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Abstract

Measurement and Analysis of the First Assembly Steps in Protein

Polymerization

by Maria HOYER

Proteins play a crucial role throughout all phyla of life. Many proteins build
long filamentous structures by assembling many globular single proteins, the
monomers. This process is both associated with physiological functions in the
organism and with pathological malfunctions, resulting in disease. Although
tilament elongation has been extensively studied, the mechanism of filament
nucleation remains often unclear. High background from the micromolar con-
centrations needed for filament formation have prevented direct observation
of the nucleation dynamics using microscopy or spectroscopy methods. To
directly monitor the early steps of filament assembly, I have used the attoliter
excitation volume of zero-mode waveguides (ZMW). Thereby, a tethering
protein on the bottom of the ZMW is used to bind the monomers, which start
assembling after the start of the measurement. The resulting data is presented
as a step-wise increase in intensity over time, each step indicating the binding

of a monomer.

Now that it is possible to obtain step-wise, single-filament data, adequate
analysis methods need to be developed. Here, I present two new analysis
methods for single-filament data, the visitation analysis and the average rate
analysis. These methods, as well as the classic dwell-time analysis often used
for the analysis of microscopic association and dissociation rates, have been
tested and compared using simulations of filament nucleation. Furthermore,
the limitations of each analysis method have been explored along the lines
of the signal-to-noise ratio, the sampling rate, the labeling efficiency and the
photobleaching rate of the fluorescent dyes used in single-molecule fluores-
cence experiments. The results of these simulations allow one to analyze and
interpret single-filament data in a meaningful way and to plan the experimen-
tal conditions according to the kinetics and maximum labeling efficiency of

the assembling protein of interest.

The developed analysis methods have been applied to experimental data of
actin nucleation. Using single tethering proteins attached to the bottom of
the ZMW, the actin filament nucleation process could be visualized using



vi

different actin nucleators. For pointed-end actin growth on gelsolin, two
distinct populations depending on the stability of the actin dimer were found,
of which only one lead to stable filament elongation. Furthermore, barbed-
end actin growth was monitored using the nucleators cappuccino and spire.
Whereas cappuccino was found to nucleate efficiently, leading to stable grow-
ing oligomers, spire was found to not be sufficient for actin nucleation. Using
actin-binding compounds like Latrunculin A, which inhibits the flattening
of the actin monomers occurring during filament formation, flattening was
determined to be a key requirement for the formation of stable elongating
tilaments. Miuraenamide A, another actin-binding compound was found to
stabilize oligomers and reduce the critical concentration needed for filament

formation.
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Chapter 1

Introduction

Across all biological organisms, proteins are not only used for their ability
to catalyze reactions in a remarkable efficient and flexible way, but also as
scaffolding material for stability, motility and transport. Individual globular
proteins assemble to larger structures spanning several orders of magnitude
in size, ranging from small oligomers in the nm range to several ym-long
filaments. The assembly and disassembly of these structures is highly regu-
lated by associated proteins and vice versa, the state of the filament structure
has an effect on important decisions in the cell (Lee and Dominguez, 2010).
While protein polymerization is indispensable for the organization of living
organisms, it is also associated with pathological processes. For example, the
aggregation of misfolded proteins is associated with Alzheimer’s disease or
type II diabetes mellitus (Knowles, Vendruscolo, and Dobson, 2014).

The vital importance of the cytoskeleton and its association with disease, along
with the emerging field of nanobiotechnology, where self-assembling proteins
or DNA are being used to structure materials (Kuzyk, Laitinen, and Térma4,
2009), has increased the interest in the mechanisms of protein self-assembly
over the past two decades. While the structure of the monomeric proteins as
well as the assembled filaments is typically known, the conformations and
kinetics of the oligomers is more challenging to study due to the ever-changing

nature of the system.

Over the past decade, more and more proteins were shown to form oligomers
or even filaments (Dick et al., 2016 Lu et al., 2014). The assembly mechanism,
however, is not fully understood for most proteins. This is, in part, due to the
challenging biochemical handling of many of these proteins, but also due to
the lack of appropriate experimental methods that enable the observation of
the assembly process on a single-molecule level. The assembly process often
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involves the formation of many different oligomers that grow and shrink
dynamically and even undergo conformational changes (Kelly, 1998). Much
progress has been made using kinetic analysis of bulk methods (Michaels
et al., 2017; Grazi, Ferri, and Cino, 1983), however, the details of these pro-
cesses cannot be elucidated via bulk measurements due to the many different
species involved. Therefore, efforts have been made to study oligomerization
processes in smaller volumes (Horrocks et al., 2015) and even on the single
molecule level (Horrocks et al., 2016; Andrecka et al., 2016).

