRIS/HCI pH 6.8, 100 mM DTT, 20 % (v/v) glyc-
erol, 2% (w/v) SDS, 0.02 % (w/v) bromphenol blue

Stacking gel

127mm  TRIS/HCI pH88, 52% (w/) acry-
lamide/bisacrylamide (37.5:1) stock solution, o0.1%
(w/v) SDS

Resolving gel

258mMm  TRIS/HClI pH6.8, 125% (w/) acry-
lamide /bisacrylamide (37.5:1) stock solution, o0.1%
(w/v) SDS

ammonium  peroxy-
disulfate (APS)

10 % (w/v) APS in ultrapure water

Electrophoresis buffer

25mM TRIS/HCl, 192mm glycine, 0.1% (w/v) SDS,
pH 8.3

Coomassie blue stain-

ing solution

0.02 % (w/v) Coomassie Brilliant Blue G250, 45 % (v/v)

methanol, 18.5 % (v/v) glacial acetic acid

Destaining solution

5% (v/v) methanol, 7.5 % (v/v) glacial acetic acid

Low molecular weight

markers

97 kDa phosphorylase b, 66 kDa albumin, 45kDa oval-
bumin , 30kDa carbonic anhydrase, 20.1 kDa trypsin in-

hibitor, 14.4 kDa a-lactalalbumin

3.1.5.2 Dialysis

After SDS-PAGE analysis (section 3.1.5.1), the fractions containing protein were di-

alyzed against the desired buffer. Dialysis tubing (Carl Roth, Karlsruhe) with a

molecular weight cut-off of 14 kDa was cleaned before use according to the proce-

dure provided by the manufacturer. Then, pieces of 10 cm were soaked in ultrapure

water and dialysis buffer, filled with 2 ml to 4 ml of protein solution and sealed with

plastic clamps. The tubing was immersed in a large beaker filled with pre-cooled

dialysis buffer. The volume of dialysis buffer was at least 200-fold greater than the

sample volume. The dialysis was performed stirring overnight at 4 °C. In total, the

dialysis buffer was changed three times. Buffers used as dialysis buffer are listed in

table 3.9. After dialysis, the concentration of protein was determined as described

in section 3.1.5.3. Protein solutions were stored at 4 °C until use.

13



14

METHODS AND MATERIALS

Table 3.9: Protein buffers.

Name Composition

Protein buffer E1 20mM TRIS/HCI, somMm KCI, o.1mmMm EDTA, o.1mMm
NaN,, pH 7.4

Gel filtration buffer 20mM TRIS/HCI], 150mm KCl, o.1mM EDTA, 0.1 mMm
NaN,, pH 7.4

3.1.5.3 Concentration determination

The concentration of protein was determined via UV absorbance at A = 28onm.
This method is fast as well as convenient since no additional reagents are necessary
and protein is not consumed. However, it is only applicable on proteins with aro-
matic amino acids. The absorbance Ajgy of such proteins is caused by tryptophane
and tyrosine, and to a small extent by phenylalanine. 2! According to Beer-Lambert
law (equation 3.1), the logarithm of the ratio between the intensity of light before
(Io) and after (I) passage through the protein solution is linearly dependent on the

pathlength [ and concentration c:

A=— lgIIO = ¢elc, (3.1)

where e denotes the molar extinction coefficient specific for the protein. In case of
ezrin, the molar extinction coefficient was determined to be €330 = 66 gooMm *cm™
using the ProtParam tool.!*") Since nucleic acids show an absorption maximum
at A = 260nm, the absorbance ratio Asgy/ Ago is used to assess the nucleic acid
contamination of a protein solution. A ratio Ajsn/Azg0 of ~0.5 ensures that the

protein solution is free of such contamination.

3.2 SURFACE FUNCTIONALIZATION

Surface functionalization strategies based on the spontaneous assembly of surface
active agents (surfactants) offer a rich toolbox for the investigation of biological pro-
cesses using techniques such as atomic force microscopy (AFM), surface plasmon
resonance (SPR), and fluorescence microscopy. Spontaneous assembly processes
at surfaces include on the one hand the fabrication of self-assembled monolayers
composed of molecules such as alkanethiols and trichlorosilanes and on the other

hand the formation of a lipid bilayer.
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3.2.1  Self-assembled monolayer formation

The formation of a self-assembled monolayer (SAM) is driven by specific interac-
tions between the surfactant head group and the substrate surface. The degree
of order in a monolayer is dependent on factors such as head group affinity of
the surfactant to the surface and steric as well as electrostatic effects within the
layer. Extensively studied molecules that form well ordered and stable SAMs are
for instance long chain alkyl thiols and trichlorosilanes. In 1983, Nuzzo and Al-
lara published the preparation of SAMs by the adsorption of di-n-alkyl disulfides
on gold, whereas Maoz and Sagiv showed one year later that alkylsiloxane mono-
layers are obtained by covalent adsorption of trichlorosilanes onto hydrophilized
silicon dioxide.[2>231 SAMs have emerged being an inestimable tool for analyzing
interfacial reactions since a wide range of functional groups can be incorporated
in the monolayer as a tail group. This feature allows to control surface properties
on a molecular level. Depending on the nature of the surfactant, it is for instance
possible to render the surface hydrophobic or hydrophilic. Such surface function-
alization strategies can be employed to produce either a lipid monolayer on a hy-
drophobic substrate, e.g. a hybrid membrane, or a physisorbed lipid bilayer on a
hydrophilic substrate. [24-2°]

Beside serving as substrate for hybrid membranes, SAMs are widely used as
model systems for the study of surface effects such as adhesion, protein adsorp-
tion, and molecular recognition. In particular, the co-adsorption of different sur-
factants resulting in mixed SAMs is applied to implement specific receptors within
the monolayer such as biotin or nitrilotriacetic acid (NTA).[2728] In addition, self-
assembled monolayers are not restricted to planar surfaces but do form as well on

curved surfaces such as colloids. 23]

3.2.1.1  Thiols

All thiols used in this work were purchased from Prochimia (Sopot, Poland). Be-
fore self-assembly, gold coated substrates were cleaned for 2 min and cantilevers for
30s in argon plasma. The substrates were immersed in 2 mm ethanolic thiol solu-
tion. In case of (11-mercaptoundecyl)trimethylammonium (AUT?), substrates were
incubated overnight at room temperature, whereas cantilevers were placed into
a 1:5 mixture of N-[5-[[[(20-mercapto-3,6,9-trioxaeicos-1-yl)oxo]carbonyl]amino]-1-
carboxypentyl]iminodiacetic acid (NTA-thiol) and (1-mercaptoundec-11-yI)tri(ethy-
lene glycol) (matrix thiol) for 1h. The final thiol concentration was 2mm. After
incubation in thiol solution, the substrates and the cantilevers, respectively, were

carefully rinsed with ethanol p.a. and ultrapure water.
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3.2.1.2 Silanes

A silicon substrate (100 nm SiO, layer, 0.8 cm x 2.0 cm) was rinsed thoroughly with
isopropanol and water. An aqueous solution of NH; and H,0, (H,O0/NH,/H,0,
5:1:1) was used to turn the silicon substrate’s surface hydrophilic and remove or-
ganic contamination (20min at 70°C). Additional hydrophilization was achieved
by oxygen plasma treatment for 2 min. The substrate was immersed in dry toluene
containing dodecyl-trichlorosilane (DTS, 2 % (v/v)) under vacuum for 15 min, thor-
oughly rinsed with dry toluene, and left overnight under vacuum at 65 °C.[291 DTS
was obtained from Sigma Aldrich (Steinheim, Germany). Toluene p.a. (VWR,
Darmstadt, Germany) was dried over 4 A molecular sieves (Carl Roth, Karlsruhe,

Germany).

3.2.2  Solid-supported membrane formation

In the 1980s, McConnell and co-workers started depositing phospholipids directly
onto solid support. Suitable substrates for the formation of solid-supported mem-

branes are for instance silicon dioxide, borosilicate glass, and mica. [24,30-32]

3.2.2.1  Preparation of lipid films

The lipids L-a-phosphatidylinositol-4,5-bisphosphate (PIP,), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-car-
boxypentyl) iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA-Ni), and 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased from Avanti polar
lipids (Alabaster, USA). The fluorescently labeled PIP, analogue Bodipy TMR-PIP,
(C16) was obtained from Echelon Biosciences (Salt Lake City, USA). Stock solutions
of the respective lipids were prepared in chloroform at concentrations ranging from
0.5 mg/ml to 10mg/ml except for PIP,, which was dissolved in a mixture of chlo-
roform/methanol/water (20:9:1) at 1mg/ml. The particular lipid stock solutions
were mixed in a test tube preloaded with 200l chloroform at the desired molar
ratio (total amount of lipid: 0.4 mg to 0.5 mg). Fluorophores were added in small
amounts (0.5mol% to 1mol%) in case of fluorescence experiments as indicated in
section 4.6. The organic solvent was evaporated with a gentle stream of nitrogen
at a temperature above the lipid gel-fluid phase transition. To remove residual sol-
vent, the lipid film was further dried under vacuum for 3 h at elevated temperature

as before. Lipid films were stored at 4 °C until use.
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3.2.2.2  Preparation of small unilamellar vesicles

Small unilamellar vesicles (SUVs) were prepared by sonication. A lipid film (para-
graph 3.2.2.1) was rehydrated by adding o.5ml to 1 ml of appropriate buffer, incu-
bated for 20 min and vortexed for 3 x 30s periods with 5min rest in between. The
suspension of multilamellar vesicles (MLVs) was transferred to a new Eppendorf
cup and sonicated for 2 x 15min using a ultrasonic homogenizer (Sonopuls HD

2070, resonator cup) from Bandelin (Berlin, Germany).

3.2.2.3 Preparation of solid-supported membranes

For atomic force microscopy experiments (section 5.6), fluorescence microscopy
and recovery after photobleaching studies (section 4.6) either solid-supported hy-
brid membranes (SHMs) or physisorbed solid-supported lipid bilayers (SLBs) were
prepared. To form SHMs, a substrate was rendered hydrophobic according to
section 3.2.1.2 and placed in a measuring chamber. Freshly prepared SUV suspen-
sion (section 3.2.2.2) was added and incubated for 2h at a temperature above the
lipid gel-fluid phase transition. Subsequent rinsing with buffer removed remain-
ing vesicles from the surface. In case of SLBs, a silicon substrate (100 nm SiO, layer,
0.8cm x 2.0cm) was rinsed thoroughly with isopropanol and water. An aqueous
solution of NH; and H,O, (H,O/NH,/H,0, 5:1:1) was used to yield a hydrophilic
surface and remove organic contamination (20min at 70°C). The hydrophilized

substrate was treated with SUV suspension as described above.

3.3 BIOPHYSICAL TECHNIQUES
3.3.1 Atomic force microscopy

The atomic force microscope (AFM) was developed in 1985 by G. Binning, C. Gerber
and C. F. Quate based upon the scanning tunneling microscope (STM).[33! In con-
trast to STM, the AFM allows easily the characterization of nonconductive samples.
In particular due to the diversity of applications, the AFM is used for surface anal-
ysis in many different fields. The applications of AFM encompass high resolution
imaging of various materials such as biomolecules, 34! cells, 35! polymers, 3] met-
als,37! and ceramics38! as well as detection of forces between individual molecules
and surfaces including specific ligand-receptor interactions'39 and the unfolding

of protein domains. [4°]

BASIC PRINCIPLE AND SETUP In contrast to optical microscopes, the AFM
does not rely on the use of lenses to generate an image and the resolution is thus

not restricted by Abbe’s limit. Instead, a flexible cantilever with a sharp tip is used
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to probe the sample surface. The imaging resolution is strongly dependent on the
tip shape, that is, the sharper the tip the better the resolution. However, in case
of soft samples, often a less sharp tip is employed to avoid damaging the sample.
Besides the cantilever, the piezoelectric scanners are essential to allow precise move-
ment of probe and sample. In case of the MFP-3D from Asylum Research (Santa
Barbara, USA) the probe is positioned by a Z-piezo scanner, whereas the sample
is moved within the plane using the XY-piezo stage (figure 3.1). The optical lever
detection technique is applied to measure the bending of the cantilever as response
to the mechanical interaction with the sample.[4!] For this purpose, the beam of a
super luminescent diode (figure 3.1, red) is focused to the back of the cantilever
(yellow) and reflected by its mostly gold coated surface. The light travels through
a recollimation lens to a mirror (both in light blue), which directs the light toward
the position sensitive detector, a segmented photodiode (green). The cantilever is
mounted at approximately 11° with respect to the sample plane. Force exerted on
the cantilever leads to bending and thus changes the angle of the reflected beam as
well as its position on the photodiode. Torsion of the cantilever upon lateral forces
shifts the beam position vertically on the photodiode. Based on the principle of an

optical lever, the AFM is able to detect subnanometer changes. 42431

Position
sensitive Super
detector — luminescent
diode
Recollimation
lens
Cantilever
holder Cantilever
XY-stage Specimen

Figure 3.1: Schematic drawing of MFP-3D head.



3.3 BIOPHYSICAL TECHNIQUES

TIP-SAMPLE INTERACTION FORCES The AFM technique is characterized by
the interaction forces between probe and sample surface. When the tip of a can-
tilever approaches the sample, diverse intermolecular, surface, and macroscopic
interactions with different distance dependencies occur. The most contributing in-
teractions are attractive van der Waals (VdW) forces and repulsive Pauli forces.
The tip surface interaction can thus be described to a first approximation by the
Lennard-Jones potential (equation 3.2). The interaction potential V' as a function of

the distance D between a pair of particles is given by:

V(D):4e[‘7 0'},

DIz T D6 (3.2)

where € denotes the depth of the potential well and ¢ the distance at which the po-
tential between two particles equals zero. The Lennard-Jones potential is composed
of the reciprocal sixth-power VAW term, which is attractive, as well as the recipro-
cal 12th-power repulsive term, describing the Pauli repulsion due to overlapping
electron orbitals. The derivative of the Lennard-Jones potential is depicted in figure
3.2, showing two different regimes. On the one hand, the long range VAW forces
lead to attraction until F = 0 corresponding to the energy minimum. On the other
hand, any further approach results in increasing repulsive forces F > 0. Depending
on the regime, different AFM imaging modes are possible. The non-contact mode
(figure 3.2, NC) is operated in the attractive regime, however close to the surface.
In case of intermittent contact mode (figure 3.2, IC), the tip touches the sample pe-
riodically, transitioning from repulsive to attractive regime and vice versa. Contact
mode (figure 3.2, C) is operated fully in the repulsive regime, where the cantilever

tip is in constant contact with the surface (section 3.3.1.2).

IC
NC

Force

Repulsive forces

LI

@ Distance

>
»

Attractive forces

Figure 3.2: The interaction force is described by the derivative of the Lennard-Jones poten-
tial with respect to distance D. Different AFM imaging modes are depicted as a function
of tip-sample distance (C: contact mode, IC: intermittent contact mode, NC: non-contact
mode).
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The tip sample interaction is not described adequately by the interaction between
two particles, though. This can be illustrated by deriving expressions for the VAW
contribution of both, particle-particle and macroscopic body interaction. VdW
forces in general can be divided into three categories. The Keesom force is charac-
terized by the interaction between permanent dipoles, whereas the Debye force is
given by the interaction between a permanent dipole and an induced dipole. These
forces act only between polar molecules and thus are referred to as polar VAW
contribution. The most important VAW contribution, the dispersion contribution,
is the London force acting between induced dipoles, which is abundant between
all molecules, hence. The overall VAW contribution w to the interaction potential
between two small particles is given by: 44!

Ck+CL+C C
_SetOt Gy Ovaw 63)

w(D) =

where Ck, C, and Cp denote contributions of Keesom, London, and Debye interac-

tions, respectively. The force F is the derivative with respect to D:

d
F(D) = #0D) _ _SCuaw, 6.4

Equation 3.4, however, describes the interaction between two single particles, a
situation that is not likely in AFM experiments. When the tip comes in contact
with the surface, it is an interaction between macroscopic bodies rather than atoms
or small molecules. Therefore, it is necessary to scale up the VAW forces. This has
been done by Hamaker based on the pairwise addition of interactions with regard
to several different geometries, such as two surfaces, two spheres, atom-surface,
and sphere-surface. The interaction energy of two planar surfaces at a distance D
can be considered in terms of energy per unit surface area: (43

_wCp? [®dr Ay

6 Jp r®  12nD2

W(D) = with  Apg = 72Cp?, (3.5)

where Ay denotes the Hamaker constant with C being the coefficient in the surface-
surface potential and p the number of atoms per unit volume. In case of two
interacting bodies that are of complex shape, integration as described above will
lead to long and complicated expressions. Derjaguin, however, overcame these
issues by deriving a relationship between the energy per surface area of two planar
surfaces and the energy between two arbitrarily shaped bodies. His assumptions
are valid as long as the distance between the interacting bodies and the range

of the interaction is small compared to the radii of curvature. According to the
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Derjaguin’s approximation, the force law F(D) between two spheres is related to

the interaction free energy per surface area W(D) between two planar surfaces: [4°]

E(D) = 27t (%) W(D), (3.6)

where R; and R, denote the sphere radii. The tip sample interaction can be approx-
imated as a sphere in contact with a flat surface. This geometry is a special case
of the interaction between two spheres with one sphere being much larger. If we

consider Ry < Ry, equation 3.6 then becomes:
F(D) =2nR{W(D). (3.7)

Combining equation 3.5 and equation 3.7 gives

F(D) = —‘2%121. (3-8)

This interaction law depends on the distance D, the sphere radius R;, and the
Hamaker constant Ay. It should be pointed out that the interaction between macro-
scopic bodies, being proportional to the inverse square of distance (equation 3.5),
is of long range nature compared to the one between small particles, having an
inverse sixth-power distance dependence (equation 3.3). Therefore, the distance
dependence of the force in an AFM experiment differs from figure 3.2 as such that

the attractive regime is broadened toward larger distances.

SPRING CONSTANT DETERMINATION  The calibration of a cantilever to assess
its spring constant is pivotal to force spectroscopic measurements in particular. In
principle, it is possible to calculate the spring constant of a cantilever from its
geometry and material properties. For a rectangular cantilever, the spring constant
k. is given by:[471
3

ke = ;C = %r (3.9)
where w. denotes the width, f. the thickness, and L the length of the cantilever.
The Young’s modulus of the material is given by E. According to equation 3.9
a cantilever should be long and thin to show large deflections at small forces,
that is, a high sensitivity. However, a high resonance frequency is desirable to
ensure both, reduced interferences with external vibrations and high time resolu-
tion. Thus, a compromise is achieved by using thin and short cantilevers, which
have high resonance frequency and high sensitivity.[44! The calculation of spring
constants from equation 3.9 yields different values as compared to experimentally

assessed ones, though. This is due to the fact that the Young’s modulus of silicon ni-
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tride cantilevers is strongly dependent on manufacturing conditions. Furthermore,
the determination of thickness, length and width are prone to errors as well. [48]
In addition most cantilevers are coated with gold on the back to enhance the re-
flectivity which makes it even harder to determine elastic properties.49 Due to
these uncertainties many different techniques have been contrived over the past
two decades such as the reference spring method[5°! and the nondestructive added
mass method 5" to improve the determination of spring constants. However, Hut-
ter and Bechhofer devised a method, which does not rely on attachment of any
mass or reference cantilevers. This technique is implemented in many commercial
AFMs and is based on measuring the intensity of thermal noise. If the cantilever
is modeled as a harmonic oscillator and the equipartition theorem is applied to
the first flexural mode in the cantilever, the mean square cantilever displacement

(AZ2) is related as follows:[49]
1 1
Ske(AZ) = SkeT, -

where k. denotes the spring constant of the cantilever, kg the Boltzmann’s constant,
and T the temperature. The spring constant of the cantilever is readily obtained

when equation 3.10 is solved for k:

ks T
(az2)

ke = (3.11)
The mean square cantilever displacement (AZ?2) is obtained from the power spec-
tral density. First, the thermal fluctuations of the cantilever are recorded as the
amplitude of the cantilever response in units of V/+/Hz and second, the inverse
optical lever sensitivity (InvOLS) is used to convert the thermal vibrational am-
plitude into units of m/+/Hz. This conversion factor is obtained by recording a
deflection displacement curve on a hard surface, while measuring the voltage re-
sponse AV of the photodiode:

InvOLS = %, (3.12)

AV

where AZ, is the change in Z-piezo height. However, these measurements are
not as straightforward as described above. On the one hand, contributions from
higher flexural modes are neglected since the equipartition theorem only refers to
single modes. On the other hand, the inclination rather than the deflection of the
cantilever is measured by the optical lever detection. Thus, two major corrections
have been implemented over the years. One is that a mode correction factor f
has been introduced to take into account that the thermal noise measurement is

based on a single mode of a real cantilever rather than a simple harmonic oscillator.
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The second correction considers that the shape of a cantilever changes whether
the cantilever vibrates freely by thermal fluctuations or it is end-loaded. Such
deviations are taken into account by introducing the correction factor y:[52754]

k. = )f(kABZT@ with =0971 and x = 1.09. (3.13)
The assumption of x = 1.09 however is only valid in the case of a small optical spot
at the very end of a large cantilever. Deviations in x affect the determination of the
spring constant to a great extent since (AZ2) and k. are quadratically related. 54!
The equations 3.10 to 3.13 are limited to rectangular cantilevers. One additional
consideration is necessary since cantilevers are usually mounted in a slightly tilted
way to ensure that only the tip comes into contact with the sample surface. In
case of the MFP-3D, the cantilever tilt # amounts to 11°. Division of the measured
spring constant by the term cos? § = 0.964 diminishes the contribution of the tilted

cantilever. [5550]

3.3.1.1 Force measurements

Besides the application of the AFM as high resolution imaging tool, the use as
highly sensitive force measuring device has been in the focus of increased interest
over the past 20 years. In a force measurement, force distance curves are recorded
to give information about the interaction between tip and sample as a function of
tip sample separation. This is done by the Z-piezo scanner as response to a com-
mand voltage, ramping the AFM head up and down along the z-axis. Figure 3.3
shows a typical course of a deflection displacement curve comprising approach
(red) and retraction curve (blue). Initially, no force is exerted on the cantilever
since it is far away from the surface (A). As soon as the cantilever comes into
proximity of the surface, it may be affected by long range surface forces such as
electrostatics (~1 pm). In the range of 1onm to 100nm, the cantilever experiences
VAW attraction.[4®] These long range VAW forces originate in the interaction be-
tween macroscopic bodies, that is between cantilever tip and sample surface (sec-
tion 3.3.1). When the gradient of attractive surface forces overcomes the restoring
force of the cantilever, the equilibrium between spring and surface forces is lost
and as a result, the cantilever jumps into contact with the surface (B). This mechan-
ical instability is also referred to as "jump-in" or "snap-on". Further movement of
the Z-piezo towards the surface leads to increasing deflection of the cantilever (C).
Depending on the sample, deformation may occur. If the cantilever is retracted
subsequently, the deflection decreases. The tip stays in contact with the surface
until the restoring force of the cantilever exceeds the adhesion force F,;. Adhesion

causes the cantilever to bend down and consequently, to jump off the surface at a
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distance further away from the surface as in case of the initial jump-in (D). After

the jump-off, the cantilever returns to its baseline deflection (E).

B A Approach

E Retraction

\J

Z-piezo extension

1N

Figure 3.3: Drawing of cantilever approaching and retracting from surface and its deflection
as a response to surface contact. During the approach phase A, no tip sample interaction
is detected. At point B, the cantilever jumps into contact with the sample surface due to
attractive surface forces. Further approach leads to increasing deflection of the cantilever
until a preset deflection value is reached (C). During retraction, the tip stays in contact with
the surface due to adhesive forces. Once they are overcome by the cantilever’s restoring
force (D), the cantilever returns to its baseline deflection (E).

CONVERSION OF FORCE CURVES  To obtain a force distance curve, the raw data
acquired from such a measurement, that is, cantilever deflection as a function of
Z-piezo displacement, requires two corrections. First, the measured deflection is

converted into a force F according to Hooke’s law:
F=—k.Z.. (3.14)

For this purpose, the spring constant of the cantilever k., determined as described
in paragraph 3.3.1, is multiplied by the cantilever deflection Z. in units of nm.
The InvOLS value obtained in the course of spring constant determination is used
for this conversion. Second, the Z-piezo displacement Z, has to be transformed
into the actual tip sample separation. This correction is necessary as soon as the

cantilever tip comes into contact with the surface. Consequently, the cantilever
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deflection Z. as well as the sample indentation ¢ has to be considered. Subtracting

these contributions from Z,, yields the tip sample separation D:
D=2, (Zc+9). (3.15)

However, the indentation of many inorganic solids including silicon wafers and
glass by a soft cantilever is neglectable since § < AZ.. Correcting the tip sample
separation changes the force displacement curve in such a way that the tip sample
separation in the contact regime remains zero, while the force is increased by the

pushing cantilever.

3.3.1.2 Imaging

The AFM has emerged as a divers surface characterization technique in many dif-
ferent fields ranging from material sciences to life science. Imaging of surfaces
at atomic resolution is possible under ultra high vacuum, while imaging in fluid
allows the characterization of biological specimen under physiological conditions.
Different AFM imaging modes have been developed to meet the requirements of

various applications.

CONTACT MODE  In contact mode, the cantilever raster scans the sample while
the tip is in permanent mechanical contact with the surface (figure 3.2). Two modes
of operation are applicable: constant height mode and constant force mode. In case
of constant height mode, the height of the Z-piezo scanner relative to the sample is
fixed while the cantilever deflection is recorded. From the variations in deflection,
topographic information is obtained. However, this mode of operation can only be
applied in case of very flat surfaces otherwise the sample would be damaged. In
case of constant force mode, the deflection of the cantilever is the input signal to
a feedback loop, which adjusts the height of the Z-piezo scanner as a response to
the sample’s topography by keeping the deflection constant. The image is gener-
ated from the variations of the Z-piezo scanner. This mode is generally preferred
compared to the constant height mode since rough samples can be characterized
without major damage. One advantage of the contact mode is that it allows fast
scanning. Imaging soft samples without damaging them, however, is often difficult

due to frictional forces.[57)

INTERMITTENT CONTACT MODE  The intermittent contact mode or referred to
as tapping mode is a resonant mode. The cantilever is excited by a piezoelectric
actuator and oscillates at a frequency slightly below its resonance frequency close
to the surface. The tip periodically touches the surface and experiences attractive

and repulsive forces, respectively (figure 3.2). As a result of these interactions
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and because the cantilever is driven at a fixed frequency, the vibration amplitude
decreases upon contact with the surface. While scanning in intermittent contact
mode, the tip-sample separation is adjusted by a feedback loop, thus maintaining
the amplitude constant. This information is used to generate an image of the to-
pographic features. In addition to the vibration amplitude, the phase lag of the
cantilever response relative to the actuator is recorded. This phase lag gives in-
formation about differences in material properties such as changes in adhesion or
elasticity. An additional advantage over the contact mode is, that the tip is only
in intermittent contact with the sample and thus lateral forces are significantly re-
duced. However, the scanning speed is much lower in case of intermittent mode

compared to contact mode. 58!

EXPERIMENTAL DETAILS In this work, single molecule force spectroscopy as
well as colloidal probe microscopy were employed to investigate the interaction be-
tween filamentous actin and ezrin depending on its activation state. An extended
description of experimental details can be found in section 6.6. Ezrin wildtype,
ezrin T567A and Ts567D were imaged on solid-supported DPPC membranes con-
taining either PIP, or DOGS-NTA-N] as receptor lipid. A detailed description of

the experimental procedure can be found in section 5.6.

3.3.2  Confocal laser scanning microscopy

The confocal laser scanning microscopy (CLSM) has evolved as a fundamental non-
invasive imaging tool in many research fields including material science and life
science. Its success is based on both the improved resolution compared with con-
ventional wide-field fluorescence microscopy and the ability of optical sectioning,
which allows reconstruction of three-dimensional features. In a conventional fluo-
rescence microscope, a considerable portion of the sample is illuminated, thus re-
sulting in fluorescence emission not only from the focal plane, but also from above
and below. This out-of-focus light blurs the image and hence impairs resolution
and contrast. In CLSM, however, most of the out-of focus light is excluded by the
use of a spatial filter, commonly named as confocal aperture or pinhole. The term
confocal refers to the fact that this filter is situated in a conjugated focal plane. Fur-
ther decrease of out-of-focus fluorescence is achieved by pointwise illumination of
the sample and consequently sequential signal detection. Topographic information
of a sample can be reconstructed by recording a series of confocal two-dimensional
images as a stack in z-direction. The x,y-resolution of a CLSM under typical fluo-
rescence conditions is approximately 0.2 um, whereas the resolution in z-direction

is in the range of 0.7 pm. [59,60]
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Figure 3.4: Schematic setup of a confocal laser scanning microscope.

The confocal approach is depicted in figure 3.4. The incident laser beam is par-
allelized by the collimator lens and reflected by the dichroic beamsplitter into the
light path of the microscope. The objective focuses the beam to a diffraction lim-
ited spot onto the sample. The longer wavelength fluorescent light emitted from
the sample travels through the objective and passes the dichroic beamsplitter. Only
fluorescent light originated from the focal plane of the objective passes through the
confocal pinhole towards the detector, whereas any out-of-focus light is excluded.
A CLSM image is generated sequentially, that is, the laser beam is scanned over
the sample in a raster pattern. Therefore, no spatial resolution of the detector is

necessary. 59!

3.3.2.1  Fluorescence recovery after photobleaching

In 1972, Singer and Nicolson published the fluid mosaic model describing biolog-
ical membranes as two-dimensional fluids composed of diffusing lipids and pro-
teins.[®] During that time, a widespread interest in the investigation of transport
processes within lipid membranes lead, among other things, to the development
of fluorescence recovery after photobleaching (FRAP).[%? Fluorescent molecules
within a small region are photobleached irreversibly by a short light pulse of high
intensity. Immediately after photobleaching, the fluorescence recovery due to diffu-
sional mixing of bleached and unbleached species is monitored using an attenuated
light beam. This technique is able to disclose dynamics underlying the steady-state
distribution of fluorescent molecules. Fluorescence recovery is either observed or
not depending on whether the fluorophores are mobile or immobile. The first ap-

proach to quantify diffusion coefficients and immobile fractions was published by
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Axelrod et al.[%31 Assuming diffusion according to Fick’s second law in two dimen-
sions, the diffusion coefficient D of the fluorophor is given by:

2

w
D = é/ (3'16)

where wg represents the Gauss radius of the circular bleached spot and 1p is the
characteristic diffusion time. However, this approach relies on the assumptions
that the bleaching profile is of Gaussian shape, the photobleaching proceeds as
an irreversible first-order reaction, and that the bleach puls is short compared to
the characteristic time of recovery.[®4 One approach, which does not rely on the
knowledge of bleaching profile and geometry, is based on a Hankel transforma-
tion of the acquired data. In comparison with traditional FRAP analysis methods,
this method offers advantages including compensation for temporal variations in
intensity, diminished influence of noise, and shape independence of the bleached
area. Therefore, the Hankel transform method is in particular suitable for the anal-
ysis of experiments affected by nonideal conditions such as photobleaching during

recovery and drifts in illumination. (63!

EXPERIMENTAL DETAILS  Confocal imaging as well as FRAP experiments were
performed on the LSM 710 (Carl Zeiss, Jena, Germany). The confocal microscope
was equipped with a water immersion 63x objective with a numerical aperture
NA =1 (W Plan Achromat, Carl Zeiss, Jena, Germany) and operated with the soft-
ware Zen 2008. An Ar-laser was used for the excitation of AlexaFluor488 phalloidin
(Aex = 488nm, Aem = 495nm to 575nm), the perylene fluorescence was excited at
Aex = 405 nm by a diode laser and detected at Aem = 410nm to 480 nm, and a HeNe-
laser was chosen for the excitation of Bodipy-TMR-PI(4,5)P2 (Aex = 561nm, Aem =
574nm to 619 nm).

DATA ANALYSIS  The Hankel transform method published by Jonsson et al. was
used to analyze the acquired data.[®5! The analysis was performed using the pro-
gram frap_analysis with MATLAB R2012b.1! First, an image sequence containing
at least one pre-bleach frame was loaded. Secondly, the number of post-bleach
frames as well as the dark count value was specified. The latter was calculated
from a selected area within the bleached region. The largest radial value 7, with
respect to the center of the bleached region was defined and data specific values
such as pixelwidth (in pm) and frame time (in s) were entered. In the next step, the
bleached region was defined by drawing a polygon around its edges. After setting
all parameters, the data fitting window was opened, displaying a plot of the nor-
malized Hankel transform F(k,t)/F(k,0) as a function of both k and 477%k*t. The
highest value of k that should be used for the FRAP analysis was determined from
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the plot of F(k,t)/F(k,0) vs 47t°k?t as such that the normalized Hankel transform
followed an exponential decay of the lowest order possible. A general equation for
the determination of F(k,t) is given, considering a single as well as a two compo-

nent system, either with or without immobile fraction:

F(k,t) = F(k,0) [(1 — 72 — 70) exp(—47*k*D1t) (.19)
3-17

+72 exp(—4?k*Dat) + o],
where D; and D, are diffusion coefficients of components 1 and 2, 7 is the fraction
of immobile molecules and 1, is the fraction of the second component. Assuming
that we deal with diffusion of a single component with an immobile fraction of

molecules, that is D, = 7, = 0, equation 3.17 is simplified to:
F(k,t) = F(k,0) [(1 — 7o) exp(—47°k*D1t) + o] - (3.18)

All data were fitted according to equation 3.18 to obtain the diffusion coefficient Dy

as well as the immobile fraction .

3.3.3 Direct optical sensing techniques

Direct optical sensing methods have gained more and more attention during the
last decades, since labeling of any kind can influence the bioactivity of the target
molecule. These methods can be divided into two classes: (1) the reflectomet-
ric methods such as reflectometric interference spectroscopy (RIfS) and ellipsom-
etry and (2) evanescent field techniques such as surface plasmon resonance spec-

troscopy:. [67:68]

3.3.3.1 Reflectometric interference spectroscopy

Reflectometric interference spectroscopy (RIfS) is based on the reflection of white
light at the interfaces of a transparent layer system. Superposition of the partially
reflected beams generates an interference pattern, which leads to either destruc-
tive or constructive interference, depending on wavelength, angle of incidence and
optical thickness of the layer system. The optical thickness OT is the product of

refractive index n and physical thickness d of the interference layer:

OT = nd. (3.19)
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Assuming normal irradiation leads to the following conditions for interference:
Maximum constructive interference, that is maximum intensity, is achieved, if the

optical path length is an integer multiple m of the wavelength A,;x:
MAmax = 2n1d, (3.20)

whereas destructive interference results in minimum intensity fulfilling the follow-

ing condition: 69!