Single molecule techniques provide direct, real-time measurements of sin-
gle monomer association and dissociation events during oligomerization
(Andrecka et al., 2016; Hoyer et al., 2018). In this thesis, single molecule
fluorescence techniques have been combined with zero-mode waveguides
(ZMW) (Levene et al., 2003) to directly observe the first steps during oligomer
assembly of actin (Hoyer et al., 2018). Through their nanostructure, ZMW
create thousands of individual measurement volumes in the attoliter range.
The extremely small volume allows for concentrations of labeled proteins in
the ym-range while keeping single-molecule sensitivity. Thus, ZMW provide
the possibility to extend the reach of single molecule fluorescence microscopy
techniques towards the high concentrations of labeled protein needed for
successfull polymerization (Samiee et al., 2005). Independently, a scattering
technique was developed that can measure individual binding and dissocia-
tion events of unlabeled monomers (Young et al., 2018). In both cases, a single
monomer or a nucleator protein is biochemically bound at the surface and the
signal of the binding monomers diffusing in from the surrounding solution is
detected.

Another possibility to obtain information about the early stages of the assem-
bly process is to use the average information of many oligomers attached to
surface-bound nucleator proteins. This provides the possibility to synchronize
the starting point of the oligomerization process and thereby reduce the com-
plexity of the data in comparison to conventional bulk techniques, where a
multitude of different oligomers in different conformations occur at the same
time. This type of data can be obtained, for example, by using total-internal
reflection microscopy (TIRFM) (Liang, Lynn, and Berland, 2009), circular
dichroism (Uratani, Asakura, and Imahori, 1972) or other spectroscopy meth-
ods (Kirkitadze, Condron, and Teplow, 2001 Zhai et al., 2012 Ramachandran

et al.,, 2014). Only filaments growing on the nucleator protein of interest
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are measured, excluding spontaneous oligomerization events occurring in

solution.

New methods provide a new type of data. Therefore, it is necessary to test
existing analysis tools for their applicability or to develop new analysis tools
that can extract the information hidden in the data. It is essential to chose the
analysis and the experimental design according to the question of interest.
For example, single-molecule data of oligomer assembly provide, in theory,
the microscopic kinetic rates of all assembly and disassembly steps, i.e. the
complete information about the assembly mechanism. Extracting these rates
is a nontrivial task and the classic waiting time analysis used in many appli-
cations (Floyd, Harrison, and van Oijen, 2010) has to be evaluated carefully,
as will be shown in this thesis. Therefore, for the question about the micro-
scopic assembly mechanisms involved, I developed analysis tools to provide
more reliable data by not using the microscopic rates, but by looking at the

distribution of oligomer sizes over time.

In this thesis, I measured the assembly of fluorescently labeled actin monomers
using ZMW and TIRFM. In ZMW measurements, monomer binding events
correspond to a step-wise increase of the intensity of the signal over time,
and dissociation events manifest themselves as downward steps. In my
master thesis (Hoyer, 2014), I tested different step-finding algorithms for
the reliable extraction of these upward and downward steps from the noise-
overlaid signal. In this thesis, I further improved the experimental protocol
and developed and tested analysis tools that reveal the assembly mechanism
hidden in the measured up and down steps of the intensity traces and are at
the same time robust towards the experimental complexities like the signal
to noise ratio (SNR) or the sampling time. For fluorescently labeled samples,

also the labeling efficiency and photobleaching has to be taken into account.

By applying the developed analysis tools as well as the classical dwell time
analysis to experimental data of actin growing in ZMW or on a plane surface
using total internal reflection microscopy (TIRFM), I was able to obtain new
insights regarding actin assembly. I measured actin growing on the nucleator
proteins gelsolin, cappuccino and spire, thereby covering different classes
of actin nucleators. Additionally, I used the actin binding compounds La-
trunculin A (LatA) and Miuraenamide A (MiuA) to gain information on the

conformational change occurring during actin assembly in the case of LatA
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and to elucidate the effect of MiuA on actin oligomerization. For the measure-
ments with MiuA, confocal microscopy was used as a solution-based method
in combination with fluorescence correlation spectroscopy (FCS) and a spike
analysis to quantify the occurrence of large oligomers.

In this thesis, I will first give an overview of the involved principles and
methods regarding the employed fluorescence techniques and the biological
principles of protein assembly, in particular actin nucleation and polymer-
ization. Then, the developed analysis methods and simulations of protein
oligomerization will be described, followed by a description of the perfor-
mance and applicability of the analysis methods under varying conditions.
The last chapter is dedicated to the experimental measurements of actin

oligomerization using ZMW, TIRFM and confocal microscopy:.



Chapter 2

Principles and Methods

2.1 The Principle of Fluorescence

Fluorescence was beginning to interest modern scientists in the middle of the
19th century (Herschel, 1845; Stokes, 1852). Like other forms of luminescence,
it occurs when molecules in an electronically excited state emit photons upon
relaxation into the ground state. Depending on the nature of the excited
state, either fluorescence with lifetimes on the nanosecond range or the much
slower phosphorescence with lifetimes in the order of milliseconds to seconds
occurs. Fluorescence is much faster than phosphorescence because of the spin
orientation of the excited state. In the case of phosphorescence, the spin of
the triplet excited state is in a parallel orientation to the singlet ground state.
That causes the transition to the ground state to be forbidden, following the

quantum mechanical selection rules that forbid singlet-triplet transitions.

One of the main feature of fluorescence is the Stokes shift. It describes the
spectral shift between the excitation light and the fluorescence emission, a phe-
nomenon that is exploited to separate the fluorescent signal of fluorophores
from the exciting light in every fluorescence microscope. The Stokes shift can
be explained by looking at a representation of the electronic states of fluo-
rophores (Fig. 2.1). When a photon with the appropriate energy is absorbed,
the fluorophore is excited from the singlet ground state Sy to an excited state
S1. Part of the energy is absorbed into vibrations of the molecule via internal
conversion, bringing the system to the lowest S; state in a few picoseconds
(Lakowicz, 2006). Internal conversion is the cause for the fact that the emission
spectrum is independent of the excitation wavelength for most dyes, known
as "Kasha’s rule" (Kasha, 1950, Vavilov 1926). Upon relaxation back to an
excited vibrational state in the Sy state, a photon of less energy is released,



6 Chapter 2. Principles and Methods

A B
S — - Intersystem crossing
1 iVlbratlonal relaxation )
2 i > i T'|
i Non- 4 o
> V o > c g
g | radiative S > g <
z.,‘ S Absorption E decay § Fluorescence > Phospho- g 5
g = i > > rescence 4 5
L > ! > > < =
> i > > =
> ! >
Sy 2 = 4 ’
0_S Y 3 3

300 400 500 600 700 800
Wavelength (nm)

FIGURE 2.1: A: Jablonski diagram showing various processes that occur during
fluorescence. Absorption of a photon excites the system to an excited state of the
S; state. After vibrational and rotational relaxation, either a non-radiative decay
process, fluorescence or intersystem crossing to the T; state can occur. From the T
state, phosphorescence leads to the relaxation to the ground state. All transition are
vertical because the transitions are in the femtosecond range and the nuclei do not
change position in this time (Born-Oppenheimer approximation). B: absorption and
fluorescence emission spectrum of the fluorescent dye atto488.

thus leading to a red-shift in the fluorescence spectrum. Because electronic
excitations do not have much effect on the nuclear geometry, the spacings
of the vibrational states are similar in the Sp and in the S; state, leading to a

similarity of the excitation and emission spectra, the "mirror effect" (Fig. 2.1 B).

In addition to relaxation via photon emission, the system can also transfer
the energy into non-radiative decay processes or can enter the Ty state during
intersystem crossing. The slow, because quantum mechanically forbidden
transition from the T, to the Sy state causes phosphorescence.