<m + ;) Amin = 2nd. (3.21)

In this work, a silicon wafer with a 5um layer of silicon dioxide is employed as
transducer. Incident light is on the one hand directly reflected from the substrate
surface, but on the other hand refracted into the silicon dioxide layer where it trav-
els toward the Si/SiO,-interface from which it is reflected again (figure 3.5, black
arrows). Superposition of refracted and reflected light generates an interference
spectrum (figure 3.5, black curve). The refractive indices of silicon dioxide, lipid
bilayers and proteins are in a similar range.[7°72 Thus, the thickness of the inter-
ference layer is increased upon membrane deposition and protein binding. The
greater optical path difference between refracted and reflected light (figure 3.5,
gray, dashed arrows) produces a red shifted interference spectrum (figure 3.5, gray,

dashed curve).
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Figure 3.5: Basic principle of RIfS. The initial interference layer is formed by a lipid bilayer
and the SiO,-layer of the transducer chip. White light illumination of the initial layer
and superposition of the partially reflected beams (black arrows) produces an interference
spectrum (black curve). Protein binding (gray arrows, dashed) leads to a thickening of the
interference layer resulting in a red shifted interference spectrum (gray curve, dashed).

EXPERIMENTAL SETUP  The setup comprises a tungsten halogen lamp, a y-
shaped optical fiber and an UV-VIS spectrometer all purchased from Ocean Optics
(Dunedin, USA). Silicon wafers with a 5um layer of silicon dioxide were used as
transducer chips (ABC - Active business company, Munich, Germany). The light
emitted by a tungsten halogen lamp is coupled into an optical fiber and transmitted

to a flow-through cell. In this chamber, the silicon chip is fixed by an acrylic glass
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cover containing the flow channel. The transducer is illuminated perpendicularly
to its surface, the light is reflected back into the optical fiber and transmitted to a
spectrometer. The spectrometer is operated with standard software from OceanOp-

tics.

DATA PROCESSING  The recorded intensity spectrum is converted into a reflec-

tivity spectrum according to the following equation: (73!

R — Im - Idark

. 22
Iref - Idark (3 )

R denotes the reflectivity, I, the measured intensity spectrum, I.¢ the reference
intensity spectrum of a purely reflective surface, and Iy, the dark current of the
spectrometer. The parameters of the following equation (equation 3.23) are fitted to
the reflectivity spectrum (equation 3.22) to obtain the change in optical thickness.
The fitting procedure is carried out using the RIfS evaluation tool provided by

Milena Stephan.

R(A) = 13 + 2111y cos (£OT) + 13

= . 2
1+ 2riracos (OT) + r3r3 (3.23)

r1 and ro denote the Fresnel coefficients of the respective interfaces. Assuming

perpendicular incidence of light, the Fresnel coefficient of the interface is given by:

ny —np
ny +ny’

(3-24)

where 117 and 1, denote the refractive indices of the adjacent layers. The refractive
indices at the sodium D-line (589 nm) of water, silicon dioxide, and silicon amount
to ny,0 = 1.3316, ngi0, = 1.5442, and ng; = 3.8714, respectively. 74!

3.3.3.2 Surface plasmon resonance

Surface plasmon resonance (SPR) is a charge density wave phenomenon that occurs
at the interface between a metal and a dielectricum when light irradiated under
specific conditions couples with the conduction electrons near the metal surface.
However, only metals that are described by the free electron model such as gold
and silver are suitable for optical excitation of surface plasmons (SPs).[75! SPs are
collective electron oscillations propagating along the metal-dielectricum interface.

The amplitude of such a transverse magnetic wave decays exponentially on either
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side. Solving Maxwell’s equations using appropriate boundary conditions, the

frequency dependent wavevector kg, of a SP can be described as follows: 7!

_w €4€m
ksp = — *’r v (3-25)

where w denotes the circular frequency, ¢ the speed of light, and e the dielectric
constants for metal (subscript m) and dielectric medium (subscript d). If the prop-

agation of a photon in dielectric medium is considered,

w
kphoton = ?\/a/ (3.26)

it follows that resonant coupling, that is transformation of photons into plasmons,
is not possible because of ksp > kphoton- However, resonant coupling of light and
SPs can be achieved as the wavevector of light is increased by a third dielectric
medium of high refractive index (¢ > €4). For this purpose, a prism is commonly
used as coupling device. Under attenuated total reflection (ATR) conditions, the

x-component of the light wavevector Kppoton, x i given by:

w .
kphoton, X = ? 4/ Eprism SN Oy, (327)

where &pism denotes the refractive index of the prism and ©; the angle of incidence
above the critical angle ©..

One geometry applying a prism coupler to meet ATR criteria is the Kretschmann
configuration (figure 3.6). A prism with high refractive index is in contact with a
thin metal layer. P-polarized light, passing from the optically denser prism to the
less dense metal at an angle of incidence ©®; above a critical angle O, is totally
reflected from the interface. Despite total internal reflection, a component of this
light, the evanescent wave, penetrates the interface, exponentially decaying into the
metal layer. If the metal layer is sufficiently thin (below 100 nm for visible and near-
infrared light), the evanescent wave is able to pass through the metal and to couple
with SPs on the other side. When the coupling condition kx = ksp is matched, a
characteristic drop in intensity of the reflected light is observed (SPR dip) due to
the energy transfer between the evanescent wave and SPs. Changes in refractive
index within the evanescent wave’s penetration range alters the wavevector and
thus results in a different plasmon resonance angle ©; (figure 3.7 A). This angle
shift correlates with the adsorption and desorption of molecules, respectively. The
kinetics of an adsorption/desorption process is obtained by monitoring the inten-

sity of reflected light as a function of time (figure 3.7 B).[7778]
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Figure 3.6: SPR setup. Surface plasmon excitation by laser irradiation of an attenuated total
internal reflection setup in the Kretschmann configuration.

EXPERIMENTAL SETUP  SPR experiments were performed using a Res-Tec2005
spectrometer (Resonant Technologies, Framersheim, Germany). Surface plasmon
excitation was achieved employing a HeNe-laser (632.8nm) and a LaSFNg high
refractive index prism (n = 1.84) with a Kretschmann configuration. A thin gold
layer (50nm) was evaporated on a LaSFNg glass substrate. The backside of the
glass plate and the prism were optically coupled by a matching immersion oil. An
open face flow-cell was mounted on top of the gold surface. In- and outlet tub-
ing provided a flow-through system. The spectrometer was controlled using the
WASPLAS software provided by the manufacturer. Before each experiment, sam-
ple and detector motors were adjusted by the goniometer stage to align the laser
beam path. A gold coated LaSFNg glass plate was functionalized overnight by im-
mersion in a 5:1 ethanolic mixture of HS-11-(EG);-OH and (HS-11-(EG);-NTA) as
described in section 3.2.1.1 and assembled with prism and flow-cell. The NTA head
groups were charged with 100 mM aqueous Ni*" solution. Before and after protein
binding an angular scan (®; =49° to 65° in aqueous solution) was performed in
scan mode. Such a spectrum exhibits a steep increase in reflectivity at the critical
angle ©. upon total internal reflection followed by an abrupt dip indicating the
surface plasmon excitation (figure 3.7 A). For kinetic measurements, an angle @y,
in the linear regime before the minimum was chosen. As consequence, reflectivity
changes are linearly related to changes in refractive index. Thus, protein binding
was monitored in the kinetic mode, that is reflectivity was recorded as a function

of time at fixed angle Oy, (figure 3.7 B).

33



34

METHODS AND MATERIALS

A B

AR

Reflectivity
Reflectivity

Y
Y

Incidence angle Time

Figure 3.7: (A) Surface plasmon resonance angular reflectivity spectrum in buffer before
(gray) and after (red) adsorption. (B) Kinetic measurement of adsorption by monitoring
the reflectivity over time at fixed angle Oy;y,.

3.3.4 Scanning electron microscopy

The scanning electron microscope (SEM) enables imaging feature sizes of less than
1nm. In principle, a beam of high energy electrons is emitted by an electron cath-
ode and focused by a series of electromagnetic lenses at the sample’s surface. Scan-
ning coils control the beam position and allow the illumination of the sample in a
raster scan pattern. The kinetic energy of the incident primary electrons is dissi-
pated upon interaction with the specimen and generates a variety of signals includ-
ing secondary electrons, backscattered electrons, diffracted backscattered electrons,
X rays, and cathodoluminescence. Commonly used for SEM imaging are secondary
and backscattered electrons. Morphological and topographical features are illus-
trated by detecting second electrons, whereas phase contrasts are visualized by the
detection of backscattered electrons. To avoid scattering of electrons before reach-
ing the sample and thus reduce the resolution, SEMs are usually operated in high

vacuum mode. 79

EXPERIMENTAL SETUP  SEM experiments were performed using a LEO SUPRA™
35 SEM microscope (Zeiss, Jena, Germany). The microscope is equipped with a
Schottky field emission gun, in-lens and lateral secondary electron detectors. Elec-
tron acceleration voltages between 2kV to 5kV were applied. The aperture was set

to 3oum.



HOW MEMBRANE PREPARATION INFLUENCES PIP2

4.1 INTRODUCTION

The phosphoinositide PIP, — A lipid standing apart because of its versatile roles within the

cell

Although r-a-phosphatidylinositol-4,5-bisphosphate (PIP,) constitutes a minor frac-
tion of ~1 % of the lipids in the plasma membrane, it fulfills a multiplicity of func-
tions within the cell including cytoskeletal attachment,[" regulation of actin poly-
merization, 3] enzyme as well as ion channel activation, 181.82] endo- and exocyto-
sis.[83785] Moreover, PIP, is the precursor compound of three second messengers,
namely diacylglycerol (DAG), inositol-1,4,5-trisphosphate (IP,), and phosphatidyl-
inositol-3,4,5-trisphosphate (PIP,), thus participating in signal transduction. (86

The most prominent structural feature of PIP, is the inositol head group, which
is rather large compared to usual lipid head groups such as choline (figure 4.1).
The PIP, head group is assumed to protrude from the membrane surface, thus pro-
viding membrane anchoring for a vast number of proteins. The orientation relative
to the membrane surface is predicted to amount approximately 45° as derived by
molecular dynamic simulations.[87! Owing to its phosphate groups, PIP, possesses
a net negative charge ranging from —3 to —5 under physiological conditions. 8]
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Figure 4.1: A Structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
L-a-phosphatidylinositol-4,5-bisphosphate (PIP,, predominant species). B Space-filling
models of POPC and PIP, illustrating the differently sized head groups. Adapted from
McLaughlin et al.[88]

To illustrate the versatility of this particular lipid, we will consider the effect of

a local increase in PIP, concentration on the activation and inhibition of selected
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actin binding proteins, respectively (figure 4.2). On the one hand, binding to PIP,
promotes the function of certain actin binding proteins: (i) Members of the ezrin,
radixin, moesin (ERM) protein family are well-known linker proteins, mediating
the interaction between the plasma membrane and actin cytoskeleton. Their ac-
tivation relies on PIP, binding and subsequent phosphorylation of a conserved
threonine residue. The activation and its impact on the F-actin (filamentous actin)
binding capability of these proteins will be discussed in chapter 5 and 6 in more
detail. (ii) The actin related protein complex 2/3 (Arp 2/3) is an actin filament
nucleating protein, thus promoting the formation of a nucleation core, which is
the initial step in actin polymerization. Arp 2/3 is stimulated by members of
the Wiskott-aldrich syndrome protein (WASP) family, such as neuronal WASP (N-
WASP), that are themselves activated by PIP,. [89,90]

Local increase in PIP,

Activation of ... / \ Inhibition of ...

ADEF/ Profilin
Cofilin Twinfilin

i / i |

Increased membrane- Enhanced actin filament assembly

actin linkage

ERMs N-WASP

Figure 4.2: Local increase in PIP, regulates actin binding proteins. ERM proteins are acti-
vated, resulting in increased linkage of membrane and actin cytoskeleton. Binding of N-
WASP to Arp2/3 is enhanced by PIP, and promotes actin filament assembly. ADF/Cofilin,
Profilin and Twinfilin are inhibited by PIP, which enhances actin filament assembly as well.
On the other hand, PIP, binding leads to inhibition of actin binding proteins with
severing or capping functions: (i) Actin depolymerizing factor (ADF)/cofilins ac-
celerate actin dynamics by facilitating the disassembly of F-actin. Binding to PIP,
impairs actin binding and accordingly their depolymerization function. [91,92] (i)
Both profilin and twinfilin are able to sequester actin monomers. However, their
function is inhibited upon interaction with PIP,.[93] Based on the ability of PIP, to
interact with many actin binding proteins, a pivotal role as regulator of cell shape
and dynamic membrane functions has been attributed to this lipid. This view is
corroborated by Raucher et al. in optical tweezer experiments, showing that the
adhesion energy between plasma membrane and cytoskeleton is directly propor-

tional to the PIP, concentration.!®! The authors suggested that local changes in
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PIP, concentration alter the interactions between actin binding proteins, regulating
the membrane-cytoskeleton interface.

Considering the variety of functions PIP, fulfills, the question arises how this
rather simple molecule achieves such versatility. Moreover, with regard to the over-
all scarceness of PIP, within the membrane, it appears rather astonishing how PIP,
chooses among the numerous PIP, binding proteins. It has been argued that differ-
ent PIP, subpopulations of distinct reactivities owing to its molecular organization
- individual lipid, small aggregates or large lipid complexes — might be the key
to such diverse functions.!%4 Lines of evidence such as the partial inaccessibility
of PIP, moieties toward a PIP, binding PH domain support this hypothesis.!95]
Therefore, several mechanisms including localized production of PIP,, local se-
questration as well as lipid reorganization induced by membrane curvature and
cationic or transmembrane proteins have been suggested to account for different
PIP, pools. %]

For instance, local sequestration of PIP, is achieved by the positively charged
myristoylated alanine-rich C-kinase substrate (MARCKS). Both in vivo and in vitro
studies suggest that MARCKS is involved in controlling the concentration of free
PIP, within the plasma membrane by nonspecific electrostatic sequestration.97]
Several in vitro experiments have shown that MARCKS is able to efficiently prevent
phospholipase C catalyzed PIP, hydrolysis, thus corroborating lateral sequestration
of PIP,.[98991 A mechanism combining both hydrophobic insertion of the myristate
anchor and electrostatic interaction with acidic lipids, in particular with PIP,, for
localization at the plasma membrane has been proposed to account for the high
affinity of MARCKS to PIP,.[991%l Furthermore, recent biophysical studies have
shown that sequestration of PIP, can be induced as well by divalent ions such as
calcium (Ca?*) and magnesium (Mg2+).[1°1‘1°3] Levental et al. investigated the in-
fluence of Ca?>" on domain formation in PIP,-containing monolayers. The authors
reported the formation of PIP, enriched domains with a concomitant surface pres-
sure drop and attributed this effect to the multivalency of PIP, as a correlation
with the pH value was observed.[*? The idea of a primarily electrostatic mecha-
nism was further corroborated by Ellenbroek et al., showing in experiments and
coarse-grained simulations that PIP, clusters — even at low molar fractions of 2 % —
via Ca®* mediated electrostatic interactions.[1°3] To what extent Ca>* contributes to
the formation of different PIP, subpopulations in vivo remains elusive. It is proba-
bly a function of the Ca®" concentration within the cell, which is between 1077 M to
1074 m.["4] However, with regard to in vitro studies it is pivotal to carefully evalu-
ate the influence of Ca?* on PIP,, thus preventing possible misinterpretation as it is

often used as spreading additive or in conjunction with Ca?* dependent proteins.
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How to favor the formation of solid-supported lipid bilayers

In general, many different factors are important with regard to bilayer formation
upon fusion of small unilamellar vesicles (SUVs) including ionic strength, vesicle
size and composition, surrounding pH value and surface charge. "5 The forces act-
ing between lipid vesicles and the solid support encompass on the one hand attrac-
tive van der Waals (VdW) forces and electrostatic repulsion, which can be described
in the framework of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. On
the other hand, further repulsive contributions such as hydration and steric forces
are often predominant at short distances between 1nm to 3nm, thus preventing
adhesion and fusion of uncharged lipid vesicles and bilayers.[461°¢l In this work,
SUVs composed of POPC/PIP, (92:8) were used to prepare solid-supported lipid
bilayers (SLBs) on silicon substrates. The silicon support is covered with a 1oonm
silicon dioxide layer. Ong et al. suggested a two site model of the silicon diox-
ide/aqueous interface based on second harmonic generation experiments. [1071 One
silanol site occupies 81 % of the overall silanol sites and has a pK, of 8.5, whereas
the other one, occupying the remaining 19 % of sites, has a pK, of 4.5. Depending
on the buffer conditions, PIP, can have a net charge up to —5 due to its three phos-
phate groups. The pK,, values of the phosphate groups at the 4- and 5-position
of the inositol ring are approximately 6.7 and 7.7.[18] Accordingly, both lipid vesi-
cles and the substrate are negatively charged over a wide range of pH values. The
formation of SLBs involves vesicle adsorption to the substrate followed by vesicle
rupture and fusion. " Therefore, strategies have been developed minimizing elec-
trostatic repulsion between lipid vesicles and the substrate by either screening or
reducing the surface charge.

Screening of surface charges is in general achieved by increasing the ionic strength.
On the one hand, monovalent cations such as sodium (Na*) and potassium (K*)
adsorb to the negatively charged moieties, thus reducing the Debye length and
leading to the formation of an uniform bilayer.['*°l Furthermore, it has been shown
that Na* binds more strongly to the phosphate moieties of phospholipids than K*
does.[111] On the other hand, divalent cations do not only screen charges, but also
appear to interact directly with lipids and surfaces, promoting the fusion of lipid
vesicles to solid support.['°9112l In particular Ca?* influences the spreading pro-
cess as such that its effect cannot be described adequately by the classical DLVO
theory.[1°6113] So far, no exact mechanism is known how the Ca**-promoted SLB
formation occurs. During the initial phase of vesicle adsorption, Ca?* may act as
bridging medium between surface and vesicles.['"4l Moreover, local dehydration

and defects in lipid packing evoked by Ca?* are suggested.[1°6] Local stress in-
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duced by Ca?" may lead to an increased exposure of the hydrophobic core, giving
rise to enhanced hydrophobic attraction and hence bilayer fusion. [4°]

Reducing the surface charge is achieved by lowering the pH value resulting in
increasing protonation of negatively charged moieties.[3] Within pH 6.8to pH 7.7,
the net charge of PIP, is calculated to be —4, whereas it is reduced to approximately
—3 at pH 4.8.188115]

In general, in vivo experiments investigating the impact of PIP, at the plasma mem-
brane are rather challenging as the PIP, metabolism is controlled by a complex
network of enzymatic processes.['*! Unraveling such complexity can be achieved
by establishing model systems of known composition. In particular, artificial mem-
brane systems have emerged as versatile tools to study membrane related bio-
logical processes in a well defined environment, while retaining important cell
membrane properties such as the two-dimensional fluidity and hydrophobic core.
Several biophysical studies employing for instance solid-supported membranes
(SSMs), [14.15,117] large unilamellar vesicles (LUVs),[118-120] ang giant unilamellar
vesicles (GUVs),[197121] aimed at elucidating interactions between proteins and PIP,
in a well defined environment. Considering dimensions and membrane curvature,
micrometer sized GUVs rather mimic cells than LUVs (~100nm in diameter) and
are easily investigated by means of fluorescence microscopy.°* Although SSMs
are characterized by a reduced lateral lipid mobility because of the solid support
and by the lack of an internal compartment as compared to unilamellar vesicles,
they are rather stable.['2?l Moreover, SSMs are inestimable tools for the investiga-
tion of biological processes at the interface between membrane and aqueous phase
as they allow beside fluorescence microscopic assays the application of numerous
surface sensitive techniques including atomic force microscopy (AFM), reflectomet-
ric interference spectroscopy (RIfS), and surface plasmon resonance spectroscopy
(SPR).

In this work, we employed two different types of SSMs. On the one hand, we
prepared solid-supported lipid bilayers (SLBs) on silicon support. On the other
hand, solid-supported hybrid membranes (SHMs) were formed upon spreading of
SUVs on silanized silicon substrates. Assuming that at least some in vivo interac-
tions with PIP, rely on higher concentrations than the global PIP, level of approx-
imately 1%, the development of model systems with high PIP, content is highly
desirable. However, spreading of SUVs containing >4 mol% PIP, on silicon sup-
port is hindered because of the high net negative charge of PIP, of approximately

—4 at pH 7.4. Based on the strategies mentioned above to improve SLB formation,
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three different spreading protocols for PIP,-containing SUVs (up to 8 mol%) were
established, addressing either the aspect of screening or reducing surface charges.
In presence of either 2mm Ca?*, or 200mmM Na®, or at pH 4.8, successful SLB for-
mation was monitored by RIfS and confocal laser scanning microscopy (CLSM).
Although we succeeded in membrane formation for all spreading protocols, we
observed drastic differences with regard to the accessibility of PIP, head group,
which was controlled upon addition of the PIP, binding protein ezrin.

Moreover, we investigated the distribution of PIP, within SLBs and SHMs by us-
ing the fluorescently labeled PIP, analogue Bodipy TMR-PIP, as tracer. The lateral
mobility of Bodipy TMR-PIP, was monitored by means of fluorescence recovery
after photobleaching (FRAP) experiments. Notably, differences regarding the im-
mobile fractions were observed upon comparison of SLBs and SHMs. Furthermore,
the impact of clustering agents as well as the influence of PIP, binding proteins on

the lateral mobility was analyzed by using Ca®* and ezrin, respectively.

4.2 RESULTS

4.2.1  Spreading of PIP,-containing POPC vesicles (8 mol% PIP,) on silicon substrates

and subsequent ezrin binding

Three spreading protocols, namely A, B, and C were evaluated (table 4.1). RIfS
was used as a precise tool to monitor the change in optical thickness (AOT) during
the spreading process of SUVs composed of POPC/PIP, (92:8) on hydrophilized

silicon substrates.

Table 4.1: Spreading protocols A, B, and C for PIP,-containing SUVs.

Buffer Composition

A 20mM TRIS/HCI, 2mwm CaCl,, 5o0mm KCl, 0.1 mm NaN3, pH 7.4
AE 20mm TRIS/HCI, somMm KCl, 10mm EGTA, 0.1 mm NaNj;, pH 7.4
B 20mM TRIS/HCI, 200 mm NaCl, 0.1 mm NaN,, pH 7.4

C 20mw Citrate, 50 mM KCI, 0.1 mMm EDTA, 0.1 mMm NaN,, pH 4.8

E1 20mM TRIS/HCI, so0mm KCl, 0.1 mm EDTA, 0.1 mm NaN,, pH 7.4

After membrane formation, ezrin was added to monitor the accessibility of the PIP,
head group. The RIfS experiments were performed according to the procedure de-
scribed in section 3.3.3.1. The refractive indices of silicon dioxide, lipid bilayers and
proteins are in a similar range.[7°721 Accordingly, detected changes in OT, averaged

over an area of 1mm?, can be correlated with changing physical layer thicknesses
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upon deposition of lipid or protein material as the optical thickness is the product
of refractive index n and physical layer thickness d. Figure 4.3 shows the typical
course of a RIfS experiment. The addition of PIP,-containing SUVs to the silicon
substrate leads to spreading of vesicles and subsequent formation of a SLB (a, b).
The process is finished when no more changes in OT are detected, resulting typi-
cally in an average increase in OT of approximately 6 nm (c). The addition of pro-

tein generates an additional increase in OT due to adsorption of protein to PIP, (d).
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Figure 4.3: Schematic drawing of typical RIfS experiment. Baseline of bare silicon wafer (a).
Spreading of PIP,-containing SUVs leads to increasing OT (b). SLB formation is achieved
when no more changes in OT are detected (c). Binding of protein to PIP, leads to further
increase in OT (d).

In addition to RIfS experiments, the membrane quality was evaluated by CLSM
imaging. SLBs consisting of POPC/PIP, /Perylene (91:8:1) were prepared according
to the respective spreading protocol. AlexaFluor488 labeled ezrin was added to
visualize the accessibility of the PIP, head group to ezrin binding depending on
the spreading conditions with higher spatial resolution as compared to RIfS. In a
previous thesis, it has been shown that the fluorescent label does not change the

functionality of ezrin. [123]

PROTOCOL A  The spreading of SUVs in Ca?*-containing buffer A led to an in-
crease in optical thickness of AOT= 10.2nm. By rinsing with EGTA-containing
buffer AE to remove Ca?" from the system, a decrease of AOT= —1.9nm was ob-
served, leading to a final value of AOT= 8.3nm for the POPC/PIP, bilayer (figure
4.4 A1, RIfS). This AOT value was remarkable as typical AOT values due to bilayer
formation lay rather in the range of 6nm to 6.5nm (chapter 5). The optical thick-
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ness remained constant while the buffer was changed to protein buffer E1 to set
appropriate conditions for ezrin binding to PIP,. The addition of ezrin to a final
concentration of 0.7 1M, however, did not affect the optical thickness (figure 4.4 A2,
RIfS). Apparently, no ezrin was bound to the PIP,-containing bilayer.

SLBs prepared according to spreading protocol A showed a continuous Perylene
fluorescence, indicating the formation of a bilayer (figure 4.4 A1, CLSM). Never-
theless, the fluorescence intensity was not as homogeneous as expected. Bright
fluorescent circular structures, which can be attributed to adhered excess vesicles,
were distributed over the entire sample. The addition of AlexaFluor488 labeled
ezrin (final concentration o.5um) led to the formation of submicrometer clusters

rather than to a complete surface coverage (figure 4.4 A2, CLSM).

RIfS CLSM

AI 12

A OT (nm)
> (o)) [0

SUVsinA i AE | E1

0 10 20 30

AZ 12

10

Ex i Ezrin E1

A OT (nm)

30 40 50
Time (min)

Figure 4.4: Spreading process of SUVs composed of POPC/PIP, (92:8) in buffer A, subse-
quent rinsing with buffer AE and protein buffer E1 monitored by means of reflectometric
interference spectroscopy (A1, RIfS). Addition of ezrin to a final concentration of 0.7 um
to PIP,-containing membrane (A2, RIfS; OT was set to zero to allow fast determination of
AOT upon protein binding). Confocal fluorescent image of POPC/PIP,/Perylene (91:8:1)
SLB prepared in buffer A (A1, CLSM). After rinsing with AE and E1, AlexaFluor488 la-
beled ezrin (final concentration 0.5 uMm) was added (A2, CLSM). Scale bars: 10 pm.?

In conclusion, both methods RIFS and CLSM validated the formation of a con-

tinuous bilayer via spreading procedure A. However, ezrin binding to the SLB was

a RIfS experiments and CLSM imaging performed by C. Kramer and D. Morick.
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strongly hampered, indicated by the unchanged AOT value in RIfS and by the
spotlike ezrin adsorption observed by CLSM.

To evaluate the apparent high AOT due to membrane formation found in RIfS
measurements, we performed further CLSM experiments controlling the formed
SLB before and after rinsing with Ca®"-chelating buffer. Instead Perylene, the fluo-
rophor Bodipy-C,,HPC was used as less energetic light is required for its excitation.
Therefore, it is less sensitive toward photobleaching. We found that in presence of
Ca?* not only a lipid bilayer is formed by spreading POPC/PIP,/Bodipy-C,,HPC
(96.8:3:0.2) vesicles onto silicon substrates, but also a significant number of intact
vesicles, adhering to the bilayer, were observed as indicated by the bright green
fluorescence (figure 4.5 A). The amount of vesicles was reduced by rinsing with
EDTA-containing buffer, although no complete detachment was achieved (figure

4.5 B), similar to the situation depicted in figure 4.4 A1, CLSM.
A B

Figure 4.5: Confocal fluorescent image of SLB formed upon spreading of SUVs com-
posed of POPC/PIP,/BODIPY-C,,HPC (96.8:3:0.2) in buffer (20mm TRIS/HCl, 1omm
CaCl,, 5o0mm KCl, 0.1 mm NaN,, pH 7.4) before (A) and after 15 min incubation in EDTA-
containing buffer (B). Scale bars: 10 pum.

Consequently, the apparent high AOT value obtained for the SLB formation accord-
ing to spreading protocol A most probably originates in adhering excess vesicle,

which are impossible to remove by rinsing with Ca?*-chelating buffer.

PROTOCOL B Spreading SUVs in high salt buffer B caused an increase in opti-
cal thickness of AOT= 6.4nm, indicating the formation of a lipid bilayer. Buffer B
was exchanged against protein buffer E1 and a final value of AOT= 6.6 nm was ob-
tained for the formed bilayer (figure 4.6 B1, RIfS). An increase in optical thickness
of AOT= 1.0nm was detected after the addition of ezrin to a final concentration of
0.7 1M, illustrating the adsorption of protein. Rinsing with buffer E1 reduced the
protein layer’s thickness to AOT= 0.6 nm (figure 4.6 B2, RIfS).

SLBs prepared for CLSM experiments according to the spreading protocol B showed

a rather homogeneously distributed Perylene fluorescence as compared to the one
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observed with spreading procedure C (figure 4.6 B2, CLSM). After the addition of
AlexaFluor488 labeled ezrin to a final concentration of 0.5 1M, few protein clusters
with a diameter of several micrometers were detectable among many submicrome-

ter clusters (figure 4.6 B2, CLSM).
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Figure 4.6: Spreading process of SUVs composed of POPC/PIP, (92:8) in buffer B, subse-
quent rinsing with protein buffer E1 monitored by means of reflectometric interference
spectroscopy (B1, RIfS). Addition of ezrin to a final concentration of o.7um to PIP,-
containing membrane (B2, RIfS; OT was set to zero to allow fast determination of AOT
upon protein binding). Confocal fluorescent image of POPC/PIP,/Perylene (91:8:1) SLB
prepared in buffer B (B1, CLSM). After rinsing with E1, AlexaFluor488 labeled ezrin (final
concentration 0.5 M) was added (B2, CLSM). Scale bars: 10 um.P

Conclusively, SLB formation according to spreading procedure B was confirmed
by RIfS and CLSM. Although some ezrin binding to the SLB was detected, the
observed surface coverage did not correspond to full coverage, which we would

expect in case of SLBs containing 8 mol% PIP,.[*4]

PROTOCOL C  Upon spreading of SUVs in buffer C at pH 4.8, an increase in
optical thickness of AOT= 6.3nm was detected. The buffer exchange to protein
buffer E1 did not affect the optical thickness of the formed bilayer (figure 4.7 C1,
RIfS). In contrary to the spreading protocols A and B, the addition of ezrin (final

concentration 0.7 uMm) led to an increase in optical thickness of AOT= 6.5 nm. Rins-

b RIfS experiments and CLSM imaging performed by C. Kramer and D. Morick.



4.2 RESULTS

ing with buffer E1 removed nonspecifically bound protein and caused a decrease
of AOT= —1.8nm. The optical thickness of the protein layer was determined with
AOT= 4.7nm (figure 4.7 C2, RIfS).

Analogous to the procedures A and B, the preparation of SLBs according to spread-
ing protocol C yielded membranes of good quality, as indicated by the homoge-
neous Perylene fluorescence (figure 4.7 C1, CLSM). Upon addition of AlexaFluor488
labeled ezrin to a final concentration of 0.5 1M, a complete ezrin layer was obtained,
as can be concluded from the abundant AlexaFluor488 fluorescence (figure 4.7 C2,
CLSM).
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Figure 4.7: Spreading process of SUVs composed of POPC/PIP, (92:8) in buffer C, subse-
quent rinsing with protein buffer E1 monitored by means of reflectometric interference
spectroscopy (C1, RIfS). Addition of ezrin to a final concentration of o.yum to PIP,-
containing membrane (Cz, RIfS; OT was set to zero to allow fast determination of AOT
upon protein binding). Confocal fluorescent image of POPC/PIP,/Perylene (91:8:1) SLB
prepared in buffer C (C1, CLSM). After rinsing with E1, AlexaFluor488 labeled ezrin (final
concentration 0.5 uM) was added (C2, CLSM). The edge of the substrate is visualized in
the lower left corner of the image (intersection to black area). Scale bars: 10 um.*

Notably, spreading protocol C provides both reliable SLB formation and unhin-
dered ezrin binding to PIP,-containing SLBs as indicated by a distinct increase in
OT upon ezrin addition and by the homogeneously dispersed AlexaFluor488 fluo-

rescence.

¢ RIfS experiments and CLSM imaging performed by C. Kramer and D. Morick.
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4.2.2  Lateral mobility of Bodipy TMR-PIP, within solid-supported membranes (3 mol%
PIP,)

Fluorescence recovery after photobleaching (FRAP) experiments were performed
to investigate the lateral mobility of the fluorescent PIP, analogue Bodipy TMR-
PIP, within membranes. For this purpose, solid-supported lipid bilayers (SLBs)
as well as hybrid membranes (SHMs) on solid-support were analyzed. Mem-
branes were obtained by spreading SUVs composed of POPC/PIP,/Bodipy TMR-
PIP,/Perylene (96:2.5:0.5:1) either on a hydrophilized silicon substrate (SLB) or on
dodecyl-trichlorosilane functionalized silicon wafers (SHM). Owing to the lower
PIP, content, spreading could be directly performed in E1 buffer. The lower PIP,
percentage was chosen to visualize a possible reorganization of PIP, caused by the
addition of PIP, binding agents. Perylene was added to control whether membrane
formation was successful, while the distribution of PIP, and its lateral mobility was
monitored by Bodipy TMR-PIP, fluorescence. All membranes, SHMs and SLBs,
were characterized by a homogeneously distributed Perylene fluorescence similar
to the images shown in figures 4.4 to 4.7. Typical pictures recorded during a FRAP
experiment are depicted in figure 4.8. The first two of them, 1a and 2a, were taken
before the bleach pulse. The Bodipy TMR-PIP, fluorescence is in both cases homo-
geneously dispersed within the membrane considering the resolution of the CLSM.
Small defects are present in 1a, whereas 2a seems to be more noisy owing to the
higher magnification. The series 1b-d and 2b-d illustrate the fluorescence recovery
of Bodipy TMR-PIP, due to diffusion after bleaching. However, it is obvious that
in case of the SHM setup (figure 4.8 1b-d), the fluorescence recovers almost com-
pletely within short time, whereas the SLB stays partially bleached (figure 4.8 2b-d).
More precisely, a partial recovery of fluorescence intensity is observed, while the

edges remain rather well-defined.

Figure 4.8: Fluorescent recovery experiments on solid-supported hybrid membranes (1a-
d) and lipid bilayers (2a-d). Lipid composition: POPC/PIP,/Bodipy TMR-PIP,/Perylene
96:2.5:0.5:1. Scale bars: 10 pm.



4.2 RESULTS

To quantify the differences between SLB and SHM setup, the diffusion coefficients
and mobile fractions of Bodipy TMR-PIP, were determined according to Jonsson
et al. (section 3.3.2.1).1! In case of the SLB setup, the diffusion coefficient was in
the range of (2.9 & 0.3) pm?/s (figure 4.9 A, dark blue). The diffusion coefficient de-
termined for the SHM setup amounts to (3.0 £ 0.5) um?/s (figure 4.9 A, light blue),
which is similar to that of the SLB setup. Differences between the setups become
evident by comparing the respective mobile fractions. The SLB setup is character-
ized by a reduced mobile fraction of (52 & 9) % (figure 4.9 B, dark blue), whereas
SHMs seem to recover almost completely with (98 & 3) % (figure 4.9 B, light blue).
The calculation is based on ten and eleven fluorescence recovery measurements

from four independent experiments for the SLB and SHM setup, respectively.
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Figure 4.9: Diffusion coefficients visualized as box plots (A) and bar diagram showing
the mobile fractions (B) of Bodipy TMR-PIP, within SLBs (dark blue, n = 10 from 4 in-
dependent experiments) and SHMs (light blue, n = 11 from 4 independent experiments)
obtained by means of FRAP. Lipid composition of membranes: POPC/PIP,/Bodipy TMR-
PIP,/Perylene (96:2.5:0.5:1).

Due to its excellent fluorescence recovery behavior, the SHM setup was chosen to
investigate the influence of divalent ions as well as the effect of protein binding
on the lateral mobility of Bodipy TMR-PIP,. After a 2h incubation period with
Ca2+-containing buffer (20 mm TRIS/HCI, 50 mMm CaCl,, 5o mMm KCl, 0.1 mm EDTA,
o.xmMm NaN,, pH 7.4), the diffusion coefficient of Bodipy TMR-PIP, decreased to
(1.4 £ 0.4) pm?/s (figure 4.10, light red). The addition of AlexaFluor488 labeled
ezrin to a final concentration of 0.5 um to SHMs, however, had even a more drastic
effect on the lateral diffusion of Bodipy TMR-PIP,. After a period of 2h protein in-
cubation, it was reduced to (0.7 + 0.5) pm?/s (figure 4.10, light green). No diffusion
coefficient could be determined for AlexaFluor488 labeled ezrin, as it appeared to
be completely immobile during the measurements. Only regions characterized by

an apparently homogeneous distribution of Bodipy TMR-PIP, fluorescence were

evaluated by means of FRAP.
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Figure 4.10: Box plots showing the distribution of diffusion coefficient of Bodipy TMR-PIP,
within SHMs (POPC/PIP,/Bodipy TMR-PIP, /Perylene 96:2.5:0.5:1) without additive (light
blue, n = 11 from 4 independent experiments) and after the addition of either 50 mm Ca?*
(light red, n = 8 from 2 independent experiments) or 0.5 uMm AlexaFluor488 labeled ezrin
(light green, n = 14 from 5 independent experiments) obtained by means of FRAP.

Figure 4.11 shows the respective mobile fractions. The mobile fraction of the
SHM system without additive amounts to (98 & 3) % (light blue), whereas the ad-
dition of Ca?" led to (85 + 13) %. In presence of ezrin, the mobile fraction was re-
duced to (89 £ 9) %. Within the range of error PIP, is still rather mobile, indicating
the formation of small PIP, aggregates diffusing more slowly than the individual

lipid, however.

100" : ]
S | 1
E 80t |
T 60
&
= 40!

S
= 20
0
S $
> >
&

Figure 4.11: Bar diagram showing the mobile fractions of Bodipy TMR-PIP, within SHMs
(POPC/PIP,/Bodipy TMR-PIP,/Perylene 96:2.5:0.5:1) without additive (light blue, n = 11
from 4 independent experiments) and after the addition of either 5omm Ca?* (light red,
n = 8 from 2 independent experiments) or 0.5 uM AlexaFluor488 labeled ezrin (light green,
n = 14 from 5 independent experiments) obtained by means of FRAP.

Considering that AlexaFluor488 labeled ezrin was immobile during the measure-
ment, the rather small reduction in mobile fraction implicates that the interaction
between PIP, and ezrin might not be static. Instead, dissociation of PIP, and re-

binding of PIP, can occur. As AlexaFluor488 labeled ezrin remained bound to the
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surface, we can assume that the protein is at least bound via two different PIP,
binding sites. This is in agreement with Niggli et al. proposing several distinct PIP,

binding based on site directed mutagenesis.[124]

4.2.3 Influence of additives on Bodipy TMR-PIP, distribution within solid-supported hy-
brid membranes (3 mol% PIP,)

In the previous section we described how additives had affected the lateral mobil-
ity of Bodipy TMR-PIP,. These results raise the question whether the distribution
of Bodipy TMR-PIP, is changed by them. Is their effect observable within the
resolution of the CLSM or are the structures too small to be resolved? Confocal
fluorescent images were taken before the addition of either Ca* or ezrin to control
the formed SHM. The Bodipy TMR-PIP, as well as the Perylene fluorescence was
in general homogeneously dispersed (figure 4.12 a, b). Some inhomogeneities in
the fluorescence intensity of Bodipy TMR-PIP, could be observed remaining un-

changed on the time scale of the experiment, however (figure 4.12 b).

Figure 4.12: Confocal fluorescent image of SHM composed of POPC/PIP,/Bodipy TMR-
PIP,/Perylene (96:2.5:0.5:1). (a) blue channel: Perylene, (b) red channel: Bodipy TMR-PIP,,
(c) overlay. Scale bar: 10 pm.

After a 2 h incubation period in Ca?"-containing buffer (20 mm TRIS/HCI, 50 mm
CaCl,, somMm KCl, 0.1 mm NaN,, pH 7.4) and subsequent rinsing with EDTA-free
E1 buffer, the Perylene fluorescence was still uniformly distributed (figure 4.13
a), whereas inhomogeneities in the Bodipy TMR-PIP, fluorescence were observed
(figure 4.13 b). It appears that the Bodipy TMR-PIP, fluorophor is excluded from
micrometer sized areas within the hybrid membrane. This behavior, tough, was
not observed for the total membrane surface area, but rather a coarsening of the
Bodipy TMR-PIP, fluorescence was detectable. The overlay of Perylene and Bod-
ipy TMR-PIP, channel (figure 4.13 c) shows this effect together with areas where
no Bodipy TMR-PIP, fluorescence is found. The apparent coarsening might be at-
tributed to the formation of areas without Bodipy TMR-PIP, molecules, which are

too small to be resolved by means of CLSM.
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Figure 4.13: Confocal fluorescent image of SHM after incubation with Ca?* (somwm). (a)
blue channel: Perylene, (b) red channel: Bodipy TMR-PIP,, (c) overlay. Scale bar: 10 pm.

Similar to the experiments with Ca?", we investigated the influence of ezrin
binding on the distribution of Bodipy TMR-PIP, within the membrane. After a 2h
incubation period with 0.5 um AlexaFluor488 labeled ezrin and subsequent rinsing
with E1 buffer, the Perlyene fluorescence was still homogeneous, whereas Bodipy
TMR-PIP, colocalized with the AlexaFluor488 labeled ezrin showing the specificity

of the ezrin-PIP,-interaction (figure 4.14).

Figure 4.14: Confocal fluorescent image of SHM after incubation with AlexaFluor488 la-
beled ezrin. (a) blue channel: Perylene, (b) red channel: Bodipy TMR-PIP,, (c) green
channel: AlexaFluor488 labeled ezrin. Scale bar: 10 um.

The black areas in the Bodipy TMR-PIP, and AlexaFluor488 channel are assigned
to areas without the respective fluorophor. These areas, however, are rather irregu-
larly shaped as compared to the ones formed upon Ca?" addition. The exclusion
of Bodipy TMR-PIP, fluorophores is not uniform. On the one hand, there are areas
as depicted in figure 4.14, but on the other hand, a rather homogeneous distribu-
tion of Bodipy TMR-PIP, and AlexaFluor488 labeled ezrin can be observed. The
deviations in the PIP, distribution due to ezrin binding might be caused by local

differences in ezrin concentration.
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4.3.1  Influence of spreading conditions on solid-supported lipid bilayers (8 mol% PIP,)
One membrane, different thicknesses

The formation of a lipid bilayer was successful for all spreading protocols, indicated
by a characteristic increase in optical thickness in RIfS experiments. The Perylene
fluorescence was found to be homogeneous in case of spreading procedures B and
C, whereas protocol A yielded membranes exhibiting different levels of Perylene
intensity. Deviations of spreading procedure A from B and C were also observed
with respect to the recorded AOT values upon vesicle spreading.The increase was
with AOT= 10.2nm significantly higher than those obtained for the protocols B
and C, which amount to 6.4 nm and 6.3 nm, respectively. These values rather corre-
spond to the typical changes in optical thickness due to bilayer formation (AOT=
6.0nm to 6.5nm) determined in RIfS experiments. According to equation 3.19, the
change in optical thickness AOT is the product of layer thickness and refractive
index. Assuming that the refractive index of a lipid bilayer is n = 1.5,[125] 4 bilayer
thickness of 4.4nm and 4.2nm are calculated for spreading protocol B and C, re-
spectively. This is in the range of (3.98 & 0.08) nm for a POPC bilayer, determined
via simultaneous analysis of small angle neutron and X-ray scattering data.*2%! The
slightly higher bilayer thickness in our case is most probable due to the incorpora-
tion of PIP,, whose head group is assumed to protrude from the lipid bilayer up
to (5.99 & 1.26) A with respect to the bridging phosphate diester. 7l However, the
apparent high optical thickness in case of spreading protocol A, resulting in bilayer
thickness of 6.8 nm, can most likely be attributed to excess vesicles adsorbed to the
lipid bilayer. Although the amount of vesicles was reduced by rinsing with EDTA-
containing buffer, no complete detachment was achieved, resulting in an apparent

bilayer thickness of 5.5 nm.

One membrane, different PIP, accessibility

The influence of the different spreading conditions on the PIP, accessibility in terms
of ezrin binding was remarkable. It should be noted that all membranes were
treated after spreading such that identical conditions for protein adsorption were
ensured. Although all spreading procedures led to membrane formation, only SLBs
prepared according to protocol C showed significant protein coverage. An increase

in optical thickness of AOT= 4.7nm arising from ezrin binding could be observed
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(figure 4.7 C2, RIfS). If the refractive index of an adsorbed protein layer is assumed
to be n = 1.5,1%7] the layer thickness amounts to 3.1 nm according to equation 3.19.
This is in good agreement with the height of ezrin on PIP,-containing SLBs, ob-
tained by atomic force imaging (chapter 5). In addition, CLSM imaging revealed
complete surface coverage due to ezrin binding, as can be inferred from the ho-
mogeneously distributed AlexaFluor488 labeled ezrin on the PIP,-containing mem-
brane (figure 4.7 C2, CLSM). This is in accordance with quartz-crystal microbalance
(QCM) experiments showing that a PIP, content of ~7mol% is sufficient to achieve
maximum protein coverage of solid-supported membranes. 4

Only minor ezrin binding, indicated by AOT= 0.6nm, was observed for proce-
dure B, yielding a layer thickness of 0.4 nm according to equation 3.19. This value,
however, is substantially lower than the one determined in case of spreading pro-
tocol C. This apparently low height of the protein layer can be rationalized by the
fact that the recorded RIfS signal is averaged over a region of 1 mm?. Consequently,
the height directly relies on the degree of protein coverage. As indicated by CLSM,
no complete ezrin surface coverage was observed. Instead, protein clusters in the
size of several micrometers were formed besides smaller clusters.

In case of spreading protocol A, only spotlike ezrin adsorption to the PIP,-
containing membrane was observed as indicated by the bright green AlexaFluor488
fluorescence, while no ezrin binding was detectable in the RIfS experiment (figure
4.4 A2, RIfS). This difference can be attributed to data acquisition in RIfS as well
since the effective adsorption averaged over the detection area is too small to be
detected.

Obviously, both protocol A and B appear to change the accessibility of the PIP,
head group as compared to procedure C. As we employ identical conditions for
protein binding, the differences among the spreading protocols most probably orig-
inate owing to changed PIP, distributions within the membrane. With regard to
an inhomogeneous PIP, distribution, there are two possibilities: (i) the spreading
conditions induce PIP, cluster formation on both sides of the membrane and (ii) an
asymmetric distribution across the leaflets is obtained, i.e., PIP, is predominantly
located in the proximal leaflet of the SLB and thus not available for ezrin binding.
In the following, we will first consider the effect of Ca?t and then the influence of
Na*on PIP,.

Wang et al. could show in both fluorescence and AFM studies that PIP,-containing
monolayers (50mol%) transferred to glass substrates after addition of 1 mm Ca®"
were characterized by inhomogeneous PIP, distribution due to phase demixing. In
AFM and TEM (transmission electron microscopy) experiments with 1mol% PIP,
in presence of 1 um Ca?*, they determined the cluster size to (40 + 11) nm.[*28] Lev-

ental et al. demonstrated that the lateral organization of PIP, is sensitive to small
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changes in Ca%" concentration. In combined Langmuir film balance and epifluo-
rescence experiments, they could show that PIP,-rich domains were formed upon
addition of Ca?". By modeling the change in surface pressure as a function of the
Ca?* concentration by first-order reversible binding with a pH value independent
dissociation constant, they determined a K4 value of ~3 pm.[*?9 The clustering ef-
fect of CaZt, however, is not restricted to monolayers, as phase demixing within gi-
ant unilamellar vesicles was observed upon Ca®* addition.[°**28] Therefore, we ex-
pected to induce PIP, clustering upon Ca?* addition in our measurements as well.
However, all studies mentioned above could show that the clustering effect was
reversible by adding corresponding concentrations of EDTA or EGTA, respectively.
For this reason, we believed to reverse Ca?* induced PIP, clustering by rinsing with
EGTA-containing buffer. However, the presence of Ca’>" during membrane forma-
tion appeared to hamper the binding of ezrin to PIP,, although EGTA should have
removed Ca?" from the system. This led to the question whether EGTA chelates
Ca?" efficiently or whether there were still amounts of Ca*" present. The apparent
dissociation constant of EGTA and Ca?* at pH 7.1amounts to Kg = 131nm[13°],
which is significantly lower than the K4 value for Ca*" and PIP, determined by
Levental et al. (~31m).[291 Hence, Ca?* should be chelated by appropriate EGTA
concentration and consequently be removed from the solution. However, it might
be that the aggregation of PIP, within the membrane is maintained because of hy-
drogen bonding between individual PIP, molecules.[*37133] We will discuss this
aspect in more detail in the following.

Ca?" induced asymmetric PIP, distribution across the leaflets has not been re-
ported to the best of our knowledge in SLBs so far. Rossetti et al. demonstrated
by evaluating the mobility of labeled phosphatidylserine (PS), an anionic phospho-
lipid, that most of the PS within a phosphatidylcholine matrix on TiO, is facing the
oxide surface in presence of Ca*, suggesting a bridging effect.[*3#! However, they
showed that this behavior is surface specific as no asymmetric PS distribution was
observed within SLBs prepared on SiO,. If we dealt with an asymmetric transbi-
layer distribution of PIP, in terms of PIP, enrichment in the proximal leaflet, we
would expect an immobile fraction >50 % of PIP, in FRAP experiments. We were
not able to substantiate this idea in experiments. Accordingly, it appears that an
asymmetric PIP, distribution across the leaflets caused by Ca*" bridging is rather
unlikely.

In contrast to Ca2*, NaTis monovalent and thus not able to bridge PIP,. Con-
trary effects of Ca?>" and Na'on the surface pressure of pure PIP, monolayers
were reported by Levental et al.['33] Ca?* caused a drop in surface pressure, thus
indicating the bridging of PIP, within the monolayer, whereas Na™exhibited an ex-

panding effect, i.e, an increased surface pressure was detected upon Na'addition.
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Interestingly, a purely electrostatic mechanism could be excluded as monolayers
containing other anionic lipids such as phosphatidylserine were not affected in
the same way. Instead, a slight contraction of the monolayer was observed upon
increased ionic strength owing to reduced electrostatic repulsion. The authors ar-
gued that Na'disrupts the hydrogen-bonded network of PIP,. Accordingly, one
would assume a rather homogeneous distribution of PIP, within the membrane in
presence of Na®. However, we used a significantly lower PIP, content of 8 mol%
and bilayers instead of monolayers. For this reason, a direct correlation might be
only valid to a limited extent.

Nevertheless, several lines of evidence suggest significant contribution of hydro-
gen bonding with regard to local accumulation of PIP,. Redfern et al. investigated
the domain forming tendency of PIP, within phosphatidylcholine vesicles employ-
ing different biophysical techniques.*32l The authors reported a pH-dependent for-
mation of PIP, enriched domains, which they attributed to hydrogen bond medi-
ated attraction. Enhanced domain formation was observed for pH values > pKa,,
indicating that the deprotonated 4 and 5’-phosphomonoester groups act as hy-
drogen bond acceptors. In the first place, this is rather surprising as one might
expect increased repulsive forces because of deprotonation. However, it appears
that attractive forces including hydroxyl/phosphomonoester, hydroxyl/phospho-
diester, and hydroxyl/hydroxyl interactions overcome electrostatic repulsion. No-
tably, the loss of proper hydrogen bond acceptors as a consequence of lowering
the pH value leads to enhanced lipid mixing. Liepina et al. corroborated the hy-
drogen bond induced PIP, aggregation in dynamic molecular simulations showing
that PIP, clusters within a phosphatidylcholine lipid bilayer are stabilized via hy-
drogen bonding.['31] Tt appears that the PIP, distribution is regulated by a subtle
interplay between hydrogen bonding and electrostatic repulsion. Hydrogen bond-
ing should favor the segregation of PIP,, whereas repulsive forces should produce
homogeneously distributed PIP,.

Obviously, further evaluation concerning the distribution of PIP, as a function of
applied spreading conditions is necessary. For this purpose, the fluorescent PIP,
analogue Bodipy TMR-PIP, was incorporated into the membrane to visualize the
distribution of PIP,. SLBs were prepared by spreading SUVs composed of POPC/
PIP,/Bodipy TMR-PIP,/Perylene (91:7.5:0.5:1) on silicon substrates according to
the respective spreading protocol. Notably, differences with respect to the PIP,
distribution within the membrane were detected by CLSM (figure 4.15). SLBs pre-
pared according to protocol A were characterized by excess vesicles adsorbed to
the membrane surface as already observed in figure 4.4 A1 CLSM and 4.5. The
number of adhered vesicles could be reduced to a certain degree by rinsing with

AE buffer. However, it was impossible to achieve complete removal as indicated
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in figure 4.15 by the bright fluorescent structures. The application of spreading
protocol B lead to rather inhomogeneously dispersed Bodipy TMR-PIP,, whereas
spreading protocol C yielded a comparably homogeneous distribution of the PIP,

analogue.

Protocol A Protocol B Protocol C

Figure 4.15: Confocal fluorescent images illustrating the influence of spreading conditions
on PIP, distribution. Overlay of blue Perylene fluorescence and red Bodipy TMR-PIP,
fluorescence to visualize the distribution of PIP,. Lipid composition: POPC/PIP,/Bodipy
TMR-PIP,/Perylene (91:7.5:0.5:1). Scale bars: 10 um.

A distinct influence of spreading conditions on the PIP, distribution emerges.
In light of these experiments, the deviation in protein binding as a function of
spreading might be based on different PIP, distributions.

In case of spreading protocol A, the Ca?* induced clustering of PIP, was not
reversed by rinsing with Ca®*-chelating buffer, preventing full protein surface cov-
erage. Moreover, the tightly adhering excess vesicles impair any application of
these SLBs in connection with surface-sensitive techniques.

In case of spreading protocol B, the rather inhomogeneous distribution of PIP,
was not expected as such. Assuming that NaTis able to reduce electrostatic repul-
sion as well as to disrupt hydrogen bonds, a homogeneous distribution of PIP,
should be preferred. A speculative assumption is that the inhomogeneities might
be the result of the subtle interplay of hydrogen bonds and reduced repulsive forces.
Na*reduces the electrostatic repulsion, thus allowing PIP, molecules to come closer.
This might enhance hydrogen bonding if the Na* concentration is not too high and
consequently cause the formation of PIP, enriched domains as indicated in figure
4.15. However, to test this hypothesis further experiments are required investi-
gating the effect of variation in pH, similar to the work of Redfern et al. with
PIP,-containing vesicles.['3?] Spreading at low pH values should always produce
homogeneously dispersed PIP, as the number of proper hydrogen bond acceptors
is reduced.

Notably, PIP, appears to be rather homogeneously dispersed upon vesicle spread-
ing according to protocol C (figure 4.15). Lowering the pH value decreases the net
charge of PIP,, thus reducing the electrostatic repulsion among PIP, molecules.

Moreover, it decreases the number of proper hydrogen bond acceptors via protona-
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tion and accordingly the ability of PIP, to form hydrogen bonds between individual
PIP, molecules.

In conclusion, we propose that the apparent reduced ezrin adsorption in case
of spreading protocol A might be attributed to hydrogen bonds maintaining the
Ca?" induced PIP, clusters. Accordingly, it would be impossible to achieve com-
plete protein surface coverage as PIP, is not homogeneously distributed within
the membrane. A similar explanation might account for the obvious PIP, inho-
mogeneities in case of spreading protocol B. However, it remains elusive why no
PIP, redistribution is observed when the spreading buffers are exchanged for the
protein buffer E1, which is considerably lower in ionic strength and contains no
Ca2". Considering that the diffusion length of a lipid molecule with a diffusion co-
efficient of 3 um?/s over 60s amounts to ~27 pm, we expected that the PIP, lipids
would be randomly redistributed in absence of clustering factors. Whether hydro-
gen bonding can account solely for the inhomogeneous distribution of PIP, should
be revealed upon the addition of uncharged chaotropes, such as urea, disrupting
the aggregation of PIP,. Moreover, esterification of the phosphate groups in PIP,
should give additional information whether hydrogen bonding is causing inhomo-

geneities in the PIP, distribution.

4.3.2  PIP, mobility within solid-supported membranes (3 mol% PIP,)
High immobile fractions of Bodipy TMR-PIP, in solid-supported lipid bilayers

The lateral mobility of Bodipy TMR-PIP, as PIP, tracer was investigated within a
POPC matrix by means of FRAP. Considering that all experiments were carried out
at room temperature, the lateral diffusion coefficients of ~3 um?/s for both SHMs
and SLBs were in good agreement with values for POPC SLBs, determined by deu-
terium nuclear magnetic resonance (NMR) relaxation.['35! Interestingly, differences
with respect to the mobile fractions emerged between SHM and SLB setup. The
mobile fraction in case of the SHM setup amounts to almost 100 %, whereas it is
drastically reduced to 52 % for SLBs. This indicates that in the latter case, a symmet-
rical transbilayer distribution of PIP, with hindered diffusion within the proximal
leaflet may be the reason for the decrease in mobile fraction to ~50 %. This is in ac-
cordance with observations made by Bosk.['?3! In general, SLBs should retain their
fluidity due to the thin, lubricant water layer between bilayer and substrate. 3]
However, Hetzer et. al could show by means of NMR that frictional coupling be-
tween substrate and proximal leaflet influences significantly the lateral diffusion of
lipids within this monolayer. Surprisingly, the distal leaflet is not affected, thus in-

dicating low friction forces between the two monolayers.['37] These results suggest
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that an averaged, reduced diffusion coefficient may be obtained. However, within
the time frame of the experiments the diffusion within the distal leaflet may be ne-
glected. Considering both mobile fraction of 50 % and similar diffusion coefficient
to the one in case of SHMs, we suggest that the diffusion in the proximal leaflet is
drastically reduced, whereas the diffusion in the distal leaflet remains unhindered,

determining the average diffusion coefficient.

Effects of calcium and ezrin: Slowing down PIP,

We observed upon the addition of either Ca?* or ezrin slowed diffusion of the
fluorescent PIP, analogue Bodipy TMR-PIP, within SHMSs, thus indicating the for-
mation of PIP, clusters. The same trend was reported by Wang et al. in fluores-
cence correlation spectroscopy (FCS) experiments. They found a retardation of the
diffusion coefficient of Bodipy TMR-PIP, in GUVs to (0.8 £ 0.4) pm?/s in presence
of 1oum CaZt.[128] However, this value is even below the diffusion coefficient of
(1.4 £ 0.4) pm?/s we determined for Bodipy TMR-PIP, within SHMs upon incuba-
tion in Ca"-containing buffer (50 mm) and subsequent rinsing with EDTA-free E1
buffer. As a matter of fact, we should expect to observe a lower diffusion coef-
ficient as we employ model membranes on solid support rather than GUVs and
we determined the diffusion coefficients by means of FRAP instead of FCS mea-
surements. (1381391 According to Guo et al., the diffusion coefficient within model
membranes is shifted to larger values when measuring on small length scales as
in case of FCS measurement, whereas for FRAP experiments, measuring on large
length scales should produce smaller values. However, the diffusion coefficient
most probably relies on the size of the formed PIP, cluster as such that larger ag-
gregates should diffuse slower than smaller ones. Assuming that the formation of
larger PIP, clusters is favored within GUVs owing to the higher mobility of lipids
as compared to SLBs and the possibility to generate membrane curvature to accom-
modate the large lipid head group, we might expect smaller PIP, clusters within
SHMs and accordingly an increased diffusion coefficient. This is corroborated by
the observation of PIP, clustering within GUVs in presence of Ca?>" by means
of CLSM.["1128] On the contrary, we observed rather a coarsening of the Bodipy
TMR-PIP, fluorescence within SHMs than the formation of distinct PIP, clusters,
although some regions depleted in Bodipy TMR-PIP, were detected (figure 4.13).
Considering that Wang et al. determined the size of Ca?* induced PIP, clusters to
(40 £ 11) nm in solid-supported monolayers (10 mol% PIP,) by means of AFM and
TEM, it appears likely that we are not able to resolve these clusters owing to the
limited resolution of the CLSM. [28]
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Golebiewska et al. addressed the question of different PIP, pools within Rat1
cells by microinjection of Bodipy TMRPIP, and subsequent measurements of its
diffusion.['4°] They determined an average diffusion coefficient for Bodipy TMR-
PIP, of (0.9 & 0.2) pm?/s in the unperturbed inner leaflet of the plasma membrane,
while a value of (2.5 £ 0.8) ym?/s was derived for its diffusion in blebs formed on
the plasma membrane. Blebs are characterized by a rather poor coupling to the
cytoskeleton, thus resembling a typical artificial phospholipid bilayer. Accordingly,
the determined values are in rather good agreement with our diffusion coefficients
of Bodipy TMR-PIP, within SLBs or SHMs, (2.9 + 0.3) pm?/s and (3.0 £ 0.5) um?/s,
respectively. An average diffusion coefficient of (3.3 + 0.8) um?/s for Bodipy TMR-
PIP, in GUVs was found in a previous study, indicating the slightly lower lateral
mobility of lipids in SSMs as compared to vesicle membranes lacking the solid sup-
port.['41] Notably, the addition of the cytoskeletal linker protein ezrin decreased
the lateral mobility of Bodipy TMR-PIP, to (0.7 = 0.5) pm?/s, similar to the value
Golebiewska et al. found in the unperturbed inner leaflet of the plasma mem-
brane. 4%l We conclude that ezrin is able to slow down the diffusion of PIP, within
artificial membranes at complete surface coverage of ezrin. Moreover, we observed
the formation of domains enriched in Bodipy TMR-PIP,, which colocalized with
ezrin covered areas indicating that ezrin may be able to induce clustering of PIP,.
The question whether ezrin binding leads to reorganization of PIP, is still a mat-
ter of controversy. Based on self-quenching assay with fluorescent analogues of
PIP,, Blin et al. argued that ezrin does not induce the clustering of PIP,, whereas
MARCKS does. "9 However, it might be a function of the local ezrin concentra-
tion as the same group suggested reorganization of PIP, by ezrin in GUVs using
ezrin concentrations up to ~15um.[°!l In this study, they reported the colocaliza-
tion of PIP, fluorophores and fluorescently labeled ezrin at GUVs and apparently
clustered ezrin-PIP, complexes in some places, indicated by enhanced fluorescence.
Although we employed lower concentrations of ezrin, this is in good agreement
with our observations. We always found colocalization of ezrin and PIP,. Mostly,
the distribution of PIP, remained apparently homogeneous upon ezrin addition.
However, in some places we observed regions depleted in PIP, and ezrin, thus sug-
gesting that ezrin might be able to reorganize PIP,. Accordingly, further reduction
of the PIP, content may clarify the reorganization capabilities of ezrin. This process
might depend on the lateral protein-protein interaction, which were observed by
AFM imaging of ezrin on SLBs.[7] The authors proposed that the ezrin monolayer
is formed emanating from few nucleation sites by attractive lateral protein-protein

interactions on the membrane.
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4.4 CONCLUSION

In this work, we presented three strategies that allowed the reliable preparation
of SLBs on silicon support by spreading SUVs containing up to 8 mol% PIP,. We
demonstrated that a thorough investigation of the obtained membranes is pivotal
to evaluate the influence of different spreading conditions on membrane forma-
tion and subsequent protein binding. The spreading protocols employing either
2mm Ca?", 200mMm Na™, or pH 4.8, were evaluated by means of RIfS and CLSM
with respect to binding of ezrin, a cytoskeleton-membrane linker protein, which
binds specifically to PIP,. We were able to show that the agents employed dur-
ing the spreading process have a considerably strong influence on ezrin binding.
We suggest that this behavior is attributed to different PIP, distributions caused
by the influence of spreading agents. In particular, we strongly advise to refrain
from using Ca?" as spreading additive in connection with PIP, containing vesicles.
SLBs prepared in presence of Ca** were characterized by a high number of ad-
hered excess vesicles, which was not significantly reduced even after rinsing with
Ca2"-chelating buffer. Consequently, such membranes are not suitable for the ap-
plication of surface sensitive techniques. Increasing the ionic strength produced
unexpectedly a rather inhomogeneous distribution of PIP,, which is obstructive if
e.g. the PIP, sequestration properties of a protein are to be investigated. However,
we found suitable spreading conditions by lowering the pH value to 4.8 pH during
the spreading process. This protocol allowed both the reliable membrane forma-
tion even in presence of high molar fractions of PIP, and the subsequent binding
of ezrin. It is worth to mention that SLBs containing < 4mol% PIP, can also be
prepared at pH 7.4 and similar ezrin coverage is observed in both cases.

Moreover, we presented an alternative approach to prepare solid-supported mem-
branes with high PIP, content. SHMs were formed upon spreading of PIP, contain-
ing vesicles on silanized silicon substrates. This setup is in particular useful for the
determination of diffusion coefficients and immobile fractions by means of FRAP as
the fluorescence intensity contribution is reduced to the distal leaflet. Accordingly,
the lack of the often rather immobile proximal leaflet in SLBs does not hamper the
FRAP data analysis in case of SHMs. The fluorescently labeled PIP, analogue Bod-
ipy TMR-PIP, was used to evaluate the distribution of PIP, and its lateral mobility.
We were able to show that both Ca?" and ezrin lead to reduced lateral mobility of
Bodipy TMR-PIP, within the membrane and partial PIP, reorganization. However,
it is not clear whether the Ca?* dependent sequestration of PIP, occurs as well in
the much more complex cell membrane. Notably, the lateral mobility of PIP, was
reduced upon ezrin binding to a value similar to diffusion coefficients found in cel-

lular plasma membrane.['4°l Although it remains elusive whether ezrin promotes
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PIP, clustering within the cell, it appears reasonable that it might at least be able

to maintain preformed aggregates.

4.5 CO-WORKERS

Kramer, Corinna (RIfS and CLSM experiments shown in figures 4.4, 4.6, 4.7); Morick,
Daniela (CLSM experiments shown in figures 4.4, 4.6, 4.7)

46 EXPERIMENTAL DETAILS

MATERIALS  The lipids L-a-phosphatidylinositol-4,5-bisphosphate (PIP,, purified
from porcine brain with a fatty acid composition primarily composed of 18:0,
18:1, and 20:4 acyl chains) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) were obtained from Avanti polar lipids (Alabaster, USA). The fluorescently
labeled PIP, analogue Bodipy TMR-PIP, (C16) was from Echelon Biosciences (Salt
Lake City, USA). The fluorophores Perylene and AlexaFluor488 C5-maleimide were
obtained from Life Technologies (Darmstadt, Germany). Dodecyl-trichlorosilane
(DTS) was from Sigma-Aldrich (Steinheim, Germany). Silicon wafers were pur-
chased from Silicon materials (Kaufering, Germany). All chemicals were of the
highest purity available. Water was purified first through a Millipore water purifi-
cation system Milli-RO 3 plus and finally with a Millipore ultrapure water system
Milli-Q plus 185 (specific resistance = 18.2 M()/cm) (Billerica, USA).

EXPERIMENTAL  Details on the preparation of lipid films, SUVs and SLBs are
listed in section 3.2.2. The silanization and subsequent formation of SHBs is ex-
plained in section 3.2.1.2 and 3.2.2.3.

The experimental procedure of RIfS and SPR experiments can be found in section
3.3.3. Details on FRAP experiments as well as a detailed description concerning the

data analysis is listed in section 3.3.2.1.