Fluorescent dyes are constantly evolving for tailor-made uses in fluorescence
applications. Besides spectral and biological considerations, three main char-
acteristics are the extinction coefficient €, the fluorescence lifetime 7 and the
quantum yield Q, which describes the relation between the number of emitted
photons and the number of absorbed photons, which is the probability of
emitting a fluorescence photon after excitation. The fluorescence lifetime is
defined as the time the molecule stays in the excited state prior to transitioning
to the ground state. For the description of the quantum yield, we look at the
intrinsic rate constant for fluorescence emission ky; and the rate of all other

decay processes kj;:

2.1)
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The proportion of decay via fluorescence with respect to all other decay
processes describe the quantum yield. Together with the extinction coefficient,
the quantum yield is a measure for the brightness of the fluorophore. The
extinction coefficient describes the ability of the fluorophore to absorb light
and transition into the excited state. Via the Lambert-Beer law, the extinction
coefficient is often used to determine the concentration of the fluorophore or
the labeled species:

A=¢€¢-c-l (2.2)

where c is the concentration of the fluorophore, 1 is the length of the light
traveling in the solution and A is the absorbance, which describes the fraction

of the intensity of the light that was absorbed by the fluorophore.

Finally, the measured lifetime is defined as the inverse of the decay rates:

1

T=——

(2.3)
Hence, the measured lifetime is also influenced by other processes like quench-
ing or energy transfer and not necessarily related to the intrinsic fluorescence

lifetime.

2.2 Fluorescence Microscopy

Fluorescence methods have become widely used in microscopy imaging in
the last three decades. The ability to specifically label biomolecules with
fluorescent proteins or organic dyes has allowed biological and medical re-
searchers to identify cellular pathways on the single-cell level as well as in
larger cellular structures. By using fluorescence methods with the ability to
detect single molecules like total-internal reflection microscopy (TIRFM) for
surface-immobilized molecules, or confocal microscopy for freely diffusing
molecules, even the conformational changes of individual proteins can be
elucidated. In the search of ever better, clearer images with enhanced signal
and reduced background, a multitude of excitation and detection techniques
has been developed.
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A universally used feature is the separation of excitation light and fluorescence
by a dichroic mirror, whose transmission is dependent on the wavelength
of light. As light sources, lasers have become widely used because of their
emission wavelength profile and the practicability of a collimated beam like
the possibility to couple it into a single-mode fiber, which produces a clean
beam profile. For detection, electron-multiplied charge coupled devices (EMC-
CDs) or more recently, scientific complementary metal-oxide-semiconductor
(sCMOS) have become widely used for image-based detection, or avalanche
photo diodes (APDs) for confocal detection.

2.2.1 Fluorescent probes for Fluorescence Microscopy

For investigating nonfluorescent biological samples in a fluorescence mi-
croscope, the samples of interest have to be labeled with a fluorescent dye.
There are several options spanning from fluorescent proteins like the green-
fluorescent protein (GFP) over quantum dots to organic dyes. For the labeling
of proteins and DNA for single-molecule applications, mostly organic dyes
are used due to their smaller size and increased brightness and photostability
compared to fluorescent proteins. For the attachment to the proteins or DNA,
different labeling strategies have been developed using mostly covalent bonds
to specific amino acids inside the proteins. A typical labeling strategy is to
target cysteins in the proteins with maleimide groups attached to the fluo-
rophore (Toseland, 2013). Targeting cysteins has the advantage that, due to
its low abundance, it results in a high site-specificity of the labeling. Another
possibility is to target the amine groups of lysines or the N-terminus, in which

case succinimidyl-esters or isothiocyanates can be used.

Depending on the labeling strategy, the result can be a specifically labeled
protein, where each protein has zero or one dye molecule attached, or a
stochastically labeled protein, where more than one label can be attached to
the same protein. Stochastic labeling results in a Poisson distribution of dye
molecules per protein, according to P(k) = e~*A¥/k!, where k is the number
of dyes per protein and A is the average number of fluorophores per protein
or the labeling efficiency.