THE ACTIVATION PROCESS OF EZRIN: ON THE TRAIL OF
THE CONFORMATIONAL CHANGE

5.1 INTRODUCTION
Ezrin, radixin, and moesin: A family of membrane-cytoskeleton linkers

A finely tuned linkage of the plasma membrane and the subjacent actin cytoskele-
ton is a prerequisite for the organization and dynamic characteristics of the cell
membrane architecture. Members of the ezrin-radixin-moesin (ERM) protein fam-
ily are known to provide such a regulated connection, thus participating in ad-
hesion, motility, and fundamental developmental processes./"3! Ezrin was identi-
fied as 8okDa component of the microvillar cytoskeleton in 1983 and named in
recognition of Ezra Cornell University.[142] In 1988, Moesin (membrane-organizing
extension spike protein) was isolated from bovine uteri and identified as receptor
protein for heparin.[*43] Radixin was characterized as an actin-binding protein and
found to be highly concentrated in the undercoat of adherens junctions of rat liver
cells in 1989.[144l ERM proteins have been examined in culture cell lines and various
tissues with respect to their localization. Even though they are coexpressed in most
cultured cell lines,[145-147] cells within the body show different and even restricted
patterns of expression. Epithelial and mesothelial cells express ezrin, whereas
moesin is expressed in the endothelium.[™#8l In microvilli of epithelial cells only
ezrin was found, while in hepatocytes exclusively radixin is present.['49] Notably,
moesin-deficient mice did not develop any distinguishable phenotype, leading to
the assumption of redundancy among ERM proteins.!?l However, specific roles for
individual ERM proteins have been reported. For instance, radixin-knockout mice
show loss of hearing and selective degeneration of cochlear stereocilia, where ezrin
substituted for radixin, in the inner ear, thus not being able to compensate for
radixin deficiency.['5°] At the subcellular level, all ERM proteins are concentrated
in actin-rich membrane projections such as microvilli, filopodia, and membrane

ruffles.[151]
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Structural homology of ERM proteins

The ERM proteins exhibit a high degree of ~85% sequence homology. Conse-
quently, they are characterized by similar structural features (figure 5.1).['1 ERM
proteins possess a ~300 residue N-terminal ERM association domain (N-ERMAD),
providing membrane attachment via specific interaction with the phosphoinositide
L-a-phosphatidylinositol-4,5-bisphosphate (PIP,).["l N-ERMAD is also referred to
as FERM (four-point-one, ezrin, radixin, moesin) domain, reflecting the identifica-
tion of this domain within a protein family of membrane-cytoskeleton linkers. [*52]
The C-terminal ERM association domain (C-ERMAD) contains a binding site for
filamentous actin (F-actin) mapped to the last 34 amino acids, which is highly con-
served among ERM proteins.!®! N-ERMAD and C-ERMAD are connected via an
a-helical linker region. Moreover, ezrin and radixin contain a polyproline stretch
between a-helical and C-terminal region. A conserved threonine residue — T567
(ezrin), T564 (radixin), and T558 (moesin), respectively — is located within the C-
ERMAD, which is considered to play a pivotal role in the activation of ERM pro-

teins (see below).[3!

N-ERMAD (FERM domain) C-ERMAD
I I a-helical A
Erin [ i
1 206 PP T567 585
Radixin G
PP Ts64

Moesin 60%

T558

Figure 5.1: Schematic drawing showing the sequence identity of moesin and radixin to
ezrin. All ERM proteins are characterized by the ~300 residue N-ERMAD, also referred
to as FERM domain (dark grey). A F-actin binding site (green) is located within the C-
ERMAD containing a conserved threonine residue. Its phosphorylation is involved in the
activation of ERM proteins. N-ERMAD and C-ERMAD are connected via an a-helical linker
region (light gray) with high propensity for coiled-coil formation. Ezrin and radixin contain
a polyproline region (black, PP). Adapted from Bretscher et al. [3!

Crystal structures of the N-terminal domains of the ERM proteins as well as the
moesin FERM/tail complex led to a deeper understanding of the structural arrange-
ment.['537155] The FERM domain forms a clover-shaped structure subdivided into
three structural modules F1-F3 (figure 5.2 A). In particular, the IP,/radixin-FERM
complex revealed a possible PIP, binding site located in the basic cleft between F1
and F3 subdomain. Li et al. succeeded in crystallizing full-length moesin, isolated

from Spodoptera frugiperda cells (figure 5.2 B).[15%] It is characterized by ~60 % cDNA
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(complementary deoxyribonucleic acid) sequence identity with human ERM pro-
teins. The structure exhibits typical ERM protein features including the N-terminal
three-lobed FERM domain, the a-helical linker region, and the C-ERMAD. The «a-
helical domain is composed of three extended helices, from which two of them
form an antiparallel coiled-coil of ~7nm in length. Notably, parts of the a-helical
linker region appear to block the PIP, binding site located in the basic cleft. This
region was identified as inhibitory linker, which is believed to be released after ini-
tial association of PIP, to a binding site located in the F3 subdomain of moesin. [*2°]
The authors suggested sequential binding of PIP, to this binding site followed by

binding to the one situated within the basic cleft.
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Figure 5.2: A Crystal structure of the FERM domain of ezrin subdivided into three struc-
tural modules F1-F3 (PDB ID: 1NI2). B Crystal structure of full-length moesin isolated
from Spodoptera frugiperda cells (PDB ID: 2I1]).

The activation process of ERM proteins

Several lines of evidence indicated that the function of ERM proteins is confor-
mationally regulated by strong interaction between N-ERMAD and C-ERMAD.
Based on the expression of either full-length ezrin or its N- and C-terminal parts in
cells, Algrain et al. proposed that ezrin interacts with the plasma membrane via N-
ERMAD, while the linkage to the actin cytoskeleton is mediated by C-ERMAD. 57!
The relevance of C-ERMAD with regard to association to the actin cytoskeleton
was corroborated by Turunen et al. identifying a ~34 amino acid F-actin binding
site in the C-ERMAD of ezrin[®l. Gary et al. could show in biochemical studies that
self-association of N-ERMAD and C-ERMAD prevented F-actin binding. 7l Owing
to the high degree of structural homology, it can be assumed that ERM proteins are
characterized by a similar activation mechanism. In this context, a conformational
mask model was established proposing the existence of different ERM pools — an

inactive, also referred to as dormant state, and an active form exposing the F-actin
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binding site (figure 5.3).

Y

Activation —

Figure 5.3: Schematic drawing showing conformational regulation of ERM proteins. Self-
association of N-ERMAD (blue) and C-ERMAD (orange) results in the inactive or dormant
conformation. Dissociation is induced by activation leading to the active state.

Consequently, exposure of the F-actin binding site requires the dissociation of
the N-ERMAD/C-ERMAD complex induced by activation factors. A threonine (T)
residue within the F-actin binding site was identified as strong candidate for this
role. This conserved residue was recognized for ezrin, radixin, and moesin — T567,
Ts564, and T558, respectively — as target for phosphorylation by Rho-kinase and
protein kinase C @.[891 Matsui et al. could show that the phosphorylation of this
specific threonine by Rho kinase in vitro reduces the N-ERMAD/C-ERMAD inter-
action, whereas the F-actin binding capability of C-ERMAD is not affected.[9 Fur-
thermore, PIP, was suggested as candidate for the activation of ERM protein. [*5°]
Several biochemical studies and cellular assays confirmed that PIP, is not only
responsible for membrane attachment but also plays a functional role in the activa-
tion process of ERM proteins.[1591%] Based on these findings, a two-step model
was proposed for ERM activation comprising recruitment to the membrane by
PIP, and subsequent phosphorylation of the conserved threonine residue in the
C-ERMAD.[1213]

Several studies mapped the conformational change either by structural changes
in the protein or indirectly by monitoring its binding capability to F-actin. Maniti
et al. investigated ezrin and moesin with regard to potential secondary structure
modifications due to PIP, binding. The authors could observe that both proteins
undergo conformational changes upon binding to PIP,. Moreover, the changes
were substantiated by an increased sensitivity to proteolysis, indicating a weaken-
ing of the tight N-ERMAD/C-ERMAD complex.[®*] In a previous study, we could
confirm that the combination of PIP, binding and phosphorylation leads to a sig-
nificant increase in F-actin surface coverage of ezrin covered solid-supported lipid
bilayers (SLBs).[*4]

In this work, we aimed at elucidating the conformational change of ezrin upon
activation by using reflectometric interference spectroscopy (RIfS) and atomic force
microscopy (AFM). The increase in optical thickness (OT), i.e., the product of re-
fractive index and physical layer thickness, over an area of 1 mm? is detected in
our RIfS setup, whereas AFM allows to resolve height levels in the subnanome-

ter range. To map the influence of the individual activation step, ezrin wildtype
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and two mutants ezrin T567A and ezrin T567D were used. In the latter one, the
threonine at position 567 was substituted for an aspartate, thus mimicking a per-
manent phosphorylated form. Due to the replacement of threonine by alanine,
ezrin T567A is considered constitutively inactive with regard to phosphorylation
and therefore used in cell experiments.[1921%] Membrane attachment of the pro-
teins was either achieved by binding to the natural receptor lipid PIP, or via the
N-terminal 6 xhistidine (Hisg) tag to DOGS-NTA-Ni to evaluate the influence of
PIP,. SLBs were chosen as suitable membrane model systems with regard to the
application of the surface sensitive techniques RIfS and AFM. We addressed the
question whether the conformational change can be monitored as a function of the

protein height level on SLBs.

5.2 RESULTS
5.2.1 Transformation and isolation of ezrin

The E. coli strain TOP10 was used to amplify the plasmids pEzrinWT, pEzrinT567A,
and pEzrinT567D containing the respective cDNA of either ezrin wildtype, ezrin
T567A, and ezrin T567D. The plasmids were isolated as described in section 3.1.2
and sequenced to guarantee the expression of the desired protein. All plasmids
exhibited the correct DNA sequence including parts coding for the N-terminal
Hisg-tag as well as for the mutations T567A and T567D, respectively. The whole
sequences can be found in the appendix (section 5.7).

The E. coli strain BL21(DE3)pLysS was used as production host. Competent
cells were transformed successfully with the corresponding plasmids as outlined
in section 3.1.1. Figure 5.4 A shows BL21(DE3)pLysS colonies carrying pEzrinWT
with both kanamycin and chloramphenicol resistances on LB (lysogeny broth) agar
plates after transformation. Similar results were obtained with pEzrinT567A and
pEzrinT567D. Protein expression was carried out according to the procedure de-
scribed in 3.1.4 and nickel affinity chromatography was employed to isolate and
purify the desired protein from the cell lysate (section 3.1.5). Figure 5.4 B shows
the SDS-PAGE gel of the mass standard and the purified ezrin elution fraction.
The broad band at ~81kDa can be assigned to ezrin wildtype. Both mutants
ezrin T567A and Ts567D migrate with a similar molecular weight in SDS-PAGE
gels. However, the calculated mass of ezrin amounts to ~yokDa. This apparent
higher molecular weight of ezrin in SDS-PAGE gels is well documented in litera-
ture.[1421 On the one hand, ezrin contains a heptaproline sequence, which is known
to induce conformational restrictions, thus influencing the electrophoretic mobil-

ity.[] On the other hand, the high amount of charged amino acids (38.5 %) might
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cause the unusually slow migration of ezrin on SDS-PAGE gels. [65!
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Figure 5.4: A Image showing BL21(DE3)pLysS colonies carrying pEzrinWT after successful
transformation. B SDS-PAGE gels of mass standard and ezrin wildtype (wt) elution fraction
stained with Coomassie Brilliant Blue. Protein band at ~81kDa was identified as ezrin
wildtype. Molecular weight in kDa.

In addition to the broad ezrin band, there are several bands at lower molecular
weight with minor intensities. It has been shown in Western blot analysis with anti-
Hisg antibody that these contaminants can most likely be attributed to C-terminally
truncated ezrin fragments as they are all bearing a Hise-tag. [*%! Obviously, the po-
sition of the tag is not ideal with regard to purification since the protein synthesis
propagates from the N- to the C-terminus. However, it is essential to preserve a
free C-terminus as the F-actin binding site comprises the last 34 amino acids of this
region. Hence, a C-terminal tag would probably hamper the accessibility of the
F-actin binding site, which is critical with regard to the experiments in chapter 6
investigating the interaction between ezrin and F-actin. Moreover, the N-terminal
Hisg-tag is well suited to mimic the N-terminal PIP, mediated membrane attach-

ment of ezrin.

5.2.2 Exploring ezrin aggregates on solid-supported lipid bilayers by RIfS

RIfS is an optical technique allowing the label-free investigation of adsorption pro-
cesses, for instance the binding of a protein to a specific receptor lipid within a
solid-supported lipid bilayer (section 3.3.3.1). The adsorption process is detected
as increase in optical thickness (OT), i.e., the product of refractive index and physi-
cal layer thickness.

The motivation for the following experiments originates in the question whether
the different conformational states of ezrin (figure 5.3) are distinguishable in height
and OT, respectively. We made use of ezrin wildtype, nonphosphorylatable ezrin
Ts567A, and pseudophosphorylated ezrin T567D. To mimic the plasma membrane
attachment of ezrin, we prepared SLBs containing receptor lipids. Suitable lipids
for binding of ezrin or its mutants are on the one hand the natural receptor PIP,
and on the other hand the synthetic DOGS-NTA-Ni, which is able to coordinate
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the protein via the N-terminal Hisg-tag. By using these immobilization strategies in
combination with the different ezrin variants, we aimed at addressing the individ-
ual contribution of the activating factors PIP, and phosphorylation, respectively.

Receptor lipid contents of 2mol% and 4 mol% were employed as we were not
able to prepare SLBs exceeding a percentage of 4mol% PIP, at this stage. An
approach overcoming this issue is given in chapter 4. Since it has been shown
that ~7 mol% PIP, are required to achieve complete ezrin surface coverage of solid-
supported hybrid membranes,[*4! the following AOT values due to ezrin adsorp-
tion are rather a qualitative measure for the conformational change of ezrin. Nev-
ertheless, trends with regard to the conformational states of ezrin can be derived
as the signal, arising from a comparably large region of 1 mm?, is averaged.

To validate the specificity of ezrin binding to PIP, and DOGS-NTA-Ni, respec-
tively, we prepared pure POPC-SLBs and added ezrin to control whether nonspe-
cific binding of ezrin takes place. The spreading process of pure POPC small unil-
amellar vesicles (SUVs) and the addition of ezrin T567D to the formed SLB are
shown in figure 5.5. The change in OT of ~6.5 nm indicates bilayer formation upon
vesicle spreading. Subsequent rinsing with E1 buffer caused no further changes
in OT. The addition of 0.6 pm ezrin T567D (final concentration) to the pure POPC
bilayer did not affect OT, thus showing that no ezrin binding took place.
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Figure 5.5: RIfS measurement controlling the specificity of ezrin binding to SLBs. Spreading
of pure POPC SUVs led rapidly to bilayer formation indicated by AOT~6.5nm. Rinsing
with E1 buffer and subsequent addition of 0.6 um ezrin T567D (final concentration) caused
no change in OT, confirming that specific receptor sites are required for ezrin binding.
This finding confirmed that specific receptor sites, e.g. NTA-Ni-groups or PIP,, are
required to achieve ezrin adsorption to SLBs.

The spreading of DOPC/DOGS-NTA-Ni SUVs and following bilayer formation
caused a change in OT of (6.3 £ 0.2) nm in case of 2mol% DOGS-NTA-Ni (n = 10)
and (6.4 = 0.2)nm for 4mol% DOGS-NTA-Ni (n = 6). Assuming that the refrac-
tive index of the lipid bilayer amounts to 1.5,11%5] a physical layer thicknesses of
~4.2nm was calculated, which is in good agreement with literature reporting a

thickness of 4.1nm for a DOPC bilayer at room temperature.**7l Representative
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binding curves of ezrin wildtype, ezrin T567A, and ezrin T567D to DOPC/DOGS-
NTA-Ni (96:4) are depicted in figure 5.6. The steps a and b indicate the SLB for-
mation and subsequent rinsing with E1 buffer to adjust the conditions for protein
binding, respectively. Upon addition of ~0.6 um protein (step c), a distinct change
in OT is monitored, which is characteristic for the adsorption of a protein. Rinsing
with E1 buffer (step d) caused a slight decrease in OT, which can be attributed to
the removal of loosely bound protein. The actual AOT caused by protein binding
can be extracted from the difference between the final AOT value (d) and the value

obtained after bilayer formation (b).
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Figure 5.6: Representative binding curves of ezrin T567A, ezrin wildtype, and ezrin T567D
to SLBs composed of DOPC/DOGS-NTA-Ni (96:4) obtained by RIfS. Spreading of SUVs is
indicated by a. Bilayer formation is completed when no further changes in OT are observed
and AOT~6nm is reached. Rinsing with E1 buffer removes excess vesicles (b). Binding of
0.6 uM protein (c) and subsequent rinsing with E1 buffer (d) to evaluate the final AOT
owing to protein binding.

All proteins produced a substantial increase in OT by binding to DOGS-NTA-Ni-
containing SLBs, which was most pronounced in case of ezrin T567A and similar
for ezrin wildtype and ezrin T567D. The binding curves of ezrin to DOPC/DOGS-
NTA-Ni (98:2) exhibited similar characteristics, although lower AOT values were
determined owing to the lower receptor density. All results are summarized in

table 5.1.

Table 5.1: Summarized values of changes in optical thickness AOT upon binding of ezrin
to DOGS-NTA-Ni-containing SLBs with varying receptor lipid content. Mean (AOT), re-
spective standard deviations (std), and the number #n of experiments are given.

2mol% receptor 4 mol% receptor
(AOT) (nm) Zstd (nm) n (AOT) (nm) =£std (nm) =
Ezrin T567A 1.6 0.5 3 2.8 0.3 2
Ezrin wildtype 1.2 0.3 3 2.3 0.4 2
Ezrin T567D 1.1 0.5 4 2.0 0.3 2
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Analogous to DOGS-NTA-Ni-containing SLBs, membranes composed of POPC/
PIP, with either 2 mol% or 4 mol% PIP, were prepared. For the system with 2 mol%
PIP,, an increase in OT of (6.3 = 0.5)nm (n = 12) was determined by RIfS, while
a AOT of (6.2+0.4)nm (n = 10) was found for 4mol% PIP,. The calculated bi-
layer thickness amounts to 4.1 nm in good agreement with the bilayer thickness of
(3.98 = 0.08) nm for a POPC bilayer, determined via simultaneous analysis of small
angle neutron and X-ray scattering data.[*?l The slightly higher bilayer thickness
in our case is most probable due to the incorporation of PIP,, whose head group
is assumed to protrude from the lipid bilayer up to (5.99 + 1.26) A with respect to
the bridging phosphate diester. 87l Representative binding curves of ezrin wildtype,
ezrin T567A, and ezrin T567D to POPC/PIP, (96:4) are shown in figure 5.7. The
steps a and b indicate the SLB formation and subsequent rinsing with E1 buffer to
adjust the conditions for protein binding. Upon addition of ~0.6 um protein (step
¢), a distinct increase in OT is monitored, which is characteristic for the adsorption
of a protein. The final AOT caused by protein binding was determined after rinsing
with E1 buffer (step d). The slight decrease in OT can be attributed to the removal

of loosely bound protein.
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Figure 5.7: Representative binding curves of ezrin T567A, ezrin wildtype, and ezrin T567D
to SLBs composed of POPC/PIP, (96:4) obtained by RIfS. Spreading of SUVs is indicated
by a. Bilayer formation is completed when no further changes in OT are observed and
AOT~6nm is reached. Rinsing with E1 buffer removes excess vesicles (b). Binding of
0.6uM protein (c) and subsequent rinsing with E1 buffer (d) to evaluate the final AOT
owing to protein binding.

Notably, the determined AOT due to specifically bound protein differed between
ezrin wildtype, ezrin T567A, and ezrin T567D. Apparently, the greatest change in
OT was observed upon adsorption of ezrin T567A, whereas ezrin wildtype pro-
duced less increase in OT. Interestingly, the lowest increase was found for ezrin
T567D. Similar characteristics were obtained in case of ezrin binding to POPC/PIP,
(98:2). However, lower AOT values were determined owing to the lower receptor

density. The summarized values are given in table 5.2.
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Table 5.2: Summarized values of changes in optical thickness AOT upon binding of ezrin to
PIP,-containig SLBs with varying receptor lipid content. Mean (AOT), respective standard
deviations (std), and the number n of experiments are given.

2mol% receptor 4 mol% receptor

(AOT) (nm) =std mm) n (AOT) (nm) std (nm) =

Ezrin T567A 15 0.2 4 2.5 0.6 4
Ezrin wildtype 1.1 0.2 4 2.0 0.5 3
Ezrin Ts567D 0.6 0.2 4 1.1 0.4 3

In the following, we summarize and compare the obtained AOT values as a func-
tion of receptor lipid and protein to evaluate the activation factors of ezrin, PIP,
binding and phosphorylation. Figure 5.8 shows the summarized AOT values upon
binding of ezrin wildtype, ezrin T567A, and ezrin T567D to SLBs containing either
DOGS-NTA-Ni (A) or PIP, (B) as receptor lipid. The increased receptor concentra-
tion from 2mol% to 4 mol% led in both cases to an increase in the observed AOT,
indicating a higher protein coverage due to the larger number of binding sites.

Comparison of the changes in OT generated upon binding of ezrin wildtype,
ezrin T567A, and ezrin T567D to DOGS-NTA-Ni-containing SLBs allows to investi-
gate the influence of pseudophosphorylation on the conformational state separately.
We observed for 2mol% receptor content similar AOT values for both ezrin wild-
type and ezrin T567D. A slightly higher increase in OT was caused by binding of
ezrin T567A. The same trend was observable with 4mol% receptor lipid within
the range of the standard deviation, although (AOT) for ezrin T567D was slightly
shifted to lower values as compared to ezrin wildtype. Consequently, no clear ef-
fect of the pseudophosphorylation on the AOT value could be derived. Apparently,
ezrin T567D adopts a similar arrangement on the SLB surface as ezrin wildtype.
Notably, ezrin T567A exhibited larger AOT values, even though it is expected to

behave similar to ezrin wildtype.
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Figure 5.8: Bar diagrams illustrating AOT upon ezrin binding to SLBs. A Binding of ezrin
T567A, ezrin wildtype (wt), and ezrin T567D to SLBs containing either 2mol% or 4 mol%
DOGS-NTA-Ni (A) and PIP, (B), respectively.
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The situation changed as soon as the natural receptor lipid PIP, came into play.
Although increasing the receptor concentration from 2 mol% to 4 mol% PIP, caused
a larger increase in OT — a similar behavior as in case of DOGS-NTA-Ni-containing
SLBs — different AOT values due to binding of either ezrin wildtype, ezrin T567A,
or ezrin T567D to PIP,-containing bilayers were obtained. Apparently, ezrin T567A
generated the largest change in OT, whereas lower values were determined for
ezrin wildtype. Interestingly, the combination of pseudophosphorylation and PIP,
binding, ezrin T567D bound to PIP,-containing SLBs, caused a considerably lower
increase in OT. This trend was observable for both 2 mol% and 4 mol% PIP,,.

To gain an impression on the influence of PIP,, we compared AOT values ob-
tained for ezrin binding to either DOGS-NTA-Ni- or PIP,-containing SLBs with
4mol% receptor lipid. A decrease of 7% was determined for the mean (AOT) in
case of ezrin T567A in presence of PIP,, while a shift of 13 % was found for ezrin
wildtype. Strikingly, the mean (AOT) was reduced by 45 % in case of ezrin T567D
bound to the PIP,-containing SLB. Obviously, the combination of PIP, binding and
pseudophosphorylation leads to a clearly distinguishable protein arrangement on
SLBs, which is characterized by lower AOT values. Correlating the OT qualita-
tively to the protein’s layer thickness gives rise to the assumption that aggregates
composed of ezrin T567D bound to PIP, are lower in height than ezrin wildtype or
ezrin T567A clusters. Accordingly, the lower height might be an indicator for the
conformational change occurring upon ezrin activation due to PIP, and phospho-

rylation.
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5.2.3 Evaluating height level and morphology of ezrin aggregates by AFM

In RIfS, we obtained a qualitative measure for the different height levels of ezrin
wildtype, ezrin T567A, and ezrin T567D on PIP,- and DOGS-NTA-Ni-containing
SLBs, respectively. To obtain quantitative height values of ezrin aggregates on
SLBs, we chose to employ AFM to resolve height levels in the subnanometer range.
DPPC was chosen as matrix lipid as it is in the gel phase at room temperature ow-
ing to the saturated acyl chains. Accordingly, DPPC-SLBs are rather stiff and not as
deformable as SLBs composed of fluid lipids such as POPC. This property is in par-
ticular advantageous when using AFM imaging to determine topographic features
formed by protein aggregates immobilized to such a membrane. To evaluate the in-
fluence of the gel phase matrix on the distribution of PIP,, we used PIP,-containing
POPC-SLBs for comparison.

Membrane integrity

Each SLB used for protein immobilization was characterized before by AFM imag-
ing. Bodipy-C,,-HPC had been added at 0.5 mol% to the lipid mixture to validate
bilayer formation by fluorescence spectroscopy before the AFM measurement. Fig-
ure 5.9 shows representative height images obtained for POPC/PIP,/Bodipy-C,,-
HPC (96.5:3:0.5) SLBs (A) and DPPC/PIP,/Bodipy-C,,-HPC (96.5:3:0.5) bilayers (B).
Both membranes are characterized by a smooth membrane surface (yolk colored).
Black areas represent membrane defects with depths of ~4nm in case of POPC-
SLBs (A’) and ~5nm for DPPC-containing bilayers (B) according to the single line
profiles. The average defect depth is in agreement with the bilayer thickness of
(3.98 £ 0.08) nm for a POPC bilayer, determined via simultaneous analysis of small
angle neutron and X-ray scattering data!*?*! and the thickness obtained for a DPPC
SLB of ~5.1 nm determined by AFM.[1%8l Therefore, we concluded that single bilay-
ers were formed upon spreading of SUVs containing either POPC/PIP,/Bodipy-
C,,-HPC (96.5:3:0.5) or DPPC/PIP,/Bodipy-C,,-HPC (96.5:3:0.5). Notably, DPPC-
containing membranes are characterized by many defects, while POPC-SLBs are
rather homogeneous. This can be attributed to the so-called self-healing properties
of fluid lipid bilayers on smooth hydrophilic surfaces.[1% Accordingly, defects are
only present if topological faults in the solid surface are generated due to mechani-
cal scratching. In contrast, DPPC is in the gel phase at room temperature forming a
stiffer bilayer, which is not able to re-seal defects due to the decreased lateral lipid
mobility. With regard to a possible inhomogeneous PIP, distribution within DPPC-
SLBs due to phase demixing of the gel phase lipid DPPC and the fluid PIP,, we con-
trolled the distribution of the fluorescent PIP, analogue Bodipy TMR-PIP, within
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a DPPC matrix by CLSM. Based on its homogeneous fluorescence, we concluded
that PIP, was homogeneously distributed within the DPPC-SLB with respect to
the resolution limit of the CLSM.['7°l Moreover, AFM imaging of DPPC-SLBs with

varying PIP, (up to 7mol%) yielded in all cases smooth membrane surfaces.
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Figure 5.9: Representative AFM images (tapping mode) of SLBs composed of either
POPC/PIP,/Bodipy-C,,-HPC (96.5:3:0.5) (A) or DPPC/PIP,/Bodipy-C,,-HPC (96.5:3:0.5)
(B) on silicon support in E1 buffer. Defects of ~4nm in POPC-containing SLBs (A’) and
defects in DPPC-SLBs of ~5nm (B’) are consistent with the thickness of a single bilayer.
Single line profiles correspond to turquoise lines in A and B to validate membrane forma-
tion. Scale bars: 1 pm.

Ezrin binding to DPPC bilayers via PIP, or DOGS-NTA-Ni

Similar to the RIfS measurements, we increased the PIP, content within DPPC-SLBs
to monitor the increasing ezrin surface coverage by AFM imaging. PIP, percentages
of 3mol%, 5 mol%, and 7 mol% were employed. The spreading protocol employing
low pH, developed in chapter 4, was used for the preparation of PIP,-containing
SLBs. Figure 5.10 shows the adsorption of ezrin wildtype to SLBs with increasing
PIP, percentages. In general, three different height levels were observed after incu-
bation with ezrin as can be seen in single line profiles (A’-C’) and by the AFM color
scale (A-C). Dark brown or black areas correspond to membranes defects as can be
deduced from their shape and depth. Middle brown colored regions represent the

membrane surface, whereas orange-brown colored features correspond to bound
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ezrin. Very bright, circular structures are mostly due to adhered excess vesicles,
exhibiting heights in the range of 1onm to 30nm.

All SLBs were covered with widely distributed, elongated protein aggregates af-
ter incubation with ezrin wildtype as indicated by the orange-brown colored struc-

tures (5.10 A-C).

Height (nm)

0 0.5 1 15
Distance (um)

=

Height (nm)

0 0.5 1 1.5 2
Distance (um)

aQ

Height (nm)

0 0.5 1
Distance (um)

Figure 5.10: Representative AFM images (tapping mode) of DPPC/PIP,/Bodipy-C,,-HPC
SLBs with varying PIP, content on silicon support in E1 buffer. SLBs containing 3 mol%
(A), 5mol% (B), and 7mol% (C) PIP, after incubation with 0.6 um ezrin wildtype (final
concentration). Single line profiles (A’-C’) correspond to turquoise lines in A-C showing
protein cluster heights ranging from 3nm to 4 nm. Scale bars: 2 pm.

As expected, the highest ezrin surface coverage was observed with 7mol% PIP,
(C). Only few areas can be attributed to defects (dark brown) and uncovered mem-
brane surface (middle brown). The ezrin wildtype aggregates exhibit a height level

ranging from 3nm to 4nm as illustrated in the single line profiles (A’-C’). Mem-
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brane defects were still detectable, although it appeared that protein material has
partially filled these holes since the depth is reduced to ~2nm.

The effect of increasing PIP, concentration on the ezrin surface coverage was
further evaluated by pixel analysis. For 3mol% a surface coverage ranging from
20 % to 28 % was found, whereas 40 % to 52 % of SLBs containing 5 mol% PIP, were
covered with protein. The highest ezrin surface coverage was obtained with 40 %
to 57 % for 7mol% PIP, content.

Histogram height analysis is usually used to evaluate the distribution of height
levels in topographic AFM images (5.11 A). All height values originating from an
AFM height image (or a selection) are pooled in a single histogram. However, in
case of low protein coverage and small protein clusters, the protein height level is
often only visible as shoulder in the histogram. Most of our AFM images revealed
to be challenging with regard to conventional histogram analysis. Therefore, we es-
tablished the histogram height analysis tool based in MATLAB. Figure 5.11 B shows
schematically the process: (1) the height level of the membrane surface is set to
zero for each image to obtain comparable height values for protein aggregates. (2)
Threshold setting allows to exclude height values arising from membrane defects,
the membrane surface, and artifacts caused by data flattening. Overlays of real

image and analyzed image were generated to control the chosen threshold.

A B
Protein ) (1) Membrfane
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Figure 5.11: Schematic drawing illustrating histogram height analysis. A Conventional his-
togram analysis pools height values originating from selected area of topographic image
into the histogram. Height levels of defects, membrane, and protein are not clearly distin-
guishable in the histogram B The histogram height analysis tool defines the membrane height
level as zero and allows to set a lower threshold to extract only relevant height values. The
histogram shows only the height level of protein clusters.
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Evaluating the recorded height images by using the histogram height analysis tool,
overlay images as depicted in figure 5.12 A were produced. The determined protein
height values were not depending on the PIP, content of the SLB. Consequently, all
values were combined in one single histogram (figure 5.12 B). An average height of

(3.5 £ 0.9) nm was determined for ezrin wildtype on PIP,-containing DPPC-SLBs.
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Figure 5.12: A Representative overlay images generated by the histogram height analysis tool.
Green pixels correspond to maxima used for further height analysis. B Height analysis
histogram of ezrin wildtype on PIP,-containing DPPC-SLBs reveals an average height of
(3.5 £ 0.9) nm. No correlation of protein cluster height and PIP, content was observed. The
red line represents the Gaussian fit to the data yielding the mean height level + standard
deviation.

To evaluate the influence of PIP, on the height level and morphology of ezrin
wildtype on DPPC-SLBs, we substituted PIP, for DOGS-NTA-Ni. The binding of
ezrin wildtype to a SLB composed of DPPC/DOGS-NTA-Ni/Bodipy-C,,-HPC SLB
(96.5:3:0.5) is depicted in figure 5.13 A. Notably, a completely different pattern of
protein arrangement on the membrane surface was observed. Instead of elongated,
reticular structures covering large parts of the surface, it appears that a rather spot-
like adsorption of ezrin wildtype to DOGS-NTA-Ni generated smaller, roundish
elevated structures on the membrane surface. The single line profile (A’) revealed
a protein height level ranging from 1.5nm to 2.5nm, while the membrane defect
showed a reduced depth of ~2nm probably due to nonspecifically bound protein.
The impression of a rather low ezrin surface coverage was confirmed by pixel anal-
ysis, yielding a range of 7 % to 14 % for the covered membrane area by bound ezrin

wildtype.
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Figure 5.13: Representative AFM image (tapping mode) of DPPC/DOGS-NTA-Ni/Bodipy-
C,,-HPC SLB (96.5:3:0.5) on silicon support in E1 buffer. A Protein covered SLB after incu-
bation with 0.6 uM ezrin wildtype (final concentration). Single line profile (A’) corresponds
to turquoise line in A showing protein cluster heights of ~3nm. Scale bar: 2 um.

Figure 5.14 A shows the overlay image generated by histogram height analysis tool.
Ezrin wildtype exhibited height levels in the range of (2.8 £ 1.5) nm on DOGS-NTA-

Ni-containing DPPC-SLBs (figure 5.14 B).
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Figure 5.14: A Representative overlay image generated by the histogram height analysis tool.
Green pixels correspond to maxima used for further height analysis. B Height analysis
histogram of ezrin wildtype on DOGS-NTA-Ni-containing DPPC-SLBs (3 mol%) reveals
an average height of (2.8 = 1.5)nm. The red line represents the Gaussian fit to the data
yielding the mean height level & standard deviation. Height values <1 nm are excluded.

The combination of both ezrin activation factors PIP, and phosphorylation was
mimicked by the binding of ezrin T567D to PIP,-containing DPPC-SLBs. Fig-
ure 5.15 A shows the adsorption of ezrin T567D to a SLB composed of DPPC/
PIP,/Bodipy-C,,-HPC SLBs (96.5:3:0.5). Ezrin T567D formed similar to ezrin wild-
type elongated aggregates on the PIP,-containing DPPC membrane surface (orange-
brown colored). However, it appeared that these regions were lower in height, in-
dicated by the slightly darker shade as compared to ezrin wildtype aggregates in
figure 5.10 A. This was confirmed by the single line profile (figure 5.15 A’), show-
ing height levels for protein aggregates ranging from 1.5nm to 2nm. The depth of
membrane defects was reduced to ~2.5 nm similar to the behavior observed before

for defects in PIP,-containing DPPC membranes after incubation with ezrin wild-
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type. Notably, the protein surface coverage determined via pixel analysis amounts
to 38 % to 52 % for a PIP, content of 3mol%. This is considerably higher than the

range from 20 % to 28 % coverage found for ezrin wildtype on similar membranes.
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Figure 5.15: Representative AFM image (tapping mode) of DPPC/PIP,/Bodipy-C,,-HPC
SLBs (96.5:3:0.5) on silicon support in E1 buffer. A Protein covered SLB after incuba-
tion with 0.6 M ezrin T567D (final concentration). Single line profile (A’) corresponds
to turquoise line in A showing protein cluster heights of ~2nm. Scale bar: 2 um.

The overlay image produced by the histogram height analysis tool is depicted in
figure 5.16 A. In contrast to ezrin wildtype bound via PIP,, ezrin T567D was char-
acterized by significantly lower protein aggregates in the range of (1.5 + 0.8) nm on

PIP,-containing DPPC-SLBs (figure 5.16 B).
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Figure 5.16: A Representative overlay image generated by the histogram height analysis tool.
Green pixels correspond to maxima used for further height analysis. B Height analysis his-
togram of ezrin T567D on PIP,-containing DPPC-SLBs (3 mol%) reveals an average height
of (1.5 £0.8)nm. The red line represents the Gaussian fit to the data yielding the mean
height level £ standard deviation.

Ezrin immobilization to POPC bilayers via PIP,

Figure 5.17 shows the adsorption of ezrin wildtype to a SLB composed of POPC/
PIP,/Bodipy-C,,-HPC SLB (96.5:3:0.5). As POPC-containing SLBs exhibited only

few membrane defects, two height levels were observed after protein incubation.
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Middle brown areas correspond to the membrane surface, while elevated protein
structures are brown-orange colored. A remarkable change regarding the pattern
of protein arrangement on the membrane was found by replacing the matrix lipid
DPPC with POPC. Instead of elongated protein structures covering larges parts of
the membrane surface, circular features (orange-brown) with a diameter ranging
from 200nm to 60onm were observed, indicating the formation of round protein
clusters (A, B). The single line profiles (A’, B') revealed a height level of ~4nm due
to adsorption of ezrin wildtype to PIP,.
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Figure 5.17: Representative AFM images (tapping mode) of POPC/PIP,/Bodipy-C,,-HPC
SLB (96.5:3:0.5) on silicon support in E1 buffer. Ezrin wildtype clusters of ~o.5 um in diam-
eter (A) and smaller ezrin wildtype aggregates of ~0.3 um (B) were found after incubation
with 0.6 uM ezrin wildtype (final concentration). Single line profiles (A’, B’) correspond to
turquoise lines in A and B showing protein heights of ~4nm. Scale bars: 2 pm.

Figure 5.18 A and C show the overlay images generated by the histogram height
analysis tool. At first sight, the height level appears to be dependent on the clus-
ter dimension as larger ones exhibited height values in the range of (3.4 £2.1)nm
(figure 5.18 B), whereas smaller clusters were characterized by a height level of
(4.0 £ 2.4)nm (figure 5.18 D). However, the large error range indicates that these
deviation might arise rather from imaging or flattening artifacts. The POPC ma-
trix is considerably softer than DPPC. Accordingly, small deviations of the applied
force might give rise to apparently different height levels. Moreover, flattening ar-
tifacts, i.e., horizontally or vertically arranged, stripelike features due to raw data

processing, are clearly visible in figure 5.17 A and B. Consequently, the height level
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of the membrane surface, which is used as point of reference for the determination
of the protein height level, cannot be clearly identified, leading to rather large er-

rors in the estimation of the protein cluster height.

A B

0.1f

Pdf (1/nm)

0 2 4 6 8
height (nm)

C

Pdf (1/nm)

0 2 4 6 8

height (nm)
Figure 5.18: A, C Representative overlay images generated by the histogram height analysis
tool. Green pixels correspond to maxima used for further height analysis. Height analysis
histograms of ezrin wildtype on PIP,-containing POPC-SLBs reveal an average height of
(3.4 £ 2.1)nm for larger clusters (B) and (4.0 & 2.4) nm for smaller ones (D). The red lines
represent the Gaussian fits to the data ¥ - ¢.

All determined height levels of ezrin wildtype and ezrin T567D on different
membrane systems are summarized in table 5.3. Although it appears that ezrin
wildtype exhibits rather similar height levels on DPPC-SLBs independent of the
receptor lipid, clear differences were observable with respect to the shape of pro-
tein clusters and the protein surface coverage. Ezrin wildtype immobilized via
PIP, formed elongated structures, covering a surface area in the range of 20 % to
28 %, whereas the same protein bound to DOGS-NTA-Ni was characterized by a
rather circular, spotlike arrangement spread over 7% to 14 % of the membrane
surface. This deviation can most probably be attributed to the different receptor
lipids DOGS-NTA-Ni and PIP,. With regard to the activation process of ezrin,
ezrin wildtype immobilized via DOGS-NTA-Ni represents the completely inactive
form, whereas partial activation is believed to occur upon binding to PIP,. This

situation is mimicked by ezrin wildtype bound to PIP,. However, PIP, appears
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to affect rather the protein arrangement on the membrane surface than the actual
height level. Full activation is proposed to be achieved by PIP, binding and sub-
sequent phosphorylation of the threonine at position 567. This case is represented
by ezrin T567D bound to PIP,, where we observed a clear decrease in height level
and considerable increase in protein surface coverage to 38 % to 52 %. This finding
suggests that the active state of ezrin is characterized by a rather elongated, flat-
tened shape. Notably, the more fluid matrix lipid POPC led to the formation of
differently shaped ezrin wildtype aggregates in presence of PIP,. Instead of elon-
gated structures, a rather circular protein arrangement was obtained. Obviously,
the influence of the gel matrix influences the shape of protein aggregates in case of
PIP,.

Table 5.3: Summary of height levels and surface coverages of ezrin clusters as a function of
matrix and receptor lipid. * Average of measurements with 3 mol%, 5mol%, and 7mol%
receptor. Mean values determined from smaller (}) and larger (1) clusters.

Matrix lipid Receptor lipid Height level Surface coverage for
(nm) 3mol% receptor
DPPC PIP, *3.5+09 20 —28
DPPC DOGS-NTA-Ni 28+15 7—14
Ezrin wildtype
POPC PIP, 34421 t7-10
POPC PIP, t40+24 f10-14
Ezrin T567D DPPC PIP, 1.5+0.8 38 — 52

5.3 DISCUSSION

In this work, we investigated the activation process and the associated conforma-
tional change of ezrin, induced by PIP, binding and phosphorylation. In particular,
we addressed the question whether ezrin in different activation states — no, par-
tial, and full activation — would exhibit different height levels when immobilized
on SLBs. To map the individual influence of the particular activation factor, we
employed on the one hand ezrin wildtype as well as nonphosphorylatable and
pseudophosphorylated ezrin mutants, namely ezrin T567A and ezrin T567D. The
influence of PIP, binding was assessed as such that we made use of SLBs contain-
ing either PIP, or DOGS-NTA-NI as receptor lipid for ezrin binding. We employed
the surface sensitive techniques RIfS and AFM to visualize the height levels caused
upon protein binding to SLBs. The influence of gel phase DPPC as matrix lipid
on the shape of protein clusters was examined by comparison with a fluid POPC
matrix. The use of the optical RIfS technique and AFM imaging is beneficial as RIfS

allows to determine height changes without manipulating influence, whereas AFM
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provides a high spatial resolution in the nanometer, even subnanometer range to

assess morphological features.

5.3.1 Tracing the conformational change by evaluating ezrin height levels

We were able to determine absolute height levels of ezrin clusters ranging from
1.5nm to 3.5nm on DPPC-containing SLBs depending on the activation state of
ezrin. Similarly in RIfS experiments, changes in optical thickness in the range of
1.1nm to 2.8 nm were observed due to protein binding. If the refractive index of an
adsorbed protein layer is assumed to be n = 1.5,['?7] the physical layer thickness
amounts to ~o.7nm to 1.9nm. Obviously, incomplete protein surface coverage
impairs the determination of absolute height levels by RIfS. Nevertheless, it offers
a qualitative measure for possible changes in height due to the activation of ezrin
by PIP, binding and pseudophosphorylation.

To evaluate the range of the determined values, it is useful to establish a relation
to structural data. So far, no crystal structure of full length ezrin has been published.
However, Li et al. succeeded in crystallizing moesin, isolated from Spodoptera
frugiperda cells (figure 5.2 B).[*5] With regard to ezrin, only the N-terminal FERM
domain, also referred to as N-ERMAD, has been reported.['54 Figure 5.21 shows
the crystal structure of ezrin N-ERMAD. The indicated PIP, binding site was de-
rived from the IP,/radixin-FERM complex crystallized by Hamada et al.,[153] while
the binding site of DOGS-NTA-N], i.e. the Hisg-tag, is located at the N-terminus.
JmolApplet!'7"] was used to estimate the dimensions of the ezrin N-ERMAD. As-
suming an up-right arrangement on the membrane surface, a distance of ~4.7nm
can be found (figure 5.21 A). This assumption is supported by Blin et al. suggest-
ing a molecularly flat surface in the region of the PIP, binding site based on the
IP, /radixin-FERM complex and site-directed mutagenesis identifying PIP, binding
sites in ezrin. [1191531%°] Consequently, the measured protein height levels should be
approximately 4.7 nm. In addition, a-helical linker and C-terminal domain are con-
tributing to the total height level. Conclusively, the determined absolute height
levels for ezrin clusters on SLBs lie in principal in a reasonable range in compar-
ison with the crystal structure. The slightly lower values can be attributed to the
mechanical deformation caused by the cantilever tip during AFM imaging.['7? To
minimize this influence, as low set point forces as possible were applied. Moreover,
structural deviations might exist between the solid state of ezrin and its structure

in fluids.
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Figure 5.19: Crystal structure of N-ERMAD of ezrin (PDB ID: 1NI2). The assumed binding
sites of the receptor lipids PIP, and DOGS-NTA-Ni are indicated by arrows. The PIP,
binding site was derived from the IP,/radixin-FERM complex. [153] The Hisg-tag is located
at the N-terminus.

With regard to the activation process of ezrin, we investigated the individual
contributions of either PIP, or pseudophosphorylation as well as the combination
of both. Interestingly, the pseudophosphorylation appears to contribute only to
a minor extent on its own to a changed height level as the determined AOT for
ezrin T567D on DOGS-NTA-Ni-containing SLBs (4mol% receptor lipid) is with
(2.0 £ 0.4) nm rather similar to (2.3 £ 0.3) nm, which was found for ezrin wildtype
under the same conditions in RIfS experiments. This is in agreement with the
work of Chambers et al. showing in binding assays that the T567D mutation in
ezrin impairs only to a minor extent the association of N- and C-termini.[*73! Jaya-
sundar et al. corroborated this finding by using contrast variation small angular
neutron scattering, showing that ezrin wildtype as well as ezrin T567D adopt a
closed conformation, i.e., no release of the F-actin binding site was detectable upon
pseudophosphorylation. [274] However, with regard to an increased F-actin binding
capability of ezrin as a result of ezrin activation via pseudophosphorylation, we
suggested in a previous study that ezrin T567D is able to adopt a partially active
conformation. ™4 Similarly, Huang et al. could show that the pseudophosphory-
lation led to an increased cosedimentation of the full length moesin mutant and
F-actin, indicating a partial release of the F-actin binding site owing to electrostatic
repulsion. 75! Considering our results obtained in RIfS measurements, such a par-
tial release of the C-terminal region appears to affect the height of ezrin T567D
aggregates on DOGS-NTA-Ni-containing SLBs only to a minor extent. To further

substantiate the RIfS data, it would be of great interest to image ezrin T567D im-
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mobilized via the Hisgs-tag by AFM and compare it with the likewise determined
height level of ~2.8 nm for ezrin wildtype on the same membrane system.

Considering the individual contribution of PIP,, we observed a slight decrease in
AOT for ezrin wildtype and ezrin T567A bound to PIP, as compared to the immo-
bilization via DOGS-NTA-Ni. However, this rather subtle change is still within the
standard deviation. In case of AFM measurements, we even found an increase in
the absolute height level of ezrin wildtype from (2.8 & 1.2) nm on DOGS-NTA-Ni
containing SLBs to (3.5 + 0.9) nm for PIP, immobilization. Yet the standard devia-
tion in case of the DOGS-NTA-Ni immobilized protein is considerably large, indi-
cating that more data is required to confirm this difference. Moreover, we cannot
exclude that the slightly different locations of PIP, and DOGS-NTA-Ni binding site,
respectively (figure 5.19), might induce different orientations, thus obscuring an ef-
fect of PIP, binding on the observed height level. In general, an effect of PIP, bind-
ing on the conformational change was expected as Maniti et al. reported a higher
sensitivity of ezrin to digestion by chymotrypsin in presence of PIP,, thus con-
cluding that a conformational change renders cleavages sites more accessible. %]
Furthermore, Carvalho et al. examined the changes in the intrinsic tryptophane
fluorescence of ezrin wildtype and a mutant deficient in specific PIP, binding. 76l
In presence of PIP, concentrations in the micromolar range, they observed different
quenching characteristic, which they attributed to a conformational change in case
of the wildtype and to nonspecific interactions for the mutant. Notably, Herrig
et al. determined for ezrin wildtype on PIP,-containing POPC-SLBs (1.8 &+ 0.2) nm,
while an average height level of (2.5 & 0.2) nm was determined for the same protein
bound to DOPC/DOGS-NTA-Ni bilayers. "7 This might be an indication that a cor-
relation of PIP, induced conformational change and different protein height levels
exist. However, with regard to the crystal structure these values are considerably
small, indicating that the influence of force during imaging was more pronounced
as in our case. Within the context of our results, it appears that the conformational
change induced by PIP, does not necessarily correlate with a change in the protein
height level on the membrane surface.

The combination of PIP, binding and pseudophosphorylation led to a remark-
able small OT value and low absolute height level. Ezrin wildtype bound to PIP,
on DPPC-SLBs was characterized by a height level of (3.5 £ 0.9)nm, while ezrin
T567D formed protein cluster of (1.5 = 0.8) nm in height. In RIfS experiments with
4mol%, the changes in OT of (2.0 +0.5)nm and (1.1 £ 0.4) nm caused by either
ezrin wildtype or ezrin T567D binding to PIP, showed the same trend as observed
in AFM measurements. This behavior was also found for 2 mol% PIP, content. Con-
sidering the distinct height reduction in case of both RIfS and AFM experiments,
it appears that in particular the combination of PIP, binding and phosphorylation
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leads to a different protein arrangement on the membrane surface. As it is known
that ezrin is able to form dimers and even oligomers, the question arises whether
a conformational change of monomeric ezrin at the SLB is sufficient to cause such
a reduction or whether the dissociation of membrane bound antiparallel dimers
have to be taken into account (figure 5.20). Gel filtration analysis revealed Stokes
radii of 4.1nm for the monomer and 7.2nm for the dimerized form.!'771 More-
over, it has been shown that the pseudophosphorylated radixin exists mainly in
the monomeric form in solution.['”781 However, the same study reported that the
dimer peak of ezrin wildtype was only ~30 % of that of the monomeric form. Con-
sequently, the major part of ezrin wildtype should adsorb to the membrane as
monomer. This is corroborated by the fact that we observe essentially only one
pronounced height level for ezrin wildtype on SLBs. Thus, we conclude that both

ezrin wildtype and ezrin T567D are mainly bound in their monomeric form to PIP,.

Figure 5.20: Model accounting for different ezrin height levels due to its activation by
PIP, lipids (solid black circles) in combination with phosphorylation (yellow star). Ezrin
is composed of N-ERMAD (blue), an a-helical linker region (black solid line) and the C-
terminal part (orange). Phosphorylation triggers release of the C-terminal domain (a) or
induces both dissociation of antiparallel dimer and subsequent release of the C-terminus
(b).

Considering that already the N-terminal part of ezrin is characterized by 4.7nm
in height (figure 5.19), rises the question whether the combination of PIP, binding
and pseudophosphorylation only triggers the release of the C-terminal domain or
if a different orientation to the membrane is induced. Rotating the crystal structure
of N-ERMAD by go° reveals a ~2.5 nm distance (figure 5.21), which is much closer
to the observed height level. A rather speculative hypothesis is that a profound
structural rearrangement might be induced upon the combination of both activa-
tion factors PIP, binding and phosphorylation leading to a different membrane
orientation of the N-terminal domain of ezrin. However, a further hint substan-
tiating this idea is the exceptional high protein surface coverage found for ezrin

T567D bound to PIP,-containing SLBs as compared to ezrin wildtype on the same
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membrane system.
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Figure 5.21: Crystal structure of N-ERMAD of ezrin (PDB ID: 1NI2) rotated by 9o°.

In conclusion, our results show that the conformational state induced upon full
activation, i.e., ezrin T567D bound to PIP,, is clearly distinguishable from other
conformational states owing to lower height levels as determined by the surface
sensitive techniques RIfS and AFM. However, it is worth to note that this does
not necessarily exclude a conformational change of ezrin wildtype upon binding
to PIP,. Several lines of evidence suggest that PIP, on its own has indeed an
activating influence on ezrin. It rather appears that this conformational state does

not correlate with a changed protein height level on SLBs.

5.3.2 Pre-organization of PIP, influences ezrin cluster morphology

Based on homogeneous distribution of the fluorescent PIP, analogue Bodipy TMR-
PIP, within POPC- and DPPC-SLBs in CLSM experiments, we assumed for both
types of membrane randomly distributed PIP, and expected similarly shaped ezrin
aggregates. However, we observed the formation of an elongated, reticular ezrin
arrangement on the DPPC-SLB, whereas rather circularly shaped ezrin aggregates
were found in case of the matrix lipid POPC. It appears that the different phases
— gel vs fluid phase — cause such deviations. Apparently, the distribution of PIP,
is not completely homogeneous on a scale below the resolution limit of the CLSM.
This can most likely be attributed to the fact that the natural PIP, we used is fluid
owing to its fatty acid composition. Accordingly, we might have very small fluid
PIP, domains within the gel phase DPPC matrix. Ellenbroek et al. simulated the
formation of PIP, nanoclusters induced by divalent cations.[*3] They reported a

rather irregularly shape as depicted in figure 5.22 A.
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Figure 5.22: A Simulation showing the coarsening of the PIP, distribution in presence of
divalent cations after 3.5ns. Charged and neutral lipids are dark green and light gray
colored, respectively, and divalent ions close to the lipid monolayer are represented by
dark red dots.[1°3] B 2um x2 pm section of the AFM height image showing ezrin T567D
immobilized onto a DPPC/PIP,/Bodipy-C,,-HPC SLB (96.5:3:0.5).

Although no divalent cations were present in our case, it might be that we forced
a pre-organization of PIP, due to nanoscale phase separation. On the one hand,
complete mixing within the gel phase formed by DPPC molecules might be unfa-
vorable for PIP, as it is in the fluid phase. On the other hand, the formation of
large, circular PIP, domains to reduce the line tension is electrostatically impaired
since PIP, has a net negative charge of approximately —3 to —4 under the applied
conditions.®8! If we assume that we deal with such a nanoscale aggregation of
PIP,, which is impossible to resolve by CLSM, we might have an explanation for
the irregularly shaped protein arrangement on PIP,-containing DPPC-SLBs (5.22 B).
The assumption that ezrin occupies an area of ~3000 A2, while the PIP, head group
covers ~70 A2, gives an explanation for the different order of magnitude of PIP, nan-
oclusters and ezrin aggregates in figure 5.22.1119179] To substantiate this hypothesis,
it would be of great interest to investigate the arrangement of ezrin on a DPPC-SLB
containing PIP, with saturated fatty acyl chains. In this case, we would expect ran-
domly distributed ezrin aggregates forming more circular domains, similar to the
situation with POPC assuming that the diffusion has no or only a minor influence.
Moreover, high resolution AFM images, e.g. 100nm x 100nm of DPPC-SLBs with

varying PIP, content might reveal such small PIP, domains.

5.3.3 Drawing conclusions from the degree of protein surface coverage

We investigated the degree in protein surface coverage as a function of increasing
the PIP, content within DPPC-SLBs. Herrig et al. reported a completely ezrin cov-
ered POPC/PIP, (9o:10) SLB by AFM, corresponding to ~70 % surface coverage. 7]
In quartz-crystal microbalance (QCM) experiments, we showed that a PIP, content

of ~7mol% is sufficient to achieve maximum protein coverage of solid-supported
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membranes. (4! In this work, we observed a protein surface coverage ranging from
40 % to 57 % with 7mol% PIP,. The lower degree of coverage could be attributed to
the fact that DPPC-SLBs contain more membrane defects than POPC-SLBs. Conse-
quently, a systematic underestimation of the protein covered surface was obtained
in our case. Notably, Herrig et al. could show by QCM and AFM imaging that
the adsorption of ezrin to PIP,-containing membranes is reversible to a certain de-
gree.[1"7] They suggested the existence of ezrin populations with different affinities,
i.e., weakly adsorbed proteins readily desorb upon rinsing with buffer, while larger
protein aggregates, formed due to lateral protein-protein interactions, remain irre-
versibly bound.

A positive effect of PIP, on the formation of lateral protein-protein interactions
might be concluded from the significantly higher protein surface coverage obtained
for ezrin wildtype bound via PIP, to DPPC-SLBs as compared to ezrin wildtype
adsorbed to the same receptor lipid content of DOGS-NTA-Ni within DPPC-SLBs.
However, recent experiments in our group have shown that the binding of ezrin to
DOGS-NTA-Ni-containing membranes is hampered when buffer at low pH (citrate
buffer) was used for spreading. On the one hand, protonation of the carboxylic acid
groups at low pH is expected to reduce the NTA-Ni stability. On the other hand, the
buffering agent citrate can compete for Ni?" with the NTA groups. Although citrate
exhibits a lower complex stability with Ni>* than NTA, we most certainly reduced
the number of available NTA-Ni binding sites by using citrate buffer for membrane
formation.[*8°! For this reason, the lower protein surface coverage for DOGS-NTA-
Ni-doped membranes can be attributed to a certain degree to the smaller number of
available binding sites. Further measurements are required to clarify whether PIP,
might induce lateral protein-protein interactions leading to a higher ezrin surface
coverage as compared to DOGS-NTA-Ni-containing membranes.

The comparison of protein surface coverages obtained for ezrin wildtype ad-
sorbed to either POPC- or DPPC-SLBs with same PIP, fractions showed that in case
of the POPC matrix, a significantly lower portion of the membrane is covered with
protein. We propose that the possible pre-organization of PIP, we discussed before
might account for this observation. Due to the DPPC gel phase matrix, a local
enrichment of PIP, lipids might be induced. As lateral protein-protein interactions
appear to be important with regard to the formation of stable protein aggregates,
the pre-organization of PIP, might facilitate such cooperative protein adsorption.
In contrast, a completely random distribution of PIP, is expected within the POPC
matrix. The lateral diffusion of PIP, bound ezrin is decisive for the formation of
lateral protein-protein interactions. In case the diffusion of this complex is drasti-
cally reduced, the bound ezrin might have already desorbed before the complex

encounters another one. However, it has been shown that the lateral mobility of
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lipid bound peripheral proteins can be as high as the one of the respective lipid. [*8"]
In case of POPC/PIP,-SLBs on silicon support, we determined a diffusion coeffi-
cient of ~3um?/s (chapter 4). Considering that the AFM tip (8 nm radius) covers
~0.06 um? /s under our imaging conditions, it would be almost impossible to cap-
ture fast diffusing single ezrin-PIP, complexes. This problem inherent to the low
temporal resolution of the AFM technique is well-known.*82] Approaches to over-
come such issues led to the development of high-speed AFM.[183184]

Notably, we observed an increase in surface coverage for ezrin T567D on PIP,-
containing DPPC-SLBs as compared to ezrin wildtype under the same conditions.
In the light of full activation leading to the dissociation of N-terminal and C-
terminal domains, a more extended structure of ezrin T567D appears reasonable.
Accordingly, fully activated ezrin, i.e., in our case ezrin T567D immobilized via
PIP,, requires more surface area than ezrin wildtype. Moreover, it would be of
great interest to examine the protein arrangement of ezrin T567D on PIP, contain-
ing POPC-SLBs.

5.4 CONCLUSION

In this work, we investigated the consequences of ezrin activation by the surface-
sensitive techniques RIfS and AFM with regard to height levels of ezrin mono-
layers and their surface coverage on solid-supported membranes. In particular,
we addressed the individual steps involved in ezrin activation, i.e., PIP, binding
and phosphorylation by using ezrin wildtype and nonphosphorylatable as well
as pseudophosphorylated variants in combination with different immobilization
strategies.

We were able to show that the pseudophosphorylation on its own does not sub-
stantially contribute to a changed height level of protein clusters.

With regard to the individual contribution of PIP,, we could neither detect a
substantial decrease or increase in height in presence of PIP,, indicating that this
influence cannot be resolved unambiguously by evaluating the height level alone.
Considering that the activating influence has been shown in other studies,*45!
the height level analysis as measure for ezrin activation is not sufficient. Partial
activation via PIP, might favor lateral protein-protein interaction leading to higher
protein surface coverage. Consequently, activation of ezrin might be not only re-
stricted to a dissociation of N- and C-terminal domains leading to lower protein
height levels, but also include the formation of a dense protein layer to offer as
many binding site as possible toward F-actin.

The combination of PIP, binding and pseudophosphorylation led to a clearly

lower protein height level and to an increased protein surface coverage. Conse-
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quently, we conclude that the full activation of ezrin causes a profound structural re-
arrangement on the membrane surface including dissociation of the N-ERMAD/C-
ERMAD complex and lateral protein-protein interactions.

Remarkable was the effect of the gel phase DPPC matrix as it apparently forced a
local enrichment of PIP, on the nanoscale facilitating cooperative ezrin adsorption.
Consequently, this model system offers the possibility to generate locally enriched
PIP, areas without the need of proteins or divalent cations promoting PIP, seques-
tration. This system may serve as model for the investigation of proteins, which
require a comparably high local concentration of PIP,, in a well-defined environ-

ment.

5.5 CO-WORKERS

Kramer, Corinna; Gerdes, Benjamin; Mey, Ingo; Wechsler, Cindy

56 EXPERIMENTAL DETAILS

MATERIALS  The materials used for transformation, plasmid isolation, and pro-
tein purification are given in sections 3.1.1, 3.1.2, and 3.1.4. The lipids 1,2-di-
oleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), L-a-phos-
phatidylinositol-4,5-bisphosphate (PIP,), and 1,2-Dioleoyl-sn-glycero-3-[(N-(5-ami-
no-1-carboxypentyl) iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA-Ni) were
obtained from Avanti polar lipids (Alabaster, USA). The fluorophor f-BODIPY®500/
510 C,-HPC (2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphocholine, Bodipy-C,,-HPC) was obtained from
Life Technologies (Darmstadt, Germany). Silicon wafers with a 5 um layer of silicon
dioxide were used as RIfS transducer chips (ABC - Active business company, Mu-
nich, Germany). Silicon wafers for AFM measurements (100nm SiO, layer) were
purchased from Silicon materials (Kaufering, Germany). All chemicals were of the
highest purity available. Water was purified first through a Millipore water purifi-
cation system Milli-RO 3 plus and finally with a Millipore ultrapure water system
Milli-Q plus 185 (specific resistance = 18.2 M()/cm) (Billerica, USA).

RIFS MEASUREMENT  The experimental setup used is described in more detail
in section 3.3.3.1. SUVs composed of POPC/PIP, or DOPC/DOGS-NTA-Ni were
prepared according to section 3.2.2.2 in E1 buffer. A hydrophilized RIfS wafer
was mounted into the flow cell.and a baseline was recorded by flowing E1 buffer

through the system. The spreading process was performed under closed-loop con-
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ditions and monitored by RIfS as an increase in AOT to ~6nm. After bilayer forma-
tion, the SLB was rinsed copiously with E1 buffer to remove excess vesicles. Protein
binding (final concentration ~0.7 uMm) generated further increase in AOT. To deter-
mine the amount of specifically adsorbed protein, an additional rinsing step with
E1 buffer was performed. The effective AOT was extracted from the difference

between the final AOT level and the plateau immediately before protein addition.

AFM IMAGING SLBs were prepared on silicon support according to the pro-
cedure described in section 3.2.2.3. SUVs were prepared from lipid films com-
posed of either DPPC/PIP,/Bodipy-C,,-HPC, DPPC/DOGS-NTA-Ni/Bodipy-C,.-
HPC, or POPC/PIP,/Bodipy-C,,-HPC with PIP, fractions ranging from 3mol%
to 7mol% in buffer C (2omm Citrate, somMm KCl, o.1mMm EDTA, o.1mm NaN,,
pH 4.8). Bodipy-C,,-HPC was added at 0.5mol% to validate bilayer formation
by fluorescence spectroscopy before the AFM measurement. Each SLB was im-
aged in tapping mode before protein addition in E1 buffer to evaluate the bilayer
quality with regard to defects and adhered excess vesicles. Only membranes char-
acterized by minor adhesion of vesicles were used for protein binding. A final
concentration of ~0.6 pm ezrin in E1 buffer was employed and the sample was in-
cubated at 4 °C overnight. Before the measurement the sample was rinsed with
E1 buffer to remove nonspecifically bound protein and thermally equilibrated for
45min. CSC37 cantilevers with a nominal spring constant of 0.65 pN/nm were pur-
chased from MikroMasch (Wetzlar, Germany). Imaging of protein-covered SLBs
was performed in tapping mode applying low forces by using the NanoWizard 3
(JPK Instruments, Berlin, Germany). 10pumxX10um images were recorded with a
line scan rate ranging from 0.4Hz to 0.6 Hz. The freeware Gwyddion was used
for further data processing. Histogram height analysis was carried out using the
histogram height analysis tool based in MATLAB.
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5.7 APPENDIX

DNA sequence of ezrin wildtype with fused N-terminal His¢-tag.