2.2. Fluorescence Microscopy 9

COOH COOH

3,4 PCD A
+ 0, —— | + 2H'
coo
OH coo
OH
o o
hv + 0O,
B ——
o COOH ° OH
COOH

FIGURE 2.2: A: PCA oxidation catalyzed by PCD reduces free oxygen in the solution.
B: Trolox activation to trolox-quinone through UV-light.
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2.2.2 Reduction of Blinking and Photobleaching

For the use of fluorescent probes for single-molecule applications, the require-
ments of fluorescent dyes are increasing. The measurable fluorescence signal
should occur in the seconds to minute timescale and be as stable as possible
in terms of blinking and photobleaching. Blinking describes fast intensity
fluctuations in the millisecond range. During blinking or photobleaching, the
molecule enters a dark state transiently or permanently, respectively. These
dark states or their precursors could be triplet states, conformational isomers
or radical ions (Aitken, Marshall, and Puglisi, 2008). Upon entering dark
states, molecular oxygen present in aqueous solutions plays a major role.
Triplet oxygen reacts efficiently with the triplet states of dyes. Thereby, the
triplet states get quenched and singlet oxygen is formed, which is much more
reactive and oxidizes the dye rapidly, leading to permanent photobleaching
and impairing fluorescence. Thus, while blinking is prevented due to triplet
state quenching, photobleaching is enhanced by the presence of dissolved
oxygen. Therefore, oxygen scavanging systems are used to decrease the con-
centration of dissolved oxygen. This leads to longer lived triplet states, and
hence, more blinking. To prevent blinking, chemical additives are added to

the solution.

The oxygen scavanging system that proved best for the experiments in this
thesis is the combination of protocatechuic acid (PCA) and protocatechuate-
3,4-dioxygenase (PCD) (Aitken, Marshall, and Puglisi, 2008). PCD catalyzes
the oxidation of PCA using molecular oxygen, thereby decreasing the oxygen
concentration (Fig. 2.2 A). To prevent blinking, trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2—carboxylic acid) is added. Photo-activated trolox forms
trolox-quinone (Kim et al., 2007) (Fig. 2.2 B). It quenches the triplet state
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FIGURE 2.3: In objective-type TIRFM, an objective with a high numerical aperture

is illuminated off-center to achieve an incidence angle 6 above the critical angle for

total internal reflection. The fluorescent signal is collected through the same objective
and later separated from the excitation light by a dichroic mirror.

via electron transfer and recovers the S; state via the complementary redox
reaction (Cordes, Vogelsang, and Tinnefeld, 2009; Lambert and Kochevar,
1997).

2.2.3 Total Internal Reflection Microscopy

Total internal reflection microscopy aims to enhance the signal-to-noise ratio
(SNR) of labeled molecules close to the surface by decreasing the signal from
freely diffusing molecules in the solution. To that aim, only the exponentially
decaying evanescent field of the laser beam is used to excite the fluorescent
labels, thereby limiting the depth of the excitation volume to about 100 nm
to 200 nm along the z-axis. The evanescent field is obtained by tilting the
incidence angle of the laser beam onto the cover glass such that total reflec-
tion is achieved between the cover glass and the aqueous solution and all
propagating modes are reflected. Only the evanescent field penetrates into
the solution, exciting fluorescent labels only at or near the surface of the cover
glass.

Total internal reflection occurs when light hits the interface between two media
with different indices of reflection n; and n, at or above a critical angle 6 > 6,
(Fig. 2.3). Thereby, the light has to travel from a medium with higher index of
refraction, like a cover glass, to a medium with lower index of refraction, like

water or buffer. The critical angle is defined as

0. = arcsin(ny/ny) (2.4)
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where 17 and 1, are the refractive indices of the liquid and the solid, respec-
tively. For angles above 6., the light is reflected back into the solid and only
the evanescent field reaches into the liquid phase, whose intensity 1(z) decays

exponentially in the z-direction according to

I(z) = 1(0)e*/* (2.5)

with N )
d=20

4 \/n3sin20 — n?

where A is the wavelength of the incident light. The penetration depth d

(2.6)

depends on the polarization and is on the order of a fraction of Ay. For the
work presented here, the penetration depth is around 100 - 200 nm.

TIREM can be implemented in two main configurations, prism-type TIRF and
objective-type TIRF. Here, objective-type TIRF was used (Fig. 2.3, 2.4). Thereby,
a microscope objective with a high numerical aperture (NA) is focused off-axis
at the back focal plane to obtain a large angle 0 (Fig. 2.3) when hitting the

cover glass.

2.2.4 Experimental Setup

In the following, the TIRFM setup is presented that has been used for the

described experiments.