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861

ATGGGCAGCA
ATGGCTAGCA
ATCAATGTCC
ACTGGAAAAC
TTTGGCCTCC
GTGTCTGCCC
TACCCTGAAG
CAAGTGAAGG
TTGGGGTCCT
GGGTACCTCA
AGGGACCAGT
GATAATGCTA
TATTTCGAGA
CTGAATATTT
ATCAGGAACA
CCTGACTTTG
ATGGGCAACC
ATGAAGGCCC
ACAGAGAAGA
GAGGAGTTGA
CTCTCGGAGC
GAGGCCGAGC
AGACAGGCGG
ACTGCCAAGA
TGGCAGCACA
CTGGTGATGA
GTCCAGGAGA
AGTGAGGGCA
GAGCGTGTGC
AATAAGAGGA
TACAAGACGC
GCCCTGTAA

GCCATCATCA
TGACTGGTGG
GAGTTACCAC
AGCTTTTTGA
ACTATGTGGA
AGGAGGTCAG
ATGTGGCTGA
AAGGAATCCT
ACGCTGTGCA
GCTCTGAGCG
GGGAGGACCG
TGTTGGAATA
TAAAAAACAA
ATGAGAAAGA
TCTCTTTCAA
TGTTTTATGC
ATGAGTTGTA
AGGCCCGGGA
AAAGGAGAGA
TGCTGCGGCT
AGATTCAGAG
GCCTAGAGGC
TGGATCAGAT
TTGCCCTCCT
GGGCCAAAGA
CAGCACCCCC
GCTTGCAGGA
TCCGGGATGA
AGCGGCAGCT
CCCACAATGA
TGCGGCAGAT

TCATCATCAC
ACAGCAAATG
CATGGATGCA
TCAGGTGGTA
TAATAAAGGA
GAAGGAGAAT
GGAGCTCATC
TAGCGATGAG
GGCCAAGTTT
GCTGATCCCT
GATCCAGGTG
CCTGAAGATT
GAAAGGAACA
TGATAAGTTA
TGACAAAAAG
CCCACGTCTG
TATGCGCCGC
GGAGAAGCAT
AACCGTGGAG
GCAGGACTAT
GGCCCTGCAG
TGACCGTATG
AAAGAGCCAG
GGAAGAGGCG
AGCCCAGGAT
GCCCCCACCA
TGAGGGCGCA
CCGCAATGAG
GCTGACGCTG
CATCATCCAC
CCGGCAGGGC

AGCAGCGGCC
GGTCGCGGAT
GAGCTGGAGT
AAGACTATCG
TTTCCTACCT
CCCCTCCAGT
CAGGACATCA
ATCTACTGCC
GGGGACTACA
CAAAGAGTGA
TGGCATGCGG
GCTCAGGACC
GACCTTTGGC
ACCCCAAAGA
TTTGTCATTA
AGAATCAACA
AGGAAGCCTG
CAGAAGCAGC
AGAGAGAAAG
GAGGAGAAGA
CTGGAGGAGG
GCTGCACTGC
GAGCAGCTGG
CGGAGGCGCA
GACCTGGTGA
CCCCCCGTGT
GAGCCCACGG
GAGAAGCGCA
AGCAGCGAGC
AACGAGAACA
AACACCAAGC

TGGTGCCGCG
CCGAATTCAT
TTGCAATCCA
GCCTCCGGGA
GGCTGAAGCT
TCAAGTTCCG
CCCAGAAACT
CCCCTGAGAC
ACAAAGAAGT
TGGACCAGCA
AACACCGTGG
TGGAAATGTA
TTGGAGTTGA
TTGGCTTTCC
AACCCATCGA
AGCGGATCCT
ACACCATCGA
TGGAGCGGCA
AGCAGATGAT
CAAAGAAGGC
AGAGGAAGCG
GGGCTAAGGA
CTGCGGAGCT
AGGAGGATGA
AGACCAAGGA
ACGAGCCGGT
GCTACAGCGC
TCACTGAGGC
TGTCCCAGGC
TGAGGCAAGG
AGCGCATCGA

CGGCAGCCAT
GCCGAAACCA
GCCAAATACA
AGTGTGGTAC
GGATAAGAAG
GGCCAAGTTC
TTTCTTCCTC
TGCCGTGCTC
GCACAAGTCT
CAAACTTACC
GATGCTCAAA
TGGAATCAAC
TGCCCTTGGA
TTGGAGTGAA
CAAGAAGGCA
GCAGCTCTGC
GGTGCAGCAG
ACAGCTGGAA
GCGCGAGAAG
AGAGAGAGAG
GGCACAGGAG
GGAGCTGGAG
TGCAGAATAC
AGTTGAAGAG
GGAGCTGCAC
GAGCTACCAT
GGAGCTGTCT
AGAGAAGAAC
CCGAGATGAG
CCGGGACAAG
CGAGTTCGAG



Amino acid sequence of ezrin wildtype with fused N-terminal Hisg-tag. The threo-
nine highlighted in orange is substituted for an alanine (ezrin T567A) or an aspar-

tate (ezrin T567D). The position 567 is with respect to the initiator methionine in

human ezrin (green).
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MGSSHHHHHH SSGLVPRGSH MASMTGGQQM

TGKQLFDQVV
YPEDVAEELI
GYLSSERLIP
YFEIKNKKGT
PDFVFYAPRL
TEKKRRETVE
EAERLEADRM
WQHRAKEAQD
SEGIRDDRNE
YKIWLRQIRQG

KTIGLREVWY
QDITQKLFFL
QRVMDQHKLT
DLWLGVDALG
RINKRILQLC
REKEQMMREK
AALRAKEELE
DLVKTKEELH
EKRITEAEKN
NTKQRIDEFE

FGLHYVDNKG
QVKEGILSDE
RDQWEDRIQV
LNIYEKDDKL
MGNHELYMRR
EELMLRLQDY
RQAVDQIKSQ
LVMTAPPPPP
ERVQRQLLTL
AL=*

GRGSEFMPKP
FPTWLKLDKK
IYCPPETAVL
WHAEHRGMLK
TPKIGFPWSE
RKPDTIEVQQ
EEKTKKAERE
EQLAAELAEY
PPVYEPVSYH
SSELSQARDE

INVRVTTMDA
VSAQEVRKEN
LGSYAVQAKF
DNAMLEYLKI
IRNISFNDKK
MKAQAREEKH
LSEQIQRALQ
TAKTIALLEEA
VQESLQDEGA
NKRTHNDIIH

ELEFAIQPNT
PLQFKFRAKF
GDYNKEVHKS
AQDLEMYGIN
FVIKPIDKKA
QKQLERQQLE
LEEERKRAQE
RRRKEDEVEE
EPTGYSAELS
NENMRQGRDK
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A MODEL SYSTEM EXPLORING THE FORCES AT THE
MEMBRANE CYTOSKELETON INTERFACE

6.1 INTRODUCTION
The ezrin F-actin connection

The organization and dynamic characteristics of the cell membrane architecture are
regulated at the interface between the membrane and the subjacent cortical actin cy-
toskeleton. This structural framework is tailored by the cell in response to external
and internal stimuli, thus participating in various fundamental cellular processes
including adhesion, migration, polarization, division, and differentiation. [1,185,186]
The key player within this carefully balanced interplay is filamentous actin (F-actin),
a semi-flexible polymer composed of globular actin monomers (G-actin) with a
molecular weight of 43kDa each. F-actin is characterized by a mean diameter of
7nm and its variable length ranging from 0.1 um to 20 pm (figure 6.1).[*7188] Each
monomeric subunit is rotated by 166°, thus appearing morphologically as two right-
handed, entwined helices.["®] X-ray analysis revealed a nucleotide binding site oc-
cupied either by adenosine triphosphate (ATP) or adenosine diphosphate (ADP) as

well as several binding sites for divalent cations such as Ca?* or Mg?*.[19l

Figure 6.1: Filamentous actin (gray shaded) is composed of globular actin monomers. The
monomeric subunit (blue) is complexed with ADP and Ca?*. Adapted from Otterbein and
Oda. 1901911

The dynamic and adaptive characteristics of the cortical actin cytoskeleton origi-
nate in the fast polymerization and depolymerization of actin.!*92193] Within the

cell, these processes are regulated by a vast number of proteins. Despite this com-
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plexity in vivo, the basic polymerization of monomeric actin is easily achieved in
vitro under physiological conditions. In particular, the presence of divalent ions and
raising the temperature effectively reduces the required critical monomer concen-
tration. The assembly of F-actin encompasses three different phases: (1) nucleation,
(2) elongation, and (3) steady-state. The initial phase is characterized by a lag pe-
riod, where ATP-G-actin oligomerizes to unstable aggregates. Once a length of
three to four subunits is reached, the oligomer can act as nucleus, growing rapidly
to a filament during the second phase. The incorporated ATP is hydrolyzed to
ADP, thus forming ADP-containing subunits. F-actin is intrinsically polarized ow-
ing to the oriented head-to-tail assembly of monomers. This polarity is reflected
as such that the addition of monomers is preferred at one end, namely the (+)
end, as it exhibits a lower critical concentration for elongation than the other one,
the (-) end. The growth phase proceeds until equilibrium between monomer and
filament is reached, where a steady exchange between monomer and subunits at
the ends occurs; however, no more net increase in length is observed. The equi-
librium monomer concentration in this so-called treadmilling state is the critical
concentration. [194]

To translate and direct the forces generated by assembly and disassembly of F-
actin, a dynamic linkage between plasma membrane and cytoskeleton is required.
Among such linker proteins are the members of the ERM (ezrin, radixin, moesin)
protein family. By providing a regulated linkage, ERM proteins are implicated to
contribute to the organization of structurally and functionally distinct cortical do-
mains, thus participating in adhesion, motility, and fundamental developmental
processes.[3] Studies have shown that the function of ERMs is conformationally
regulated by intramolecular head-to-tail association (figure 6.2). A binding site
for F-actin was identified in an N-terminally truncated form of ezrin, whereas no
in vitro F-actin association was observed in case of the full length protein.[®57]
Experiments on the association characteristics of truncated ezrin fusion proteins
provided further support for the conformational masking model, predicting an ap-
parently dormant, closed conformation due to strongly interacting N-terminal and
C-terminal ERM association domains (N-ERMAD, C-ERMAD).[7] Thus, an open,
active conformation requires the dissociation of the N-ERMAD/C-ERMAD interac-

tion to allow for F-actin binding.

Activation

Figure 6.2: Schematic of the conformational masking model. Activation leads to dissocia-

tion of N-ERMAD (blue) and C-ERMAD (orange) as such that the closed, dormant state
(left) transitions into the open, active conformation (right) capable of binding F-actin.
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After extensive research, two factors have emerged to play a pivotal role in the ERM
activation process. A conserved threonine (T) residue within the F-actin binding
site was identified for ezrin, radixin, and moesin — T567, T564, and T558, respec-
tively — as target for phosphorylation by Rho-kinase and protein kinase C @.[89]
Furthermore, cosedimentation revealed that a binding site specific to the phospho-
inositide L-a-phosphatidylinositol-4,5-bisphosphate (PIP,) is located within the N-
terminal part of ezrin.[*°! Based on these findings, a two-step model was proposed
for ERM activation comprising recruitment to the membrane by PIP, and subse-
quent phosphorylation of the conserved threonine residue in the C-terminal do-
main.[*>13] However, the extent of contribution to the activation regarding the indi-
vidual activating factor is still subject of controversial discussion. No differences in
F-actin binding capability of phosphorylated and non-phosphorylated C-terminal
radixin were detected.l9 A similar behavior was observed by Huang et al., mimick-
ing the phosphorylation of moesin by substitution of T558 with aspartate (T558D).
However, they could show that the pseudophosphorylation enhanced significantly
the F-actin binding capability of the full length moesin mutant in cosedimentation
assays, indicating a partial release of the F-actin binding site owing to electrostatic
repulsion. 75 The pivotal role of PIP, as activation factor has emerged primarily in
in vivo studies. Fievet et al. could show that, although the T567D mutation in ezrin
circumvents the requirement for PIP, binding for the release of masked binding
sites, it is still essential with regard to the correct apical localization of ezrin.[12l
Moreover, Yonemura et al. suggested that the specific phosphorylation is rather
required for stabilizing activated ERMs than for their activation.!'" In a recent con-
focal laser scanning microscopy (CLSM) based assay to probe the F-actin binding
capability of ezrin, we were able to show a synergism between phosphorylation
and PIP,.["4l Furthermore, colloidal probe experiments investigating the influence
of PIP, binding on the interaction between ezrin and F-actin revealed a distinct

increase in adhesion forces and cumulative adhesion energy in presence of PIP,.[5!

Bonds under load — Force induced unbinding

The F-actin cytoskeleton is the major force bearing structure within the cell, provid-
ing mechanical stability and sustaining forces. Evidently, the bond between F-actin
and ezrin is exposed to force as well. Therefore, we regard the atomic force micro-
scope (AFM) as the method of choice to investigate the behavior of this interaction
under force load as it is able to resolve forces in the range of piconewtons.!"95! In
the framework of Kramers’ rate theory, the dissociation of a formed bond to an
unbound state can be described as thermally activated escape over an energetic

barrier, also referred to as transition state.[196197] A schematic representation of the
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energy landscape or binding potential describing a dissociating ligand-receptor in-
teraction along the reaction coordinate x is depicted in figure 6.3 A. The bound
state is characterized by an energetic minimum whose separation to the transition
state along the reaction coordinate is characterized by x%, also referred to as poten-

tial width. The rate at which dissociation occurs is given by k2.

A B
A . A
Transition state
koge kot (f)

. \_ -
Z 2
g Bond open 9
4% 45

Bond

closed

xt . .
Reaction coordinate Reaction coordinate

Figure 6.3: A Schematic representation of the energy landscape for the dissociation process
of a receptor-ligand interaction in absence of force load. The transition state barrier sep-
arates bound (bond closed) and unbound (bond open) state. Its separation to the bound
state is characterized by x%, while the rate at which dissociation occurs is given by K. B
The application of an external force f tilts the energy landscape (red line) and lowers the
energetic barrier. Accordingly, the dissociation rate kg is a function of the applied force
load f.

The first model considering the influence of force load on bond dissociation was
derived by Bell in 1978.11%] Following Zhurkov’s kinetic concept of the strength of

solids, 199! he introduced the unbinding rate constant kg:
Kot = K04 exp [fs fxi] with  f=-— (6.1)

where kgff denotes the unbinding rate at zero force and f is the applied force per
bond, acting along the reaction coordinate x. The potential width x* is assumed
to be independent of the applied force. T is the temperature in Kelvin and kg the
Boltzmann’s constant. The loading rate vr, i.e., the force per time interval a bond
is loaded, is critical with regard to the distinction between near-equilibrium and
non-equilibrium. The near-equilibrium regime is characterized by slow loading
rates where rebinding is a relevant process, whereas in the non-equilibrium regime
fast loading rates lead to complete suppression of rebinding events. In case of
force spectroscopic measurements, non-equilibrium is in particular prevalent as
bonds are generally probed fast with a comparably soft cantilever. Moreover, the
experiments are usually performed at a constant pulling speed, i.e., the force load

on the bond changes over time (force ramp). The energetic landscape is tilted by the



6.1 INTRODUCTION

applied force, while the energetic barrier is lowered (figure 6.3 B). Assuming that
the unbound state is located far away from the energy barrier, i.e., the cantilever is
sufficiently soft, the cantilever potential can be approximated as linear function. By
using the Bell model, Evans and Ritchie derived a kinetic approach to bond rupture

occurring in the non-equilibrium based on Kramers’ rate theory: 200201l

t
U T [ﬁx

1
+ —In[vr]. (6.2)
pt Koge

pat

F* denotes the most probable rupture force, while vr is the loading rate. Equa-
tion 6.2 reveals a linear dependence of F* on the logarithm of vr. This appeal-
ingly simple relationship is used throughout literature to extract x* and k% by
linear fitting.[2°22°31 The slope is used to calculate x¥, while the ordinate intercept
yields k2. These values are basic parameters describing the energy profile along
the force-driven reaction coordinate. The concept of applying a wide range of
loading rates to investigate bond strength is also referred to as dynamic or molec-
ular force spectroscopy (MFS). It has been used to explore energy landscapes of
the domain unfolding in titin,4°! the biotin/(strept)avidin interaction,2°4 the sep-
aration of complementary DNA-strands,[2%5! and the interaction between cadherin
dimers. 200l

The poorly defined apex geometry in case of a conventional AFM tip led to
the development of the colloidal probe microscopy (CPM). This technique was es-
tablished by Ducker and Butt to measure surface forces.[2972%81 They modified a
cantilever by attaching a spherical particle at its end. The well-defined contact ge-
ometry between sphere and flat surface allows a more quantitative determination
of surface forces by using contact theories such as the Hertz model.2®! Due to its
favorable geometry in terms of low curvature as compared to a conventional AFM
tip, this technique has been used for the investigation of membrane-membrane
interactions. [2*°l Moreover, F-actin was attached to a colloidal probe and its interac-
tion with ezrin bound to PIP, was investigated, which was the starting point of the

work presented in this chapter.[*5!

We aimed to elucidate the interaction between F-actin and ezrin by means of AFM.
On the one hand, we employed colloidal probe microscopy (CPM), mimicking the
situation in microvilli where many ezrin molecules are present to bind tightly to
F-actin. We analyzed adhesion forces and surface adhesion energies as a function
of ezrin activation. On the other hand, we made use of single molecule force mea-
surements (SMFM) investigating the interaction between a single ezrin and F-actin
for comparison with CPM experiments. Moreover, molecular force spectroscopy

(MFS) allowed us to determine kinetic parameters, namely k0, and x¥, describing
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the bond between a single ezrin and F-actin, thus deriving basic information about
the energy landscape.

In particular, we addressed the question how the interaction is influenced by
the degree of ezrin activation with regard to its F-actin binding capability. To
map the influence of the individual activation step, ezrin wildtype and two mu-
tants, ezrin T567A and ezrin T567D, were used. In the latter one, the threonine at
position 567 was substituted for an aspartate, thus mimicking a permanent phos-
phorylated form. Due to the replacement of threonine by alanine, ezrin T567A
is considered constitutively inactive with regard to phosphorylation and therefore
used in cell experiments.[*92%4] Moreover, we employed a submicellar PIP, con-
centration to induce ezrin activation. This strategy has been successfully used by

other groups.[176211:212]

6.2 RESULTS
6.2.1  Surface functionalization strategy and setup

The schematic drawing in figure 6.4 shows the basic experimental setup used in
force measurements and spectroscopy, which is characterized by an ezrin coated
cantilever tip and an F-actin covered surface.

A 6xhistidine (Hisg) tag was fused to the N-terminus of ezrin to allow on the one
hand its specific purification by using nickel nitrilotriacetic acid (NTA-Ni) bearing
agarose. On the other hand, this tag provides, together with a NTA-Ni terminated
self-assembled monolayer (SAM) on gold containing cantilevers, both uniform ori-
entation and specific binding of the protein. The SAM was composed of N-[5-[[[(20-
mercapto-3,6,9-trioxaeicos-1-yl)oxo]carbonyl]amino]-1-carboxypentyl]iminodiacetic
acid (NTA thiol) and (1-mercaptoundec-11-yl)tri(ethylene glycol), where the latter
one is the matrix thiol to reduce the protein density on the surface, prevent non-
specific binding and denaturation of proteins. The position of the His¢-tag was cho-
sen in such a way to mimic the N-terminal membrane attachment of ezrin and to
prevent blocking of the F-actin binding site, which is located in the C-terminus. In
molecular force spectroscopy or single molecule force measurements (MFS/SMEFM,
figure 6.4 A), the protein concentration at the tip is diluted such that in the ideal
case only one protein is able to bind to F-actin. On the contrary, colloidal probe
microscopy (CPM, figure 6.4 B) provides a well defined contact area, where many
proteins are located.

F-actin was attached via electrostatic interaction to a positively charged SAM,
which is composed of (11-mercaptoundecyl)trimethylammonium (AUT*) and ad-

sorbed onto a gold coated silicon wafer. We refrained from attaching F-actin to the
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cantilever with regard to SMFM and MFS experiments as the attachment of a single

rod-like macromolecule to a sharp cantilever tip appears rather challenging.

A B
BL-Au

CP-Au

¢ = Matrix thiol
¢ = Ni-NTA thiol
? = Ezrin

\ = F-actin

Au Au

Figure 6.4: Setup for force measurements and functionalization: Schematic drawing of
a gold coated Biolever (BL-Au) (A) and a gold colloidal probe (CP-Au) (B) with ezrin
functionalization for measuring the interaction with F-actin coated sample.

Depending on the type of experiment, i.e., SMFEM/MFS or CPM, different can-
tilevers were employed. Whereas Biolevers used in MFS or SMFM experiments
are characterized by a tip radius of ~30nm, colloidal probes exhibited radii from
1.7pum to 3.7um. A SEM (scanning electron microscopy) image of a colloidal probe
is shown in figure 6.5 A. The colloid radius was determined for each cantilever

after the experiment by means of SEM (figure 6.5 B).

R=2.8pm

Figure 6.5: SEM images of cantilevers used in colloidal probe microscopy: A Colloidal
probe, scale bar: 20 um. B Determination of colloidal sphere radius R, scale bar: 1 um.

Validation of functionalization strategy

Surface plasmon resonance (SPR) measurements were performed to control the col-
loidal probe functionalization strategy with regard to its specificity by examining
binding and subsequent imidazole induced elution of ezrin bound via the Hisg-
tag to NTA-Ni moieties (section 3.3.3.2). On the one hand, ezrin wildtype, ezrin
T567A, and ezrin T567D were directly immobilized to the NTA-Ni-containing SAM
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(NTA-thiol /matrix thiol 1:5). On the other hand, the different proteins were pre-
incubated with submicellar PIP, to mimic the PIP,-induced activation and subse-
quently bound to the NTA-Ni moieties.

The sensorgram (figure 6.6, a-g) shows the adsorption of 1M ezrin wildtype
pre-incubated with 1 um PIP, to a mixed SAM (1:5), composed of NTA thiol and
matrix thiol, and its imidazole induced desorption. Differences in the refractive in-
dices of buffer solutions caused steplike reflectivity changes upon buffer exchange.
The SAM was prepared for specific protein adsorption by charging the NTA head
groups with Ni?* (100omwm NiCl,, pH 8adjusted with Tris/HCl) and rinsing with
ultrapure water and E1 buffer to remove excess Ni** (a-c). An increase in reflectiv-
ity of o.13a.u. was detected upon binding of ezrin wildtype + PIP, to the NTA-Ni
doped surface (d). Rinsing with E1 buffer produced only a minor decrease in re-

flectivity (e), thus indicating protein binding.
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Figure 6.6: Validation of colloidal probe functionalization strategy. SPR measurement show-
ing ezrin wildtype + PIP, adsorption to NTA-Ni-containing SAM (NTA-thiol / matrix thiol
1:5) and imidazole induced elution: charging NTA-terminated thiol with Ni** (a), rinsing
with ultrapure water (b) and E1 buffer (c), binding of 1 pm ezrin wildtype + 1 um PIP, (d),
rinsing with E1 buffer (e), 500 mm imidazole (f), and E1 buffer (g).

In contrast, the wash step using 500 mm imidazole (f) and subsequent rinsing with
E1 buffer (g) to evaluate the degree of protein desorption lead to a decrease in re-
flectivity of o.12a.u. In total, a minor percentage of 8 % remained bound, caused
by nonspecific ezrin wildtype adsorption to the NTA-Ni doped surface, whereas
the remaining 92 % could be attributed to specific protein binding to NTA-Ni head
groups. Adsorption of ezrin wildtype, ezrin T567A, and ezrin T567D in the absence
of PIP, and their imidazole induced desorption gave similar results, although more
nonspecifically bound protein was detected ((16 £ 8) %). However, this higher frac-
tion may be attributed to the fact that the elution period had been halved in these
measurements. Furthermore, it has been shown that mono-dispersed PIP, (1 um)

does not adsorb to NTA-Ni doped surfaces on its own.
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We chose to use submicellar PIP, concentration in order to obtain mono-dispersed
PIP,, which is assumed to induce a conformational change of ezrin in solution. [*7¢]
Values for the critical micellar concentration of PIP, were found to be in the range
of goum to 60um. 762111 Moreover, we tested whether a similar amount of the
ezrin/PIP,-complex and ezrin, respectively, was able to bind to the NTA-Ni-contain-
ing SAM in the same SPR experiment, regenerating the NTA-Ni-containing SAM
by imidazole induced protein elution. First, an ezrin/PIP, ratio of 1:10 was used
with a PIP, concentration of 7um. However, we found that the excess of PIP, ap-
peared to block the Hisg-tag as a significantly lower amount of ezrin/PIP, (figure
6.7 A, a-b) as compared to ezrin T567D (figure 6.7 A, a’-b’) was bound to the NTA-
Ni-containing SAM .

Ezrin T567D + . Ezrin T567D + .
PIP, (1:10) Ezrin T567D PIP, (1:1) Ezrin T567D
0.40 T T T T 0.35 T T T T
5035 A =
§ ' b’ g 030} 4 A
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= =
2 o25) & 0Br
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Figure 6.7: Determination of ezrin/PIP, ratio. Extracts from SPR sensorgrams showing the
binding of ezrin pre-incubated with PIP, to NTA-Ni-containing SAM, subsequent imida-
zole induced elution of bound protein (corresponds to axis break), and binding of ezrin
T567D in absence of PIP, in one experiment. A Adsorption of o.7um ezrin T567D pre-
incubated with PIP, (1:10) and rinsing with E1 buffer (a, b). Binding of ezrin T567D to
regenerated NTA-Ni-containing SAM and subsequent rinsing with E1 buffer (a’, b’). B
Adsorption of 0.7 uM ezrin T567D pre-incubated with PIP, (1:1) and rinsing with E1 buffer
(a, b). Binding of ezrin T567D to regenerated NTA-Ni-containing SAM and subsequent
rinsing with E1 buffer (a’, b").

Employing a 1:1 ratio of ezrin/PIP, and thus reducing the concentration of PIP, to
0.7 uM was successful as similar reflectivity values were obtained when either ezrin
Ts567D/PIP, (figure 6.7 B, a-b) or ezrin T567D (figure 6.7 B, a’-b”) was bound to the
same NTA-Ni-containing SAM.

Confocal laser scanning microscopy (CLSM) was applied to validate the F-actin
surface functionalization. The adsorption of AlexaFluor488-phalloidin labeled F-
actin to an AUT" functionalized wafer is shown in figure 6.8. Even after vigorous
rinsing, F-actin remained attached to the surface owing to strong electrostatic in-
teractions. Phalloidin is not only used for mere visualization purposes, but also
for stabilization of F-actin. It is known to bind preferably to F-actin rather than to

monomeric actin, thus shifting the equilibrium between filaments and monomers
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towards the filamentous form.[23! The length distribution of F-actin was rather in-
homogeneous ranging from several 100 nm to few micrometer. The average F-actin
surface coverage amounted to (67 £ 7) % (n = 7) as determined by pixel analysis in

Image].

Figure 6.8: Validation of F-actin surface functionalization strategy. Confocal fluorescent
image of AlexaFluor488-phalloidin labeled F-actin immobilized on AUT" functionalized
gold coated wafer. Scale bar: 5pum.

Typically, we recorded in one experiment ~120 deflection displacement curves.
The colloidal probes were controlled after the experiment with regard to unspecific
adsorption of F-actin. Rarely, we observed adsorbed F-actin due to poor function-
alization, which lead to unusual high adhesion forces and was verified by fluo-
rescence microscopy after the experiment (figure 6.9). Data originating from such

measurements was discarded.

A

Figure 6.9: Cantilever control regarding adhered F-actin. Fluorescent image of colloidal
probe before (A) and after (B) the experiment. AlexaFluor488-phalloidin labeled F-actin
adsorbed to colloid due to poor functionalization. Data resulting from such experiments
was discarded.

6.2.2  Measuring the forces between F-actin and ezrin as a function of its activation

The following experiments were motivated by the question whether and how the
activation of ezrin influences the interaction between ezrin and F-actin with regard

to its adhesion forces F,4 and surface adhesion energies W,q. An intramolecular
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head-to-tail association conformationally regulates the F-actin binding capability of
ezrin. Dissociation and consequently release of the F-actin binding site is thought
to require PIP, binding and phosphorylation of the threonine at position 567.111 To
investigate the individual contribution of the respective activation factor, we made
use of ezrin wildtype, pseudophosphorylated ezrin T567D, nonphosphorylatable
ezrin T567A, respectively, with or without submicellar PIP, concentrations. We
established a CPM assay consisting of an ezrin coated cantilever probing an F-actin
functionalized surface to monitor specifically the impact of ezrin activation on the
interaction. Colloidal probes were chosen over usual cantilevers as the colloid
sample interaction scenario resembles rather the situation within the cell, where
many ezrin molecules are presented to F-actin.

Our strategy to use ezrin wildtype, ezrin T567A, and ezrin T567D with and
without PIP, to map the influence of no, partial, and full activation generated the

six different interaction scenarios summarized in table 6.1.

Table 6.1: Six different ezrin-F-actin interaction scenarios were used to monitor the impact
of PIP, and pseudophosphorylation. Their putative activation state is indicated by +.

No activation Partial activation Full activation
Ezrin T567A + - -
EzrinTs567A + PIP, - + -/+
Ezrin wildtype + - -
Ezrin wildtype + PIP, - + -/+
Ezrin T567D - + -
Ezrin T567D + PIP, - - +

Ezrin T567A and ezrin wildtype are considered to be inactive in absence of PIP,. A
partial activation is assumed to be induced by the pseudophosphorylation in case of
ezrin T567D. The influence of PIP, has been controversially discussed in literature.
Its contribution to ERM activation was confirmed. However, some studies indicate
that PIP, alone might be able to induce full activation of ERM proteins."3] The
combination of the pseudophosphorylated ezrin T567D and PIP, represents in our
work the fully activated ezrin. Considering the limiting cases of the six different
interaction scenarios, we expected that no interaction with F-actin is observed for
ezrin T567A and ezrin wildtype, respectively (figure 6.10 A). Accordingly, no de-
viations between the colloidal probe deflection of approach (blue) and retraction
curve (red), respectively, should occur. On the contrary, ezrin T567D in presence of
PIP, was expected to be fully activated, thus being able to bind efficiently to F-actin
(figure 6.10 B). For this reason, adhesion events due to the interaction between F-

actin and ezrin T567D in presence of PIP, were expected to generate a characteristic

105



106 MODEL SYSTEM EXPLORING THE FORCES AT THE MEMBRANE CYTOSKELETON INTERFACE

deflection pattern upon retraction.

A B

] ]

| |

L

Distance Distance

Deflection
Deflection

Figure 6.10: Limiting cases of interaction between ezrin coated colloidal probe and F-actin
covered surface according to experimental setup shown in figure 6.4 B. A Inactive ezrin is
not able to bind F-actin. The deflection course is the same for both approach (blue line)
and retraction (red line) curve of the colloidal probe. B Active ezrin interacts with F-actin.
The force F acting on the formed bonds caused by the retracting colloidal probe induces
bond rupture, leading to abrupt changes in deflection.

All deflection displacement curves originating from the six different interaction
scenarios were converted into force distance curves (section 3.3.1.1) and processed
as described in the following section 6.2.2. Representative force distance curves de-
scribing the limiting cases are shown in figure 6.11. The interaction between ezrin
T567A and F-actin is characterized by several adhesion events, although no inter-
action was expected. However, the force distance curve showing the interaction
between F-actin and ezrin T567D in presence of PIP, exhibits significantly more

adhesion events and consequently a larger surface adhesion energy.
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Figure 6.11: Representative force distance curve (retrace) showing interaction between ezrin
coated colloidal probe and F-actin covered surface. A Ezrin T567A. B Ezrin T567D + PIP,.
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In general, the force distance curves were characterized by a high degree of het-
erogeneity. One reason for that might be intrinsic to the experimental setup. F-actin
on the sample surface was not homogeneously distributed but rather forming a
mesh-like structure (figure 6.8). Consequently, the number of formed bonds varied
with each contact, leading to rather heterogeneous force distance curves. There-
fore, we refrained from evaluating individual force distance curves and chose to
use statistical tools to analyze our data with regard to possible differences in ad-
hesion force and surface adhesion energy depending on the respective interaction

scenario as described in the following.

Data analysis

Raw data was processed via the MFP-3D software (Asylum Research, Santa Bar-
bara, USA) based in IGOR Pro (version 6.22a, WaveMetrics, Portland, USA). Thereby,
deflection displacement curves were converted to force distance curves according
to paragraph 3.3.1.1. The processed data was imported for further analysis into
MATLAB using the FDC analysis routine. The first analysis step comprised base-
line correction and setting the contact point manually. Local minima (figure 6.12,
red stars) were determined via a peak finding routine, yielding the adhesion forces
Fag.
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Figure 6.12: Typical force distance curve in colloidal probe microscopy. For data analysis,
the adhesion peaks (red stars) and the area under the curve (gray area) were evaluated,
yielding adhesion forces (F,q) and surface adhesion energy (W,q), respectively.

Integration of the area under the curve produced the respective surface adhesion
energy W,q (figure 6.12, gray area). Depending on the data quality, i.e., signal/noise
ratio or interference issues, the analysis was either automated or carried out by

hand.
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In the second step, the browse tool was used to pool the results for each experi-
ment resulting in two data sets, F,q and W,q. Data sets originating from different
experiments were combined, provided they were performed under the same con-
ditions. Next, each data set was evaluated via a self-written MATLAB routine,
estimating the respective probability density function (pdf) and the cumulative dis-
tribution function (cdf) (figure 6.13). For visualizing the obtained estimated densi-
ties, either histogram analysis or kernel density estimation was performed. In case
of histogram density estimation, the optimal bin number was computed according
to Freedman-Diaconis.[>'4] The function rhist yielded the relative frequency f,(x),
i.e., the number of times a particular value for a variable occurs divided by the total

number n of observations:

fuw(x) = rlziB (x—X;) with B= L ifxe(-w/2w/2) (6.3)

i=1 0 otherwise.

X; specifies the center of the bin where observation X; lies and B denotes the in-
dicator function, which equals 1 if its argument holds and 0 otherwise. The bin
width w was calculated from the distance between two adjacent bin centers. To
obtain a density histogram, the relative frequency was divided by the bin width w.

Accordingly, the pdf estimator py, is given by:

Po = %fw(x)- (6.4)

However, drawbacks have to be taken into account as histograms are used for
probability density estimation including the dependence on bin width, bin origin
and the intrinsic discontinuous density. The two latter ones are circumvented by
using the kernel density estimation approach. Its principle relies on the weighting
kernel function K: the closer the observation X; is to x, the greater is the allocated
weight. Therefore, kernel density estimation was employed as complementary pdf
estimation approach by the MATLAB routine (figure 6.13). The pdf estimator pj,(x)

for kernel density estimation is given by:

. & - X;
P =5 LK (557, ©5)

where h denotes the kernel bandwidth, also referred to as smoothing parameter.

Its choice is critical with regard to over- or undersmoothing of the density estimate.
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A widely used kernel function is the so-called Epanechnikov kernel based on a

second-degree polynomial: [2*5]

3(1—42) i
K = | 1 (1—u?) if jul| <1 66)

0 otherwise.

Test kernel density estimations with varying bandwidth were performed to deter-
mine a suitable width leading to smooth but not oversmoothed density estimations.
The kernel probability density estimation was carried out by using the ksdensity
function with Epanechnikov kernel. As result of the pdf estimation, the histogram
was overlaid with the pdf obtained from kernel density estimation.

The empirical cdf describes the proportion of observed values that are less than

or equal to each value in turn. In case of the cdf, the estimator is given by:

1 ifX; <x
I(Xi < x) with I(Xl' < x) = (6.7)

0 otherwise,

F(x) =

|-

n
i=1

where I denotes the indicator function, which equals 1 if its argument holds and 0

otherwise. The empirical cdf assigns a probability mass of 1/# at each observation.
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Figure 6.13: Flow chart of MATLAB routine for probability density estimation of force mea-
surement data (pdf: probability density function, cdf: cumulative distribution function).
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6.2.3 Colloidal probe microscopy revealing differences and similarities in adhesion between

F-actin and ezrin as a function of its activation

In this section, we present the adhesion forces F,4 and surface adhesion energies
W,q of the interaction between F-actin and ezrin determined by means of colloidal
probe microscopy (CPM). In particular, the influence of stepwise or increasing ezrin
activation on the ezrin F-actin interaction will be considered by evaluating the in-
fluence of PIP, binding and phosphorylation separately as described in table 6.1.
The two-dimensional Kolmogorov-Smirnov (KS) test was employed to compare
the distributions with regard to significant differences. One advantage of this test
is that no assumptions are made about the underlying type of distribution. Based
on the Bonferroni correction, a reduced significance level of &' = 3.1 x 1072 was
set to take multiple testing into account, thus guaranteeing an overall significance
level of « = 0.05. The two-dimensional KS test is based on the empirical distri-
bution function and tests whether two samples come from the same continuous
distribution. We found that all distributions of F,q (figure 6.14) differ significantly
from each other. The same result was obtained when comparing the distributions

of W,d norm (figure 6.18).

Adhesion forces between F-actin and ezrin

The most probable adhesion force F;; and the median F,q were determined from
the respective distributions. As we employed CPM where many ezrin molecules are
attached to the colloid, the probability of a binding event is high. Accordingly, F;
represents the most probable adhesion force of the interaction between ezrin and
F-actin. The median value halves the distribution as such that there are the same
number of adhesion forces below the median as there are above the median. In case
of a perfectly symmetrical distribution the most probable value and the median
coincide. However, the distributions of measured adhesion forces are skewed to the
right (figure 6.14). Accordingly, the most probable value is less than the median.
In figure 6.14 all adhesion force distributions are depicted, describing the dif-
ferent interaction scenarios between F-actin and ezrin as a function of its putative

activation state (table 6.1).
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Figure 6.14: Probability density function of adhesion forces F,q between F-actin and ezrin
as a function of its activation: ezrin T567A (n = 2825), ezrin wildtype (n = 6128), and
ezrin T567D (n = 4747) in absence of PIP, (a-c) and ezrin T567A (n = 3849), ezrin wildtype
(n = 6675), and ezrin T567D (n = 17216) in presence of PIP, (d-f). The most probable
adhesion force F, as well as the median F,q were determined for each distribution.

In case of the interaction between ezrin T567A and F-actin, the most probable ad-
hesion force F;; amounts to approximately 29 pN, while the median adhesion force
was determined with F,q = 43pN (figure 6.14 a). In presence of PIP,, F%, slightly
decreases to 26 pN in contrast to the increased F,q of 46 pN (figure 6.14 d). This can
be attributed to the fact, that the adhesion force distribution, describing the inter-
action between F-actin and ezrin T567A in presence of PIP,, exhibits a shoulder at
~42pN. We observed an increase in both F} to 34 pN and F,4 to 50 pN upon ezrin
wildtype interacting with F-actin (figure 6.14 b). PIP, affects F;; as observed for
ezrin T567A yielding 26 pN. Similarly, F,4 increases in presence of PIP, to 58 pN
(figure 6.14 e). In case of the interaction between F-actin and the pseudophospho-
rylated mutant ezrin T567D, F}; is further increased to 32 pN. Likewise, a higher

median value F,q of 75pN was determined (figure 6.14 c). Both values are further
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increased upon presence of PIP, to F}; = 35 pN and F.q4 = 58pN (figure 6.14 f).

The adhesion forces of the interaction between N-ERMAD, the N-terminal part
of ezrin lacking the C-terminal F-actin binding site, and F-actin are depicted in fig-
ure 6.15. This interaction was used as control to evaluate whether the interactions
observed can be attributed to the specific interaction between ezrin and F-actin via
the C-terminal F-actin binding site. We found F}; to be 22 pN, while F,4 amounts
to 28 pN. It is expected to observe some unspecific interaction as a protein covered
probe is brought into contact with the F-actin surface. However, the observed adhe-
sion forces are lower than the ones determined for specific binding. Furthermore,
the nature of this unspecific interaction is clearly distinguishable from specific in-
teractions — only very narrow and few peaks were observable — as it is shown in
figure 6.15. This effect has been shown to be most pronounced with regard to the
corresponding surface adhesion energies (figure 6.18 a). Almost no contribution
to the surface adhesion energies resulted from these peaks as will be explained in

more detail in the following.
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Figure 6.15: A Probability density function of adhesion forces F,q between F-actin and N-
ERMAD (n = 564). The most probable as well as the median adhesion force F}; and Eq
were determined. B Representative force distance curves probing the interaction between
F-actin and either N-ERMAD or ezrin T567D.

The empirical cdf was used as a different visualization to compare all distribu-
tions within one diagram. The impact of ezrin activation on the adhesion forces
F.q4 to F-actin is not as pronounced as one might expect in the first place. The most
probable adhesion forces F; range from 26 pN to 35pN, while the median adhe-
sion forces F,q cover a range from 43 pN to 64 pN. This behavior is reflected in the

empirical cdf (figure 6.16).
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Figure 6.16: Empirical cumulative density function of adhesion forces.

The empirical cdf in case of N-ERMAD (black) differs from the others as it is shifted
to lower F,q owing to its lack of F-actin binding site. Ezrin T567A and ezrin wild-
type in absence of PIP, (light purple and light orange, respectively) are theoretically
able to bind to F-actin, although their C-terminal F-actin binding site is expected to
be blocked owing to intramolecular self-association (figure 6.2). As expected, their
empirical cdfs are the closest to N-ERMAD. The pseudophosphorylated mutant
ezrin T567D (light turquoise) is assumed to be partially activated as the aspartate
mimics the negatively charged phosphate group. In comparison to ezrin T567A
and ezrin wildtype, the empirical cdf for ezrin T567D is further shifted to higher
Fag.

PIP, is the natural occurring receptor lipid of ezrin and believed to be involved in
its recruitment to the membrane as well as to be part of its activation mechanism.
In presence of PIP,, the empirical cdfs of ezrin T567A and ezrin wildtype (dark
purple and dark orange, respectively) differ from each other as well as from the
ones in absence of PIP,. The latter one agrees with the concept of the activating
influence of PIP,. However, it was not expected to observe unalike impact of PIP,
on ezrin T567A and ezrin wildtype. The empirical cdf of ezrin T567A with and
without PIP, are closely matching at low F,4q, which is similar to ezrin wildtype.
At approximately 40pN, the curves start to diverge. The degree of divergence,
however, is more prominent for ezrin wildtype in presence of PIP, as compared to
ezrin T567A under same conditions. Interestingly, the presence of PIP, has minor
impact on F,q of ezrin T567D as its empirical cdf (dark turquoise) is only shifted
slightly towards higher F,q. If we consider the influence of the pseudophospho-
rylation in presence of PIP, by comparing ezrin wildtype and ezrin T567D, the
empirical cdf of ezrin T567D is shifted to higher F,4 as compared to ezrin wildtype
below ~80pN. However, this difference diminishes at higher F,4 leading to over-

lapping empirical cdfs for both ezrin T567D and ezrin wildtype in presence of PIP,.
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To summarize and elaborate the characteristics of the distributions, we chose
to compare them by using box plots. One major advantage of the box plot is its
ability to visualize straightforward critical information about a dataset including
the spread of observations and symmetry of the distribution.[?'®! A typical box
plot is characterized by a solid box that spans the interquartile range (IQR). Dashed
lines, so-called whiskers extended up to 1.5 x IQR from the two ends of the box to
exclude outliers. The median is located within the IQR and defines the center of a
distribution irrespective of its shape. while the location of the median is scarcely
affected by outliers and extreme values. The notch in a box plot represents the
uncertainty of the central tendency, thus indicating the significance of differences
between determined median values. If two notches do not overlap, the respective
medians are different at 5% significance level.[2'7]

Box plot distributions of the measured F,q are depicted in figure 6.17. Already
the histogram analysis has revealed that all distributions are skewed to the right
(figure 6.14). This asymmetry is visualized in the box plot as such that the median
is rather shifted to lower F,q values than being centered within the IQR, which
would be the case for a symmetric distribution. By comparing the different box
plots, a trend to higher F,q emerges with increasing activation of ezrin, although
the changes are rather subtle. The box plots of ezrin T567A with and without PIP,

as well as ezrin wildtype resemble each other.
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Figure 6.17: Box plot distribution of adhesion forces resulting from the interaction between
F-actin and ezrin depending on its activation. N-ERMAD is included as control. The red
line represents the median, the solid box is the interquartile range (IQR) and the whiskers
(dashed lines) are defined in length by 1.5 x IQR. Data points outside this range are not
shown. Notches indicate the location of the median at 95 % confidence.

Spreading of the F,4 distributions is observed upon activation of ezrin as the IQR

is extended for ezrin wildtype + PIP,, ezrin T567D with and without PIP, towards
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higher F,4. Although the distribution of F,4 appears to change upon ezrin activa-
tion in general, the overall shift is too small to allow any conclusions with regard
to an increased F,q as a result of the activation process.

In case of N-ERMAD, the IQR is shifted to lower F,4 values and the spread of the
distribution is not as extended as for all other cases. The observed adhesion events
for N-ERMAD might be attributed to a certain F-actin binding affinity that was
detected for C-terminally truncated ezrin (amino acids 1-310, 1-330).12'81 However,
it was found to be considerably lower as compared to the one for full-length ezrin.
This is in accordance with our results, showing that the determined W,q4 norm is
substantially lower as the one observed for fully activated ezrin, i.e., ezrin T567D
in presence of PIP, (figure 6.20), thus indicating the importance of the C-terminal

F-actin binding site.

Surface adhesion energies between F-actin and ezrin

Before estimating the particular surface adhesion energies, each data originating
from the same experiment was normalized to account for different colloidal dimen-
sions. The proportionality was derived from the Hertz Model according to which
the contact radius apert, Of a spherical tip with radius R and a flat surface is given
by: [44]

AHertz = = (68)

where F is the force applied by the tip on the surface and E.; is the reduced Young’s

modulus. Accordingly, the contact area Apert, satisfies the following proportional-

ity:
AHertZ ~ s R2. (69)

This proportional relationship is used to normalize the surface adhesion energy
data.

The mean normalized surface adhesion energy (W,q norm) as well as the median
Wad, norm Were determined from the respective distributions. The most probable
normalized surface adhesion energy was not considered as the normalized surface
adhesion energy distributions were partly heavily skewed to the right. Accordingly,
this value would not represent these distributions properly.

In presence of PIP,, the mean surface adhesion energy (W,q norm) between F-actin

and ezrin T567A is increased from 80 fJ/m?/3 to 100 f] /m?/3 (figure 6.18 b, ). We
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observed a significantly higher (W,q norm) of 220f]/ m2/3 in case of the interaction

between ezrin wildtype and F-actin that was even further increased to (W,q norm)

330f]/m?/3 in presence of PIP, (figure 6.18 c, f).
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Figure 6.18: Probability density function of normalized surface adhesion energies W,q norm
between F-actin and ezrin as a function of its activation: control N-ERMAD (n = 156, a),
ezrin T567A (n = 236), ezrin wildtype (n = 519), ezrin T567D (n = 505) in absence of PIP,
(b-d) and ezrin T567A (n = 481), ezrin wildtype (1 = 299), and ezrin T567D (n = 836) with
PIP, (e-g). The mean normalized surface adhesion energy <Wad,norm> was determined for

Wildtype Ts567A

Ts67D

In case of the interaction between the pseudophosphorylated ezrin T567D and F-

actin (W,4 norm) Was with 200 f]/m?/3 comparable to ezrin wildtype and F-actin.

The influence of PIP, on the interaction between F-actin and ezrin Ts567D was
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most pronounced, leading to a considerably higher (W,4 norm) of 400fJ/ m>/3 (tig-
ure 6.18 d, g). Contrary to the results obtained with full length ezrin, the lack of
the C-terminal F-actin binding site, as for N-ERMAD, leads to significantly lower
(Wad, norm) of 10f]/m?/3 (figure 6.18 a).

In contrast to the adhesion forces between ezrin and F-actin, the impact of
ezrin activation on the normalized surface adhesion energies W4 norm is signifi-
cant. The mean normalized surface adhesion energies (W,q norm) Span a range
from 80f]/m>?/3 to 400f]/m?/3, which is reflected in the course of the respective

empirical cdfs (figure 6.19).
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Figure 6.19: Empirical cumulative density function of normalized adhesion energies.

Only low W4 norm between N-ERMAD and F-actin were observed, which can be at-
tributed to the lack of the C-terminal F-actin binding site found in ezrin. Therefore,
the empirical cdf, describing the adhesion energy between N-ERMAD and F-actin,
is steeply upward sloping (black). If we consider the effect of pseudophosphory-
lation in absence of PIP,, the empirical cdfs are shifted towards higher W,4 norm
according to the following ordering: ezrin T567A (light purple), ezrin T567D (light
turquoise), and ezrin wildtype (light orange). This order, however, is contradic-
tory to the expectation that the pseudophosphorylation would enhance the ad-
hesion energy between F-actin and ezrin. In presence of PIP, the situation has
changed. Both empirical cdfs of ezrin wildtype and ezrin T567D are shifted with
PIP, to higher W,q norm (dark orange and dark turquoise, respectively), whereas
ezrin T567A remains almost unchanged (dark purple). Striking is that the combi-
nation of pseudophosphorylation and PIP, results in the empirical cdf most shifted
towards higher W,q norm- This is in agreement with the model that for full activa-
tion of ezrin both PIP, binding and phosphorylation are necessary. Interestingly,
the empirical cdf of ezrin wildtype in presence of PIP, exhibits a step like structure
at approximately 250 f]/m?/3. This behavior is owing to the bimodal distribution of

Wad, norm as can be seen in figure 6.18 f. At W,q norm below 150f]/ m>?/3 the empirical



6.2 RESULTS

cdfs of ezrin wildtype with and without PIP, are similar, while at higher W, norm
the empirical cdf of ezrin wildtype in presence of PIP, approaches the one of fully
activated ezrin T567D with PIP,.

The observed W4 norm values are shown as box plot distributions in figure 6.20
to summarize the obtained distributions and evaluate their spread. As described
for the distributions of F,q, all distributions of W,q norm are skewed to the right
(figure 6.20). The spread of the distributions and the location of the IQR appear
to correlate with the activating factors PIP, and pseudophosphorylation. The IQR
of fully activated ezrin, i.e., ezrin T567D in presence of PIP,, is shifted the most to
high W,q norm- Remarkable is the situation for ezrin wildtype in presence of PIP,
as the IQR appears to combine the IQRs of both ezrin wildtype and ezrin T567D in
presence of PIP,. This is reflected in the respective histogram by a bimodal distri-
bution (figure 6.18). We may speculate that a fraction of ezrin wildtype in presence
of PIP, exhibits similar adhesion characteristics as ezrin T567D with PIP,, whereas

another fraction behaves more or less like ezrin wildtype in absence of PIP.,.
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Figure 6.20: Box plot distribution of normalized surface adhesion energies resulting from
the interaction between F-actin and ezrin depending on its activation. N-ERMAD is in-
cluded as control. The red line represents the median, the solid box is the interquartile
range (IQR) and the whiskers (dashed lines) are defined in length by 1.5 x IQR. Data
points outside this range are not shown. Notches indicate the location of the median at
95 % confidence.

Based on the W,4 norm distribution of ezrin wildtype as well as ezrin T567D in pres-
ence of PIP,, we argue that this lipid is not only essential with regard to membrane
anchoring, but also contributes significantly to the activation of ezrin in terms of
rendering the F-actin binding site more accessible. Notably, a contribution of the

pseudophosphorylation to higher W,q norm values is only observable in combina-
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tion with PIP,, acting synergistically to enforce the interaction between ezrin and

F-actin.

6.2.4 Low adhesion forces in CPM experiments — a comparison with single molecule ex-

periments

Although we expected to probe many ezrin molecules simultaneously in the CPM
experiments, we observed that the major part of the adhesion forces was below
100 pN, which is a reasonable range of single molecule rupturing.[>9 To evaluate
the magnitude of the interaction between a single ezrin and F-actin, we investigated
the interaction between F-actin and the pseudophosphorylated mutant ezrin T567D
for comparison in single molecule force measurements (SMFM). The experimental
design was chosen according to the CPM experiments (figure 6.4 A). However, a
Biolever was used instead of a colloidal probe. This cantilever is characterized by a
very small tip radius of ~30nm to ensure that only one protein comes into contact
with the sample surface in the ideal case. Figure 6.21 A shows a representative
force distance curve exhibiting one single rupture event of ~50pN. The box plot
distribution in figure 6.21 B reveals that the F,4 values at similar loading rates vr
are in the same range, indicating that the difference between ensemble (CPM) and

single molecule measurement (SMFM) is not as pronounced as expected.
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Figure 6.21: A Force distance curve showing single rupture events in SMFM experiment. B
Box plots of adhesion forces F,q in SMFM and CPM experiments in comparison at similar
loading rates (vp~4 x 103 pN/s, calculated from the product of the effective stiffness (figure
6.28) and the pulling velocity).

With this setup in hand, we intended to characterize the interaction between
ezrin and F-actin as a function of the applied loading rate by molecular force spec-

troscopy (MFS).
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Loading rate dependence

According to Bell’s and Evan’s theory (section 6.1), the adhesion forces should be
shifted towards higher values upon increase of the loading rate vr. More precisely,
a linear dependence of the adhesion force on the logarithm of the loading rate vr
is expected. The distribution of F,q as a function of the natural logarithm of vp
is depicted in figure 6.22. Loading rates in the range of 10> pN/s to 7 x 10*pN/s

were covered.
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Figure 6.22: Molecular force spectroscopy probing the loading rate dependence of adhe-
sion force F,q between ezrin T567D and F-actin. The distribution of F,4 is visualized by
histograms (different gray shades).

With increasing vr the distributions are shifted to higher F,4 as well as broadened.
At the lowest applied loading rate (vr =137pN/s), the most probable adhesion
force F;; amounts to 12 pN, whereas at the fastest loading rate (vp =67850pN/s)
an increase to 75pN was observed. Similarly, the mean adhesion force (F,q) is
shifted from 16 pN to 71 pN.

To further evaluate the dependence of F,q on the variation in vr, the mean ad-
hesion force (F,q) is plotted as a function of vr on a semi-logarithmic scale (figure
6.23 A). A linear trend is observed between 10> pN/s and 3 x 10* pN/s. At first
sight, the value of F,4 determined for vr = 7 X 10* pN/s appears to be an outlier.
However, this mean value is calculated from three independent experiments, thus
invalidating the outlier assumption. Therefore, F,q is obviously nonlinear within

the range of applied vr.
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Figure 6.23: Loading rate dependence of mean adhesion force (F,q) between ezrin T567D
and F-actin (A) and variance 02(F,q) (B). Mean values were determined for each applied
vg. The corresponding error bars were calculated from standard deviation of the mean.

The variance 0?(F,q) is depicted in figure 6.23 B. At vp < 103 pN/s, the variance
appears to be independent of vr. Further increase in vr, though, reveals that the

variance is indeed a function of vf.

6.3 DISCUSSION

The aim of this work was to investigate quantitatively the interaction between F-
actin and ezrin by means of AFM to evaluate the influence of ezrin activation. An
intramolecular head-to-tail association conformationally regulates the F-actin bind-
ing capability of ezrin. Dissociation and consequently release of the F-actin binding
site thought to require PIP, binding and phosphorylation of the threonine at po-
sition 567.11 To investigate the individual contribution of the respective activation
factor, we made use of ezrin wildtype, pseudophosphorylated and nonphosphory-
latable ezrin mutants and submicellar PIP, as shown in table 6.1.

First, we will validate the functionalization strategy, while in the following we
propose an answer to the question how the interaction between ezrin and F-actin
is affected by the activation factors phosphorylation and PIP, based on the CPM
experiments. Thereafter, we reveal a rather surprising linkage between SMFM and
CPM experiments and suggest a model for ezrin activation. The remainder of the
discussion focuses on the force spectroscopic characterization of the bond between

ezrin and F-actin.
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6.3.1 NTA-Ni-Hisg and electrostatics overcome the ezrin F-actin connection

Crucial with regard to force measurements is that the interaction of interest is the
weakest one, i.e., both NTA-Ni-His¢-tag and F-actin-AUT" interaction are required
to be stronger than the interaction between ezrin and F-actin. Janke et al. could
show in CPM experiments that the cumulative work of adhesion between an F-
actin covered substrate and an F-actin coated colloid significantly exceeds the one
between ezrin and F-actin.[*5] Furthermore, Verbelen et al. investigated the NTA-
Ni-Hiss bond in single molecule force measurements and found three maxima at
rupture forces of (153 = 57) pN, (316 £ 50) pN, and (468 + 44) pN at a loading rate
of 6600 pN/s, thus exceeding the typical F}; values for the interaction between ezrin
and F-actin ranging from 26 pN to 35pN in our experiments.[2>° Accordingly, the
interaction of interest, i.e., the interaction between ezrin and F-actin, is the weakest
one in the system and therefore expected to rupture first.

The functionalization strategy was validated by means of SPR and CLSM. We
were able to show that the Hisg-tagged protein was specifically bound to the NTA-
Ni-containing SAM, while the F-actin was firmly attached to a positively charged
SAM via electrostatic interactions. In particular, the oriented N-terminal immobi-
lization of ezrin was essential to guarantee its specific interaction with F-actin via
the C-terminal F-actin binding site. In a previous study, we could show that the N-
terminal Hise-tag immobilization strategy is suitable with regard to specific F-actin
adsorption.[*! Moreover, high binding affinities of several ~1onm were found for
all three variants to either NTA-Ni or PIP,. [221] Therefore, we concluded that essen-
tially the same protein density on the surface for ezrin wildtype, ezrin T567A, and
ezrin T567D, respectively, was obtained, which is prerequisite for the comparison

among the different interaction scenarios (table 6.1).

6.3.2 Activation of ezrin: Increasing surface adhesion energies instead of adhesion forces

The F,g and W,g norm Values determined for the interaction between F-actin and
ezrin in CPM experiments were evaluated by histogram analysis, empirical cumu-
lative distributions, and box plots. We were able to show that all distributions of
F,q differ from each other as such that they do not belong to the same distribu-
tion according to the two-dimensional KS test. The same result was obtained upon
testing the distributions of W4 norm-

The influence of ezrin activation on the F,4q distribution was not as pronounced
as expected. Although the distribution of F,q appeared to change upon ezrin ac-
tivation in general, the overall shift was too small to allow any conclusions with

regard to an increased F,q as a result of the activation process (figure 6.17).
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However, the W,g4 norm distributions showed clear differences regarding the dif-
ferent activation states (figure 6.20). Based on the high W,4 norm values found for
ezrin wildtype as well as ezrin T567D in presence of PIP,, we argue that this lipid
is not only essential with regard to membrane anchoring, but also contributes sig-
nificantly to the activation of ezrin in terms of rendering the F-actin binding site
more accessible.

This pivotal role of PIP, was reported by Janke et al. in CPM experiments, where
they observed in presence of PIP, a distinct increase in cumulative adhesion energy
between ezrin, which was immobilized via PIP, at a solid-supported membrane,
and an F-actin coated probe.['5] However, they did not investigate the influence
of phosphorylation. Similarly, we could show in a previous study that the F-actin
surface coverage of PIP, bound ezrin wildtype is increased more than twofold as
compared to the one of NTA-Ni immobilized ezrin wildtype on solid-supported
membranes.[™4! Carvalho et al. examined the changes in the intrinsic tryptophane
fluorescence of ezrin wildtype and a mutant deficient in specific PIP, binding. [7°]
In presence of PIP, concentrations in the micromolar range, they observed different
quenching characteristic, which they attributed to a conformational change in case
of the wildtype and to nonspecific interactions for the mutant. The involvement of
PIP, in the conformational change of ezrin is corroborated by Maniti et al., report-
ing a higher sensitivity of ezrin to digestion by chymotrypsin in presence of PIP,,
thus concluding that a conformational change renders cleavages sites more accessi-
ble.[101] The latter two studies as well as our work employ PIP, in solution rather
than incorporated in a membrane. This approach may be challenged from a cellu-
lar point of view as PIP, is rather incorporated in the membrane than dispersed in
the cytosol. However, a similar quenching of the intrinsic tryptophane fluorescence
was observed when ezrin was bound to PIP,-containing large unilamellar vesicles
(LUVs).[161]

Notably, the pseudophosphorylation appears not to contribute on its own to an
increased F-actin binding capability as the distribution of W,q norm for ezrin T567D
is even shifted slightly to lower W,q norm Values as compared to ezrin wildtype.
Conversely, we reported an F-actin surface coverage in case of NTA-Ni immobi-
lized ezrin T567D that was similar to PIP, bound ezrin wildtype, thus suggesting a
partially active conformation of ezrin T567D.["4 The influence of phosphorylation
at this conserved threonine residue on ERM proteins is widely documented in liter-
ature. Several in vivo studies reported colocalization of such phosphorylated ERMs
with actin-rich membrane protrusions. 2222231 However, Matsui et al. reported simi-
lar F-actin binding capabilities in terms of the analogous cosedimentation of F-actin
with either phosphorylated or non-phosphorylated C-terminal radixin.[9! A corre-

sponding behavior was observed by Huang et al. for C-terminal moesin, mimicking
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its phosphorylation by substitution of T558 with aspartate (T558D). Nevertheless,
they could show that the pseudophosphorylation enhanced the cosedimentation
of the full length moesin mutant with F-actin, indicating a partial release of the F-
actin binding site owing to electrostatic repulsion.!'75! Interestingly, Chambers et al.
showed in binding assays that the T567D mutation in ezrin impairs only to a minor
extent the association of N- and C-termini.['73] Jayasundar ef al. corroborated this
finding by using contrast variation small angular neutron scattering, showing that
ezrin wildtype as well as ezrin T567D adopt a closed conformation, i.e., no release
of the F-actin binding site was detectable upon pseudophosphorylation.[174]

Regarding the similar spread of W,g norm in case of ezrin wildtype and ezrin
T567D both in presence of PIP,, we suggest that the pseudophosphorylation is
not a prerequisite for efficient binding of ezrin to F-actin. This is in accordance
with in vivo studies reporting that the phosphorylation is not necessarily essential
with regard to the ability of ERMs to provide a linkage between plasma mem-
brane and actin cytoskeleton. Yonemura et al. observed that ERM proteins appear
to be activated in the absence of Rho induced phosphorylation and more impor-
tantly remain active, their lack of phosphorylation notwithstanding. [11] Moreover,
the authors could show that the microinjection of neomycin, a polyphosphoinosi-
tide (PIP,) binding drug, impaired severely ERM activation regardless of Rho activ-
ity. Based on these results, they proposed that the activation of ERM proteins does
not necessarily rely on phosphorylation but requires rather a local increase in PIP,
concentration, at least in certain cell types. Roch et al. analyzed the contribution
of PIP, binding and phosphorylation to the regulation of moesin during Drosophila
development.[*3] They postulated a pool of open, non-phosphorylated moesin that
is capable of establishing the connection to the actin cortex. Phosphorylation ap-
peared to be required for proper morphogenesis depending on the type of tissue,
however. Consistently, they proposed that ERM activity is initiated by PIP, and
further stabilized by phosphorylation. The authors suggested that the role of the
phosphorylation is rather a fine-tuning mechanism, reinforcing the already estab-
lished connection between plasma membrane and the F-actin cytoskeleton, thus
providing additional control for the cell. In this framework, we may attribute the
fact that the W4 norm distribution of ezrin T567D in presence of PIP, is shifted to
higher values as compared to that of ezrin wildtype with PIP, to such fine-tuning
characteristics.

Notably, the interaction involving ezrin T567A either with or without PIP, is
different. It appears that although the activating PIP, is present, the substitution
of threonine for alanine strongly hampers the F-actin binding capability of ezrin
T567A, thus leading to comparably low W4 norm- This is in agreement with our

previous study, investigating the ezrin F-actin interaction by means of CLSM. 4]
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In this study, we could show that independent of PIP, binding the F-actin surface
coverage in case of ezrin T567A amounts only to 15% as compared to complete
coverage in case of fully activated ezrin. Circular dichroism (CD) experiments
further suggested that a structural change is caused by the substitution of threonine
for alanine resulting in changed a-helical as well as random coil contents compared

to those determined for ezrin wildtype.

6.3.3 Ensemble versus single molecule measurement: Similar adhesion forces in both
SMFM and CPM experiments

Although we expected to probe many ezrin molecules simultaneously, we observed
mostly forces similar to that determined in SMFM below 100 pN, which is in a rea-
sonable range of single molecule rupturing.[>*9! Janke et al. employed a similar
although reversed CPM assay to investigate the F-actin binding affinity of ezrin
wildtype that was immobilized via PIP, to a solid-supported membrane (SSM)
with an F-actin coated colloidal probe. We refrained from attaching F-actin to
the cantilever with regard to SMFM and MFS experiments as the attachment of a
single rod-like macromolecule appears rather challenging. They reported that in
presence of PIP,, the maximum adhesion force, i.e., the global minimum in a force
distance curve, is shifted from (0.45 & 0.15)nN to (1.32 + 0.44) nN.[*5! In contrast
to these results, we did neither observe maximum adhesion forces in this range
nor such distinct shift in F,3. However, in spite of the minor shift in F,q, we did
observe a distinct increase in W,q norm upon PIP, binding for ezrin wildtype sim-
ilar to Janke et al. and even more pronounced for ezrin T567D. Interestingly, the
authors showed single ezrin-actin rupture events exhibiting a rupture force of ap-
proximately 200 pN. Considering that the force required to rupture at a comparable
loading rate a single streptavidin-biotin bond — one of the high affinity bonds in
nature — amounts to ~150 pN,[224 it remains elusive how to evaluate such high un-
binding forces for a single F-actin-ezrin bond in the cellular context, where both
mechanical stability and dynamic properties are required. Although we indeed
observed comparatively low F,4 in both SMFM and CPM experiments, it is still not
clear why no pronounced shared bond loading, i.e., the macroscopic rupture force
is quantized in integer multiples of the single rupture force, was observed in case
of CPM.

In general, one major advantage of CPM is that owing to the defined contact
geometry — sphere versus flat surface — it is in principle possible to calculate the
contact area. In the framework of the Hertz model, the contact area is dependent
on the radius of the probe, the load force, and the reduced Young’s modulus of the

materials in contact.[2°9] Approximating that the contact area is determined by the
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properties of the adsorbed protein material, we can calculate a contact radius of
~b6onm according to equation 6.8 using a reduced Young’s modulus Ei,; =4 MPa
and Poisson ratio v =0.4, a sphere radius of 3.5 um, and an applied force load of
200 pN.[#4] The resulting contact area amounts to approximately 10000nm?. As-
suming that the area occupied by one ezrin is mainly determined by its N-terminal
part, we are able to derive a required area of ~30nm? per ezrin.[""9 Assuming
random sequential adsorption of ezrin, a packing density of 55 % is obtained. 225!
Hence, we can approximate 180 ezrin molecules located within the contact area
under the assumption of a densely packed protein layer. Obviously, this is a rather
rough estimate completely neglecting the adhesion of the sample. Nevertheless, it
gives an impression on the magnitude of how many molecules should be involved
in this interaction. Assuming that the colloid attached to the end of a cantilever
is an ideal sphere with a smooth surface on the atomic level, we would expect
approximately 180 interactions between ezrin proteins and F-actin to be formed
(figure 6.24 A). On this ground, the interaction forces should add up owing to
shared bond loading, thus resulting in considerably larger F,q in CPM than com-
pared to those determined in SMFM experiments. However, as mentioned above
we observed that F,4 is in a similar range for both CPM and SMFM. A possible
explanation for this rather counterintuitive observation lies in the inherent surface
roughness of the used colloidal probes. The colloids are made of pure gold and the
SEM micrograph (figure 6.24 C) reveals that instead of a smooth surface we deal
with microscopically rough features not to mention nanoscopic asperities, which
are not resolved by SEM. Losic et al. found a root mean square roughness of Ryms =
(5.1 £ 0.5)nm for bulk gold in AFM studies. [226]
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Figure 6.24: Schematic showing the influence of surface roughness on the interaction geom-
etry in CPM: A Ideal colloidal probe sphere. B Rough colloidal sphere. C SEM micrograph
showing a typical colloidal probe. Scale bar: 1 pum.

Therefore, the schematic 6.24 A is rather replaced by the one, depicted in figure
6.24 B, providing a more realistic model. In this scenario, the number of inter-
actions would be diminished to a great extent. Rabinovich et al. measured the
interaction between a glass sphere and substrates, exhibiting different roughness
profiles.[>?7l They found that the adhesion force was reduced by ~80% when the

substrate, having a single roughness profile with 0.17nm, was replaced by one with
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two superimposed roughness profiles (1.64 nm and 10.5nm). At first, this might be
a rather obvious explanation for our drastically reduced F,q. One possibility to
reduce the effect of surface roughness is the use of stiff cantilevers and the appli-
cation of higher loads to cause flattening of nanoscale asperities. However, in case
of solids such as gold, characterized by a Young’s modulus of 78 GPa, it is rather
unlikely to induce deformation upon loading with 200 pN.[228] We chose to apply
such low force loads to avoid damaging the ezrin and F-actin layers. Exactly these
layers, composed of soft biological material, however, will be deformed to a certain
degree upon applied force, thus diminishing the impact of rough features.

Not only surface roughness but also heterogeneities in F-actin as well as ezrin
coverage can affect the number of contact points. To reduce the impact of F-actin
heterogeneity we carefully evaluated the degree in F-actin surface coverage by
means of CLSM and used only comparable ones for the experiments, exhibiting an
F-actin surface coverage of (67 = 7) %. Furthermore, we applied the same NTA-Ni
surface density in all measurements to ensure similar protein coverage. Moreover,
sample heterogeneity is in particular an issue with conventional AFM cantilevers.
However, we employed large spheres instead of sharp tips, thus averaging over a
greater area and reducing the impact of sample heterogeneity on F,q4. In conclusion,
we have factors that lead to a clearly reduced number of contact points including
surface roughness and sample heterogeneity. But on the contrary, these effects are
diminished as we use large spheres and samples coated with soft, deformable ma-
terial. Therefore, these factors are most probable not the only ones leading to such

small F,q values suggesting single bond rupture in the CPM experiments.

The distribution of F,q is determined by the way the force is applied to load the
formed bonds (figure 6.25). In CPM experiments, we expect to form a large num-
ber of parallel bonds as a comparably large colloid replaces the conventional sharp
AFM tip. Accordingly, the applied force is equally shared among them and F,q4 is
determined by the number of formed bonds (figure 6.25 A).

A B

A
5330 Fok:

Figure 6.25: Different bond loading scenarios: parallel loading (A) and zipper mechanism
leading to serial loading (B). The arrow illustrates the direction of the applied force.
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In contrast, serial loading is characterized by single bonds rupturing sequentially.
For instance, the separation of DNA strands can be approximated by an unzipping
mechanism as indicated in figure 6.25 B.[22923°]

Considering the three-dimensional case of the colloid being retracted from the
surface, we might observe the sequential rupture of circularly arranged parallel
bonds, i.e., the bonds at the rim of the contact zone are loaded whereas the ones
located further toward the middle are not loaded until the outside bonds break.
However, even under the assumption of such a loading scenario, we would still

expect F,q being a function of several parallel bonds.

Figure 6.26 shows a spring model, where the elastic properties of cantilever and
bonds are approximated by harmonic springs with stiffnesses k. and ks, respec-
tively, following Erdmann’s work on the behavior of multiple bonds under load-

lng [231]

A N

A
ks % Xs

AV

Figure 6.26: Spring model describing bond loading in colloidal probe microscopy. The
stiffnesses of cantilever and bond are given by k. and ks, respectively. The displacement !
denotes the distance between resting positions of transducer and bonds. It is determined
by extensions of bond xs and cantilever x..