The experimental setup has been mainly used with blue (488 nm) or red
(642 nm) excitation (Cobolt 06-MLD, Cobolt AB) (Fig. 2.4). In some cases,
instead of the blue 488 nm laser, a 561 nm laser (Cobolt 06-DPL, Cobolt AB)
has been used. Each laser beam was controlled individually via a shutter
(SHBO025T, Thorlabs) and coupled into a single-mode fiber (SM450, Thorlabs).
After the fiber, a telescope expanded the beam by 10x using a system with
two lenses (lens 1: d = 8.0 mm, fl = 10.0 mm, AC080-010-A-ML, Thorlabs,
lens 2: d = 25 mm, fl = 100 mm, Thorlabs). By fixing a mirror and a tube
lens on a movable stage (grey box in Fig. 2.4), the setup could be used both
in TIRF mode and in wide-field mode for ZMW illumination. The light is
guided into the objective (60x 1.45 NA oil immersion objective Plan Apo
TIRF 60x, Nikon) via a dichroic mirror (zt405/488/561/640rpc, F73-410, AHF

Analysentechnik) and onto the specimen, which is excited either in bright
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FIGURE 2.4: Schematic of the experimental setup. The grey box indicates a movable
stage for switching between conventional bright field and TIRF mode. Abbreviations:
M: mirror, DM: dichroic mirror, C: collimator, L: lens, F: filter.

light mode or in TIRF mode. The fluorescence light is then collected by
the same objective and transferred through a 642 Notch filter (642 Notch,
AHF Analysentechnik) onto a dichroic mirror (FF580-FDi01 as part of the
TuCam, Andor Technology) to separate green and red fluorescence. The
green fluorescence emission passed through two fluorescence emission filters
(635/50 and 488 LP, AHF Analysentechnik) because of the high reflection
intensity of the laser light caused by the aluminum surface of the ZMW. Red
fluorescence passed through a 680/42 (AHF Analysentechnik) and a 680 LP
(AHF Analysentechnik). The signal was recorded by two EMCCD cameras
(Andor iXon Ultra 888, Andor Technology) with 1024x1024 pixels per chip.

2.2.,5 Slide preparation for TIRFM

For TIRFM, the sample has to be immobilized on the surface of the cover glass.
For functionalization of the glass surface and to provide a closed measurement
chamber, two different ways of creating a flow chamber on the cover glass
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FIGURE 2.5: The principle of confocal microscopy. Light from outside the focal

plane is rejected by a pinhole placed in the image plane in front of the detector. In

modern confocal microscopes, the light is re-collimated after the pinhole using a lens

to include optical filters without disturbing the beam path and then focused again
onto the detector.

have been used. For measurements using actin filaments, a microscope slide
was heated to 70°C and two pieces of parafilm were placed with a 5 mm wide
gap between them. A cover glass was added on top and the assembly was
cooled down to room temperature. The glass surface was functionalized using
BSA and biotinylated BSA (bBSA) in a ratio of 1:10. A solution with 10% BSA
was incubated on the cover glass for 10 minutes. After thorough washing with
phosphate buffered saline (PBS) buffer including a 5 minute incubation time,
streptavidin (0.3 mg/mL, Sigma-Aldrich, USA) was incubated for 5 minutes.
After washing again, the biotinylated tethering protein (gelsolin, cappuccino,
spire or another actin binding protein) has been added and again incubated
for 5 minutes. After washing with G-buffer, actin was added and filament

growth on the nucleator proteins were imaged.

For imaging of actin oligomerization and other single-molecule measurements,
the surface was functionalized using PEG/bPEG silane (Nanocs Inc., USA)
and the flow chamber was assembled using a cover glass and a microscope

slide with two holes for inlet and outlet tubes.
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2.2.6 Confocal Microscopy

While TIRFM limits the excitation volume to the solution very close to the
cover glass, confocal microscopy goes one step further and just detects fluo-
rescence from a small ellipsoidal volume in the solution. By using a pinhole
at a focal plane in front of the detector, the signal originating from outside the
focus is suppressed and the focal plane in the solution and on the detector are
aligned (con-focal) (M., 1961, Fig. 2.5). Thus, the signal-to-noise ratio increases
as Raman scattered light from the solvent and emission from impurities in the
solvent or the buffer do not reach the detector to the same extent. Often, a
second pinhole is placed in the illumination pathway to improve the beam
profile of the excitation source.

The focal point itself is not infinitesimally small, but diffraction-limited. The
minimum distance d,;;, between two point objects where they are still distin-
guishable using an optical system was defined by Rayleigh:

A
where A is the wavelength of the excitation light and NA is the numerical
aperture of the objective. The NA is defined as the product of the index of
refraction n of the medium between the objective and the sample and the
sine of the angle 6, which is the half-angle of the cone of light that enters the

objective:

NA =n-sinf (2.8)

Objectives with high numerical apertures have been developed by maximizing
the acceptance angle 8 and by the use of immersion oils and cover glasses
with a high refractive index. However, since the NA is limited, the focal point
will always have a finite dimension according to equation 2.7. The resulting
pattern, a spot with maximum brightness in the middle and concentric rings
around it, is called the Airy disk or the point spread function (PSF), which
describes the excitation volume produced by a point source of light. The PSF

is usually assumed to be a 3D Gaussian. The intensity profile is then given by

P, 2

PSF(x,y,z) <exp ~ «F <) (2.9)
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FIGURE 2.6: Autocorrelation function (ACF) of freely diffusing fluorophores. Dif-

ferent processes observable in the ACF are highlighted. a: photon antibunching, b:

rotational diffusion and dynamics, c: photophysics of the dye and d: translational
diffusion.

with w, and w, describing the dimensions in lateral and axial direction, re-
spectively, from the center to the position where the signal decreased by a
factor of 1/e?. The axial direction is always more extended. Typical values are
about 200 nm for w, and 1 ym for w;.

When a confocal pinhole is used, the PSF has to be corrected for the cutoft:

PSFconfocal = PSFexcitation * pSFdetection (2-10)

The product of two Gaussian functions is again a Gaussian function, but with
a narrower width. Precisely, the standard deviation and therefore the width
of the Gaussian is narrower by a factor of v/2. This could be used to resolve
cellular structures with a better resolution than in conventional widefield
microscopy using scanning confocal microscopy, however, the loss in intensity
hinders this approach for lateral resolution.

2.2.7 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is used here as a solution-based
method. It is used to extract information from the fluctuations in intensity.
Freely diffusing molecules, i.e. proteins or DNA labeled with a fluorescent
dye are measured with a confocal microscope with an observation volume
of approximately 1 fl in solution. When a dye or a labeled protein diffuses
through the observation volume, it gives a signal dependent on its position

and thus, the time. The decay over time of the autocorrelation function G(7)
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of the intensity fluctuations (Equ.2.11) depends on the properties of the dye,
the setup and the diffusion constant of the measured molecule.

G(7) is defined as

(OF(t)0F(t+ 1)) (F(H)F(t+1))
G(t) = = -1 (2.11)
NGO (FP
with 7 the lag-time and 6F(t) = F(t) — (F(t)), i.e. the fluctuation of the
fluorescence intensity F. Thereby, G(0) is inversely proportional to the average

number of dye molecules inside the observation volume (N) as G(0) =
v/ (N). The factor v will be described below.

The fluorescence intensity F depends on the concentration and properties of
the fluorophore (quantum yield Q and absorption cross-section ¢) and on the
properties of the setup. These include the detection efficiency for the emitted
photons, g, and the profile of the observation volume. The characteristics of
a fluorophore and the setup are often conveniently described by the bright-
ness B = qoQ. The observation volume is assumed as a 3D Gaussian as in

equation 2.9.

Predominantly, FCS is used to measure the translational diffusion coefficient
D of the labeled species. With a 3D Gaussian observation profile, the autocor-

relation function with a diffusion term is given by:

_ YECS 1 . 1 :
Gl = (N) (H%) <1+(—)2.%) 212

Wy
Wz

where yrcs is a geometrical factor accounting for the shape of the observation
volume and 1p is the diffusion time, given by:

= L (2.13)

where D is the diffusion constant.

YECs 18 2-3/2 for one-photon excitation. The effective volume, considering the
Yrecs factor, is given by:

Verfo = /2 wlw: (2.14)



2.3. Zero-mode Waveguides 17

Using equations 2.13 and 2.12, the dimensions of the observation volume can
be calibrated before the measurement of the sample of interest. w, and w,
are typically determined experimentally by using a freely diffusing dye in

solution with a known diffusion constant D.