If N bonds are closed, they are able to sustain force. Hence, a displacement [ > 0
causes an extension of both cantilever spring x. and bond springs x;. According
to Hooke’s law, the required forces F. and F; to extend the cantilever and a single

bond, respectively, are given by:

F. = kex. and F, = kgxs. (6.10)
Considering that the displacement I is given by:

I = xc+ xs, (6.11)
the balance of force between cantilever and N closed bonds satisfies:

F. = kexe = ke(l — x5) = Nks(I — x.) = Nksxs = NFs. (6.12)
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This equation allows to derive expressions for the respective extensions as a func-
tion of I and N. This is pivotal considering that rather the displacement / than the

actual force is controlled in most force experiments:

Nk
ke + Nkg

k.l

and Xg = m

Xc (6.13)

Substituting x. or x, in equation 6.12 with the corresponding expression derived in

equation 6.13, the balance of force depending on I is given by:

Nkcksl

Fe=kexe = =0k
C S

= Nksxs = NFE. (6.14)

This relation shows that F. is determined by the ensemble of N bonds with an

effective stiffness kqg:

_ Nkcks
ket = ke + Nk~ (6.15)
The force per bond is given by:
k
Fo=-f, (6.16)

N

Consequently, we would expect to observe N times higher adhesion forces in CPM
than SMFM experiments. Notably, Seifert showed in his deterministic model that
this intuitive expectation is strongly dependent on the stiffness ratio of k. to ks
in case of force experiments controlling the displacement instead of force.[23?] He
derived two limiting cases, namely the soft transducer, which is characterized by
shared bond loading, and the stiff transducer, exhibiting only weak dependence
of adhesion forces on the number of bonds. The limit of a soft transducer case is

given by ks > k. (figure 6.27 A).

ks > ke Nk < ke

Xe

3
ééé@ s QOO

Figure 6.27: Spring model showing shared loading (A), where the cantilever stiffness k. is
much less than the stiffness of a single bond ks. The cantilever extension x. is much greater
than the extension x; of the bonds. Contrary to this behavior is the case of non-cooperative
loading (B), where the overall bond stiffness Nks is much less than cantilever stiffness ke,
resulting in x. < xs.
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That is when multiple parallel bonds are loaded by a very soft transducer or can-
tilever, its extension x. is much greater than the extension of the bonds xs. Conse-
quently, the displacement / is mainly determined by x., simplifying equation 6.12

to:
F. =k, (6.17)

while the force per bond F; is determined by N closed bonds with:

F = % = % (6.18)
This is the case of shared loading, where the coupling among closed bonds is most
prominent.

In contrast, the limit of a stiff transducer, where k. > Nk, is shown in figure 6.27
B. In this case, the loading of bonds leads to their extension, determining I/, whereas
the extension of the cantilever spring is neglectable due to its high stiffness. The
force per bond F; is now directly controlled by I. Consequently, equation 6.12

simplifies to:

Fs =kl (6.19)
while the force acting on the cantilever is dependent on N:

F. = NF, = Nkgl. (6.20)

This non-cooperative loading is initially counterintuitive as although many bonds
are probed simultaneously, only the force value of a single bond is detected. Fol-
lowing this interpretation, Lorenz et al. could show that the rupture forces of an
adhesion cluster do not linearly increase with its size in case of rather soft bond
stiffness. 233!

The system we probe in our force measurements is composed of F-actin, ezrin,
thiol linker, and cantilever. The mechanical properties of the system are approx-
imated by an effective spring constant kg comprising the stiffnesses k. and ks of
both cantilever and bond between ezrin and F-actin according to equation 6.15.
Considering the serial compliance of cantilever and N parallel bonds (figure 6.26),

kess is essentially determined by the weakest individual contribution:

11,1
keff kc N ks ’

(6.21)

This equation is a transformation of equation 6.15, illustrating that the magnitude

of kegs is mainly determined by the softest stiffness contribution. Values for kg
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were obtained from linear fits to the part of the force distance curve preceding the
rupture event for both SMFM and CPM (figure 6.28). The most probable effec-

tive stiffness k; amounts to 2.2 pN/nm and 1.4 pN/nm for CPM experiments and

SMEM, respectively.
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Figure 6.28: Effective stiffness k.¢ determined for colloidal probe microscopy (A) and single
molecule force measurements (B).

We conclude for CPM experiments that k¢ is essentially determined by the stiffness
Nk; of the interaction between ezrin and F-actin as it is rather low compared to the
stiffness of a colloidal probe (k.~40 pN/nm). If we assume Nk < k., equation 6.15

simplifies to:
keff ~ Nks. (6.22)

Within the framework of Seifert’s and Erdmann’s model, Lorenz et al. used an
approach to estimate the energy landscape and the number of participating bonds
of a small adhesion cluster within the contact area of a colloidal probe in the limit
of a stiff transducer.[>33] The number of bonds N was estimated from the overall
mean molecular stiffness (Nks) and its variance ¢ assuming a Poisson distribution

satisfying the identity:

o2

(Nkg)

ks = (6.23)
We calculated (keg) ~ (Nks) from >3400 events (figure 6.28 A) and according to
equation 6.23 kg is 4.6 pN/nm and N amounts to ~1 in the CPM experiment. As we
assume that Nks determines k., this result is in good agreement with the similar
range of k. observed in SMFM (6.28 B), where only a single bond is probed.

In conclusion, we postulate that our CPM measurements approximate the limit-
ing case of a stiff transducer. To test this hypothesis, it would be most interesting to
employ softer colloidal probes to determine whether the loading situation is shifted
to shared loading resulting in considerable larger F,q. Admittedly, this is limited as

such that a certain cantilever stiffness is required to withstand the gravity of an ad-
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ditional mass, i.e., the colloid, at its end. Janke et al. used four times softer colloidal
probes as in our case and observed considerably higher F,4 values, indicating that
the loading situation is shifted to shared loading.['5! Although we apparently probe
single molecules in our CPM assay, we can still assess the number of formed bonds
at least qualitatively evaluating Wyq norm- Its magnitude is determined as such that
as soon as one bond fails, the next one is loaded subsequently, thus cumulating the

more bonds are formed.

6.3.4 Molecular force spectroscopy: Dependence of mean adhesion force on loading rate

In the framework of the phenomenological approach, MFS experiments allow to
extract the strength, lifetime as well as details of the energy landscape of an inter-
molecular interaction (section 6.1). The Bell-Evans model postulates for a single
bond in the nonequilibrium a linear dependence of the observed rupture force on
the logarithm of the loading rate, whereas the variance remains unchanged. As
can be concluded from figure 6.23 B, clear deviations from this prediction were
observed. This is in agreement with an increasing number of MFS studies report-
ing an apparent nonlinearity in the plot of F; versus In(vr) instead of a single
linear regime. [234] This behavior was attributed, however, to the presence of multi-
ple barriers in the energy landscape and accordingly treated by applying straight
line fits with different slopes. The seminal work of Merkel et al. investigating the
biotin-avidin bond was to our knowledge the first reporting such deviations. 204
Within the context of the phenomenological model, they concluded the existence of
subsequent barriers along the rupture pathway, thus corroborating the exceptional
strength of this interaction. The authors suggested the existence of three barriers,
located at xt =1.2A, 3A, and 30A. The assumption of multiple barriers has be-
come popular within the field of MFS; in particular as rupture processes revealed
frequently nonlinear trends, when investigated over a broad range of loading rates.
Rather different types of interactions including peptides, 2351 macromolecules, [23°!
and adhesion between silicon nitride cantilevers and hydrophobic SAMs 237! have
been reported to be characterized by multiple barriers.

The question whether the multi-barrier assumption adequately describes the en-
ergy landscape or if the apparent distinct linear regimes arise owing to limitations
of the Bell-Evans model is a subject of controversy. However, the model relies on
the assumption that the position of the transition state, i.e. x*, remains unchanged
with increasing vr, leading to the prediction that the variance ¢? is basically in-
dependent of vr. This implied independence contradicts the observed increase in
% in both our experiments and simulation upon increasing vp.[23®! Therefore, we

refrained from interpreting the nonlinearity in the plot of F,q vs Invr as evidence
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for a second energy barrier. Consequently, the Bell-Evans approach is only valid
up to vr~3 x 10* pN/s for our data.

The linear fit to the data is shown in figure 6.29. From the linear equation the
potential width x¥ and the unbinding rate at zero force k% can be extracted. Ac-

cording to equation 6.2, ¥ amounts to 7.2 A, while K is ~1.357" at T =294 K.
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Figure 6.29: Loading rate dependence of mean adhesion force (F,q) between ezrin T567D
and F-actin. Error bars were calculated from standard deviations. A straight line fit (red)
yields x¥ and kgff according to equation 6.2.

The values we obtained from the Bell-Evans model are in the range of typical val-
ues obtained in MFS experiments.?39] Ferrer et al. determined for the interaction
between F-actin and w-actinin, which is an actin filament crosslinker, a potential
width x of ~2.8 A and an intrinsic dissociation rate kgff of ~0.07571.[24°] The com-
paratively high dissociation rate of ~1s™" in our case implicates that the interaction
between ezrin and F-actin is rather weak. However, kgff values determined from
mechanical unbinding experiments are in general not in close agreement with that
determined in bulk measurements.!2#!] Even for the same ligand-receptor system a
large variety in k% can be found, e.g. for streptavidin/avidin, values ranging from
1 X 107557" to 305" were reported in different MFS studies. [239]

Other models than the Bell-Evans approach have to be used to describe the data
obtained at vr <3 x 10* pN/s. However, the attempt to use the microscopic model
according to the work of Hummer and Szabo to account for the observed nonlinear-
ity in the plot F,q vs Invr and the found dependence of ¢ on vr was not successful
as this model did not describe our data adequately in the range of applied loading

rates. [238]

64 THE FORCE RESPONSE TO EZRIN ACTIVATION — CONCLUSION

We showed that the activation of ezrin via PIP, and pseudophosphorylation in our

CPM assay involves a pronounced increase in normalized surface adhesion energy,
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indicating a strong interaction between activated ezrin and F-actin. Moreover, we
have shown the necessity of PIP, and further fine-tuning via phosphorylation to
establish a tight connection. Notably, we were able to derive a relation between
SMFM and CPM experiments accounting for the similar adhesion forces <100 pN.
We have shown, that single events can be detected in CPM experiments although an
ensemble is probed. Moreover, CPM allows the determination of an overall surface
adhesion energy resulting from many individual interactions. Strikingly, the acti-
vation of ezrin does not result in a pronounced increase in adhesion force. At first
glance, this is rather unexpected. However, if we consider that ezrin is highly con-
centrated in microvilli,[48] the necessity of a drastic increase in adhesion force of
a single interaction is questionable. A strong individual interaction between ezrin
and F-actin would probably hamper the dynamic properties of a cell. Therefore,
we conclude that the number of ezrin molecules, that are capable of bind F-actin
efficiently, increases upon the synergistic influence of PIP, and phosphorylation

rather than the interaction force (figure 6.30).

A B C

Figure 6.30: Schematic showing effect of ezrin activation: Ezrin is mostly inactive (A).
Partial (B) and full activation (C) lead to increasing interaction with F-actin.

The principle of combining many weak bonds to form stable, intermolecular con-
nections is used within the cellular context to allow for dynamic response to exter-
nal or internal stimuli, whereas strong bonds are suited for static connections. [242]
In light of this and the molecular dimensions — nanometer sized ezrin versus mi-
crometer long F-actin — an ezrin-F-actin connection formed by many individual

ezrin molecules appears reasonable.

6.5 CO-WORKERS

Mey, Ingo

6.6 EXPERIMENTAL DETAILS

ACTIN POLYMERIZATION  Lypophilized non-muscular actin (>95 % pure, puri-
fied from human platelet) with an isotype composition of 85% p-actin and 15 %

y-actin was purchased from Cytoskeleton (Denver, USA). Reconstitution in 5 mm
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TRIS/HCI, o.2mm CaCl,, o.2mm ATP, 5% sucrose (w/v), 1% dextran (w/v) at
pH 8was achieved by addition of ultra pure water to a concentration of 1omg/ml.
Aliquots of 101l were snap-frozen in liquid nitrogen and stored at —8o0 °C. Before
use, the aliquot was diluted with cold G-buffer (5 mm TRIS/HCI, o.2mm CaCl,,
o.5mM DTT, o.2mm ATP, 0.8 mm NaNj, at pH 7.4) to a concentration of 0.4 mg/ml
and incubated on ice for 1h. Then, the actin solution was clarified by centrifu-
gation at 17000x g for 15min at 4 °C to remove remaining oligomers. The super-
natant was transferred into a fresh Eppendorf tube and actin polymerization was
induced by adding 1/10 volume of polymerization solution (500 mm KCl, 20 mm
MgClL,, 20mm ATP). After 15 min, 1 mol% of AlexaFluor488-phalloidin was added
to fluorescently label actin filaments. After another 5min, an equimolar amount
of phalloidin (with respect to monomeric actin) was added to further stabilize the
formed filaments. Phalloidin is known to bind preferably to F-actin rather than to
monomeric actin, thus shifting the equilibrium between filaments and monomers
towards the filamentous form.!2'3] The solution was left on ice for at least 1h to en-
sure complete binding of phalloidin. Half of the resulting F-actin solution was
added to an AUT'-functionalized gold coated substrate (paragraph 3.2.1.1) im-
mersed in F buffer (20mm TRIS/HCI, 50mm KCl, o.2mmMm MgCl,, o.1mMm EDTA,
o.xmM NaNj at pH 7.4) and incubated overnight at 4 °C.

CANTILEVER FUNCTIONALIZATION  For CPM experiments, colloidal probes
with attached gold colloids (diameter: 5.5um to 9.5pum) and a nominal spring
constant of 0.08 N/m were purchased from sQube (Bickenbach, Germany). For
MFS and SMFM experiments, Biolever (Olympus, Tokyo, Japan) with a nominal
spring constant of 0.006 N/m were used. The spring constant was calibrated be-
fore each experiment as described in paragraph 3.3.1. The cantilevers were thiol
functionalized as outlined in paragraph 3.2.1.1. An incubation step of 30min in
NiCl, (1oomm, pH 8.0 adjusted with TRIS) was performed to charge the NTA moi-
eties with Ni?*. After copious rinsing with ultrapure water and E1 buffer, the can-
tilever was mounted into the standard holder provided by Asylum Research (Santa
Barbara, USA). Protein binding was achieved by putting the holder on top of a flow-
through chamber containing 1 um protein solution. In case of experiments involv-
ing PIP, activation, 1 um protein solution was pre-incubated for 30 min with 1 um
submicellar PIP, solution in E1 buffer by using a rotator. After 1h flow-through
protein incubation, the cantilever holder was removed, carefully rinsed with buffer,
and mounted onto the AFM head.

FORCE MEASUREMENTS Before each experiment, the system was thermally

equilibrated for 20min. During a force measurement, the protein covered probe
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was brought into contact with the F-actin functionalized surface (figure 6.4). Force-
distance cycles were performed at 200 pN load with varying pulling velocities and
matching sample rates. The dwell time was set to 1s. All measurements were per-
formed in F buffer. Colloidal probes were controlled afterwards to ensure on the
one hand that the colloid was still firmly attached. On the other hand, epifluores-

cence was used to ensure that no F-actin was adhered to the colloid.






SUMMARY OF THESIS

This work aimed to investigate in vitro pivotal components regulating the membrane-
cytoskeleton interface, namely the membrane lipid L-a-phosphatidylinositol-4,5-bis-
phosphate (PIP,), the membrane-cytoskeleton linker ezrin, and filamentous actin
(F-actin) at different levels. The function of ezrin is conformationally regulated by
self-association of N- and C-terminal domains, which is thought to dissociate upon
binding of ezrin to PIP, and subsequent phosphorylation of a specific threonine
residue. The main focus of this work was to examine this activation process of
ezrin considering the individual influence of PIP, binding and phosphorylation
on the conformational change and accumulation of ezrin on solid-supported mem-
branes as well as the F-actin binding capability of ezrin depending on its activation

state.

The first part of this thesis dealt with the characterization of PIP,-containing
solid-supported lipid bilayers (SLBs) and hybrid membranes (SHMs, chapter 4). A
profound influence of spreading conditions on the PIP, distribution and accessi-
bility in terms of ezrin binding was revealed in reflectometric interference spec-
troscopy (RIfS) and confocal laser scanning microscopy (CLSM) experiments. The
use of either 200mm NaCl or 2mm Ca?* to promote spreading of small unilamel-
lar vesicles containing up to 8 mol% PIP, led to inhomogeneously distributed PIP,
and adhering excess vesicles in case of Ca?". Consequently, such SLBs are not
well suited for protein binding studies in combination with surface sensitive tech-
niques such as atomic force microscopy (AFM) and RIfS. However, spreading at
pH 4.8 yielded SLBs characterized by homogeneously distributed PIP, and no ad-
hering excess vesicles, thus allowing the specific binding of ezrin. Moreover, it
was shown that PIP,-containing SHMs exhibited a diffusion coefficient of 3 um?*/s
and a mobile fraction of 98 % in fluorescence recovery after photobleaching (FRAP)
experiments using a fluorescent PIP, analogue as tracer. Ca?" induced clustering
of PIP, led to a reduced diffusion coefficient of 1.4 um?/s, whereas ezrin binding
diminished the lateral mobility of PIP, even further to D=0.7 pm?/s. Consequently,
ezrin might be able to maintain PIP, clusters within the cellular context, which are

thought to have an important role with regard to the functional versatility of PIP,.

In the second part, the question was addressed whether the conformational

change of ezrin due to activation correlates with changed height levels of ezrin
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aggregates on SLBs (chapter 5). Ezrin wildtype, nonphosphorylatable ezrin T567A,
and pseudophosphorylated ezrin T567D were each immobilized either to PIP,-
containing SLBs or viz an N-terminal 6 xhistidine (Hisy) tag to SLBs displaying
nickel nitrilotriacetic acid (NTA-Ni) head groups. No substantially changed height
level owing to phosphorylation alone could be detected in RIfS experiments. How-
ever, a clear decrease in height was observed in case of the combination of PIP,
binding and phosphorylation. This finding was confirmed by AFM imaging, where
ezrin wildtype on PIP,-containing SLBs exhibited 3.5nm height levels in contrast
to the height value of 1.5nm found for ezrin T567D on the same membrane sys-
tem. The activating influence of PIP, alone could not be unambiguously resolved
by analyzing the height levels of ezrin wildtype on SLBs. However, activation of
ezrin might be not only restricted to a dissociation of N- and C-terminal domains
leading to lower protein height levels, but also include the formation of a dense
protein layer via lateral protein-protein interactions to offer as many binding site as
possible toward F-actin. Binding to PIP, might favor lateral protein-protein interac-
tion leading to higher protein surface coverage for ezrin wildtype as compared to
its immobilization to NTA-Ni head groups. Accordingly, the combination of eval-
uating the protein surface coverage and analyzing protein height levels on SLBs

appears rather suited to conclude on ezrin’s activation state.

The F-actin binding capability of ezrin was analyzed as ultimate measure for
ezrin activation by force measurements (chapter 6). The influence of ezrin acti-
vation on the adhesion forces and surface adhesion energies between ezrin and
F-actin was investigated by colloidal probe microscopy (CPM). An assay allowing
the thorough characterization of the individual contributions of PIP, and phos-
phorylation to the F-actin binding capability of ezrin was developed. F-actin was
electrostatically attached to a self-assembled thiol monolayer (SAM), while the col-
loidal probe was functionalized with a SAM displaying NTA-Ni head groups, al-
lowing the immobilization of ezrin via its Hiss-tag. Ezrin wildtype, ezrin T567A,
and ezrin T567D were employed to assess the influence of phosphorylation on the
interaction between ezrin and F-actin, while incubation of the respective protein
with mono-dispersed PIP, before its immobilization to the colloidal probe allowed
to mimic PIP, mediated activation. A significant increase in surface adhesion en-
ergy in presence of PIP, was found, while phosphorylation contributed only to a
minor extent on its own. However, both activation factors act synergistically to in-
crease the surface adhesion energy between ezrin and F-actin. A relation between
single molecule force measurements and CPM experiments was derived, account-
ing for the similar range of adhesion forces <toopN. Upon approximating the

limiting case of a stiff transducer, single events could be detected in CPM experi-
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ments although an ensemble was probed. No distinct influence of ezrin activation
on the adhesion forces between ezrin and F-actin was observable. Accordingly, it
was shown for the first time that the strength of the interaction between ezrin and
F-actin in vitro is rather defined by the increasing number of formed bonds than
the enforcement of a single bond. The concept of combining many weak bonds to
form strong intermolecular connections is employed within the cell to establish a

stable yet dynamic interaction.
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A.1 ABBREVIATIONS

AFM

APS

AUT -thiol

CD

C-ERMAD
CLSM
DOGS-NTA-Ni

DPPC
DTS
DIT

E. coli
EDTA
EGTA
ERM
F-actin
FCS

FD curve
FERM
FRAP
G-actin
GUV
HCl
HEPES
Hisg
InvOLS
IPTG

Atomic force microscopy
Ammoniumperoxodisulfat
(11-mercaptoundecyl)trimethylammonium
Circular dichroism

C-terminal ERM association domain
Confocal laser scanning microscopy
1,2-Dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl] (nickel salt)
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
Dodecyl-trichorosilane

Dithiothreitol

Escherichia coli

Ethylene diamine tetraacetic acid

Ethylene glycol tetraacetic acid

Ezrin, radixin, moesin

Filamentous actin

Fluorescence correlation spectroscopy

Force distance curve

Four-point-one-ERM

Fluorescence recovery after photobleaching
Globular actin

Giant unilamellar vesicle

Hydrochloric acid
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
6 xhistidine

Inverse optical lever sensitivity

Isopropyl B-p-1-thiogalactopyranoside
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IQR

LB

LUV
MARCKS
Matrix thiol
MFP

MLV
MWCO
NA
NTA-Ni
N-ERMAD
NTA-thiol

N-WASP
OD

PIP,
POPC
rpm

QCM

RIfS

SAM
SDS-PAGE

SEM
SHM
SLB
SMEFM
SSM
SPR
SUV
TEM
TEMED
TRIS
UV-VIS

Interquartile range

Lysogeny broth

Large unilamellar vesicle

Myristoylated alanine-rich C kinase substrate
(1-mercaptoundec-11-yl)tri(ethylene glycol)
Molecular force probe

multilamellar vesicle

Molecular weight cut off

Numerical aperture

Nickel nitrilotriacetic acid

N-terminal ERM association domain

N-[5-[[[(20-mercapto-3,6,9-trioxaeicos-1-yl)oxo]carbonyl]-

amino]-1-carboxypentyl]iminodiacetic acid
Neuronal WASP

Optical density
L-x-Phosphatidylinositol-4,5-bisphosphate

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

Rounds per minute
Quartz crystal microbalance
Reflectometric interference spectroscopy

Self-assembled monolayer

Sodium dodecyl sulfate polyacrylamide gel electrophore-

sis
Scanning electron microscopy
Solid-supported hybrid membrane
Solid-supported lipid bilayer

Single molecule force measurement
Solid-supported membrane

Surface plasmon resonance

Small unilamellar vesicle
Transmission electron microscopy
Tetramethylethylenediamine
Tris(hydroxymethyl)aminomethane

Ultraviolet-visible
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A.2 CHEMICALS

Wiskott-Aldrich syndrome protein

wt Wildtype

A.2 CHEMICALS

Acetic acid
Acrylamid-bisacrylamid
y-actin

Agar

AlexaFluor488 phalloidin
AlexaFluor488 Cs-maleimide
APS

Argon

AUT -thiol

Bodipy-C,,-HPC

Bodipy TMR-PIP, (C16)
Bromphenol blue sodium salt
Chloroform
Chloramphenicol

Chromium

Complete mini EDTA-free
Coomassie Brilliant Blue G250
DOGS-NTA-Ni

DOPC

DTS

DTT

EDTA

EGTA

Ethanol p.a.

Glycerin

Glycin

Gold 99 99%

Carl Roth GmbH, Karlsruhe (Germany)
Carl Roth GmbH, Karlsruhe (Germany)
Cytoskeleton, Denver (USA)

Carl Roth GmbH, Karlsruhe (Germany)
Life Technologies, Darmstadt (Germany)
Life Technologies, Darmstadt (Germany)
Sigma Aldrich, Taufkirchen (Germany)
Air Liquide, Diisseldorf (Germany)
Prochimia, Sopot (Poland)

Life Technologies, Darmstadt (Germany)
Echelon Biosciences, Salt Lake City (USA)
Carl Roth GmbH, Karlsruhe (Germany)
Merck, Darmstadt (Germany)

abcr GMbH, Karlsruhe (Germany)
Umicore Materials AG, Balzers (Liechtenstein)
Roche, Mannheim (Germany)

Carl Roth GmbH, Karlsruhe

Avanti Polar Lipids, Alabaster (USA)
Avanti Polar Lipids, Alabaster (USA)
Sigma-Aldrich, Steinheim (Germany)
Sigma Aldrich, Taufkirchen (Germany)
Carl Roth GmbH, Karlsruhe (Germany)
Sigma Aldrich, Taufkirchen (Germany)
VWR International, Darmstadt (Germany)
Merck, Darmstadt (Germany)

Merck, Darmstadt (Germany)

Gold-

Pforzheim (Germany)

Allgemeine und  Silberscheideanstalt,
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HCl

HEPES

Hydrogen peroxide 30%
Imidazole

IPTG

Kanamycin

Low molecular weight marker
Magnesium chloride
2-mercaptoethanol
Matrix thiol

Methanol, p.a.

Nickel chloride

NTA-Ni agarose
NTA-thiol

PIP,

POPC

Potassium chloride

SDS

Sodium azide

Sodium chloride
Sodium hydrogen carbonate
Sodium hydroxide
TEMED

Toluene p.a.

TRIS/HCI

Tryptone

Yeast extract

A.3 HARDWARE

Allegra™ X-22R, Rotor SX4250
Cary 50 UV spectrometer

Sigma Aldrich, Taufkirchen (Germany)
Carl Roth GmbH, Karlsruhe (Germany)
VWR International, Darmstadt (Germany)
Sigma Aldrich, Taufkirchen (Germany)
Sigma Aldrich, Taufkirchen (Germany)
Sigma Aldrich, Taufkirchen (Germany)
GE Healthcare, Freiburg (Germany)
Merck, Darmstadt (Germany)

Carl Roth GmbH, Karlsruhe (Germany)
Prochimia, Sopot (Poland)

VWR International, Darmstadt (Germany)
Merck, Darmstadt (Germany)

Qiagen, Hilden (Germany)

Prochimia, Sopot (Poland)

Avanti Polar Lipids, Alabaster (USA)
Avanti Polar Lipids, Alabaster (USA)
AppliChem, Darmstadt (Germany)
Merck, Darmstadt (Germany)

Merck, Darmstadt (Germany)

VWR International, Darmstadt (Germany)
Carl Roth GmbH, Karlsruhe (Germany)
Merck, Darmstadt (Germany)

Sigma Aldrich, Taufkirchen (Germany)
VWR, Darmstadt (Germany)

Carl Roth GmbH, Karlsruhe (Germany)
Carl Roth GmbH, Karlsruhe (Germany)
Carl Roth GmbH, Karlsruhe (Germany)

Beckman Coulter, Krefeld (Germany)

Varian, Darmstadt (Germany)



Galaxy mini

Gel electrophoresis system PerfectBlue
Twin
Heraeus Fresco 17

Impedance/Gain-Phase Analyzer SI 1260

JPK Nanowizard III
LEO SUPRA 35 SEM microscope
LSM 710

MED o020 Modular High Vacuum Coating
System

MEFP-3D

Milli-Q plus 185

Milli-RO 3

NanoDrop spectrophotometer
Optima'" L-9oK, Rotor Tizyo
Peristaltic pump

pH-Meter Calimatic 766
Plasma cleaner

Res-Tec2005 spectrometer

Rotator

Shaking incubator SM30

Sonopuls HD 2070, resonator cup
Thermomixer compact
Transilluminator

Ultrasonic bath Sonorex

Vacuum oven

Vortex mixer Reax Top
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VWR International, Darmstadt (Ger-
many)
PEQLAB Biotechnologie, Erlangen (Ger-

many)
Thermo, Waltham (USA) (Germany)

Solartron Instruments,

(UK)

Farnborough

JPK Instruments, Berlin (Germany)
Zeiss, Jena (Germany)
Zeiss, Jena (Germany)

Bal-Tec AG, Balzers (Liechtenstein)

Asylum Research, Santa Barbara (USA)
Millipore, Eschborn (Germany)
Millipore, Eschborn (Germany)

Thermo Scientific, Wilmington (USA)
Beckman Coulter, Krefeld (Germany)
Ismatec, Wertheim (Germany)

Knick, Berlin (Germany)

Harrick, New York City (USA)
Framersheim

Resonant Technologies,

(Germany)

VWR International, Darmstadt (Ger-

many)

Edmund Biihler GmbH, Tiibingen (Ger-

many)

Bandelin, Berlin (Germany)

Eppendorf, Hamburg (Germany)

Vilber Lourmat, Eberhardzell (Germany)
Bandelin, Berlin (Germany)

Binder, Tuttlingen (Germany)

Heidolph, Schwabach (Germany)
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A.4 MATERIALS

Biolever

Colloidal probes
CSC37 cantilevers
Dialysis Tubing
LaSFNg glasses
Molecular sieves 4 A
Peristaltic pump tubing
RIfS transducer chips

Silicon wafers

Vivaspin 500 & 6

A.5 SYMBOLS

A
An
AHertz

AHertZ

c

C

Olympus, Tokyo (Japan)

sQube, Bickenbach (Germany)
MikroMasch, Wetzlar (Germany)
Carl Roth, Karlsruhe (Germany)
Hellma Optik, Halle (Germany)
Carl Roth, Karlsruhe (Germany)
Ismatec, Wertheim (Germany)

ABC - Active business company,

Miinchen (Germany)
Silicon materials, Kaufering (Germany)

Sartorius, Gottingen (Germany)

Absorbance

Hamaker constant

Contact radius according to Hertz model
Contact area according to Hertz model
Concentration, Speed of light

Coefficient in the surface-surface poten-
tial

Contribution of Debye force
Contribution of Keesom force
Contribution of London force
Indentation

Physical layer thickness

Diffusion coefficient, Distance

Young’s modulus

Molar extinction coefficient, Dielectric

constant

Applied force per bond



oT

A.5 SYMBOLS

Force

Adhesion force

Intensity

Wave vector

Boltzmann’s constant

Cantilever stiffness/ spring constant
Unbinding rate at zero force
Dissociation constant/ binding affinity
Pathlength

Length

Wavelength

Refractive index

Optical thickness

Number of atoms per unit volume
Radius, Reflectivity

Fresnel coefficient

Temperature

Angle of incidence

Cantilever thickness

Diffusion time

Cantilever tilt

Loading rate

Interaction potential

Circular frequency

Surface adhesion energy

Overall VdW-contribution to interaction

potential, Bin width
Cantilever width
Gauss radius
Potential width
Cantilever deflection

z-Piezo displacement
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MATLAB CODE

In the following an example of a MATLAB script is given on how histogram, kernel

density, and empirical cumulative distribution functions were determined.

%% CDF + histogram + kernel density
% Adhesion energy: Ezrin T567D & Ezrin T567D + PIP2

% Data input
datal=DAreal212_normRSI_H;
data2=DPIPAreal2ll_normRSI_H;

% Transform J to fJ
Dl=datal_selxlel5;
D2=data2_selx1lel5;

% Define overall x_mesh limits using bandwidthset

[x_mesh_min, x_mesh_max, n_x_mesh]=bandwidthset (D1, D2, 1, 500);

%% T567D

% Sort & determine cdf
D_sortX=sort(D1);
D_sort_number=[1:1length(D1)]’;
D_sortY_n=length(D_sort_number);

D_sortY=D_sort_number/D_sortY_n;

% Histogram

% Number of bins according to Freedman-Diaconis

optNl=calcnbins (D1, 'fd’);

% Extract frequency and bin position via rhist
[F1,xoutl]=rhist(D1,optNl);

% Determine bin width

binwidthsl = diff ([min(D1) xoutl(l:end-1)+diff(xoutl)/2 max(D1)]);
% Normalize Y-axis by bin width

Flbinnorm=F1l./binwidths1(1,1);

histol=bar(xoutl, Flbinnorm, ’'style’, ’'hist’);

% Plot kernel density

% Define x_mesh

xi_DArea_sel = linspace(x_mesh_min, x_mesh_max,n_x_mesh);

% Readout density

[f_DArea_sel, u_DArea_sel] = ksdensity(Dl, xi_DArea_sel, ’'width’,14,’kernel’,’
epanechnikov’, ’function’, ’'pdf’);

plot(xi_DArea_sel,f_DArea_sel);figure(gcf);




A.5 SYMBOLS

% Export

export_fig 130321_areaNorm_D -pdf -transparent

%% T567D + PIP2

% Sort & determine cdf
DPIP_sortX=sort(D2);
DPIP_sort_number=[1l:1length(D2)]’;
DPIP_sortY_n=length(DPIP_sort_number);
DPIP_sortY=DPIP_sort_number/DPIP_sortY_n;

% Histogram

% Number of bins according to Freedman-Diaconis

optN2=calcnbins (D2, 'fd’);

% Extract frequency and bin position via rhist
[F2,xout2]=rhist(D2,0ptN2);

% Determine bin width

binwidths2 = diff ([min(D2) xout2(l:end-1)+diff(xout2)/2 max(D2)]);
% Normalize Y-axis by bin width

F2binnorm=F2./binwidths2(1,1);

histo2=bar(xout2, F2binnorm, ’'style’, ’'hist’);

%%Plot a kernel density
% Define x_mesh
xi_DPIPArea_sel = linspace(x_mesh_min, x_mesh_max,n_x_mesh);

% Readout density

[f_DPIPArea_sel, u_DPIPArea_sel] = ksdensity(D2, xi_DPIPArea_sel, 'width’,35,’

kernel’, 'epanechnikov’, ’function’, ’'pdf’);
plot(xi_DPIPArea_sel,f_DPIPArea_sel);figure(gcf);

% Export

export_fig 130321 _areaNorm_DPIP -pdf -transparent
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