The ypcs can also be included in the effective volume as

7\ 372
Verf = (5) Wy w, (2.15)
Either way, the measured concentration of the labeled species is identical.
However, the molecular brightness € = (F)/(N) of the measured dye has
to be interpreted differently. When 7yrcs is included in the effective volume,
€ corresponds to the average brightness in the observation volume. When
Yrcs is included in the autocorrelation function, it corresponds to the peak
brightness of the fluorophore in the center of the observation volume.

The autocorrelation function contains information about the diffusion behav-
ior of the labeled species as they diffuse in and out of the observation volume,
thereby inducing fluctuations in the measured fluorescence intensity. How-
ever, the autocorrelation function of fluorescent dyes is also influenced by
photophysics of the dye, conformational dynamics of the sample when they
affect the fluorescence properties of the dye and photon antibunching. Due to
the different time scales of these processes, they appear at different time lags

in the autocorrelation function (Fig. 2.6).

2.3 Zero-mode Waveguides

Zero-mode waveguides in the form as described here have been developed
about 15 years ago and are now mainly used for parallel sequencing appli-
cations (Levene et al., 2003; Garoli et al., 2019). They contain thousands of
apertures with diameters typically in the range of 30 to 200 nm, formed by
holes in metal deposited on fused silica (Fig. 2.7, 2.8). The main motivation
for developing these structures for biophysical research can be found in the
physiological concentrations of biological samples. For many proteins, the
concentration of their reaction partners in the cell is in the micromolar range,
as their dissociation constants indicate (Moran-Mirabal and Craighead, 2008).

Also for successfull polymerization, a critical concentration has to be reached.
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FIGURE 2.7: Bright field images of ZMWs. A: ZMW array fabricated by Kherim
Willems at the University of Leuwen, Belgium. B: ZMW array commercially bought
from Pacific Biosciences, USA.

For actin, the critical concentration is in the several hundred nM range (Bu-
gyi and Carlier, 2010, Pollard, 1986). For fluorescence microscopy methods,
these concentrations are to high for single-molecule sensitivity. For confocal
microscopy for example, only pico- to nanomolar concentrations of labeled
molecules are suitable, otherwise more than one molecule will diffuse through
the observation volume at a time and the single-molecule sensitivity will be
lost. Zero-mode waveguides confine the observation volume to the attoliter
range (Fig. 2.8), thereby allowing concentrations of the labeled species up to

the micromolar range.

ZMW are fabricated by depositing a layer of about 100 nm of metal, often
aluminum, onto the surface of a microscope cover glass (Levene et al., 2003).
The apertures are formed for example by focused ion beam drilling and have
a diameter of about 100 nm. When the apertures are hit by a laser beam
through the cover glass, an evanescent field is created as the dimensions of
the apertures only allow the zero mode to pass through. Thereby, there is a
cut-off wavelength above which no propagating modes are allowed inside the
apertures (Levene et al., 2003). The cut-off wavelength A, for circular apertures
with diameter d is at A, = 1.7d. Light with a wavelength longer than A, is
evanescent inside the apertures and its intensity I(z) decays exponentially in

Z:

I(z) = I1(0)er (2.16)

with



2.3. Zero-mode Waveguides 19

1 _, /1 1
AT\ AT
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where A is the decay constant, and A, is the wavelength of the incoming laser
beam (Levene et al., 2003). Here, the diameter of the apertures was 140 nm,
which results in a decay constant A of 136 nm with A, = 488 nm.

The geometry of ZMW has been shown to influence the kinetics of biomolecules
measured in the apertures. In some experiments using ZMW, kinetic rates

have been decreased by up to an order of magnitude (Christensen et al.,
2016; Uemura et al., 2010). The arrival rates of freely diffusing species to the

surface-bound receptors was affected, which caused the authors to increase

the concentration to more than 20x the concentration used in bulk assays

(Uemura et al., 2010).

For the experiments carried out here, a biotinylated nucleator protein was
bound at the bottom of the ZMW. Thereby, it is essential to avoid the binding
of multiple proteins per well, so that the recorded intensity traces contain only
the information of one growing filament. The occupancy of the apertures by
the biotinylated nucleator protein is assumed to follow Poissonian statistics
(Uemura et al., 2010) of the form

A

Pk)=e X

(2.18)
where A is the mean occupancy and k is the number of molecules in the
aperture. In a typical experiment 600 to 700 apertures showed any signal from
a total of 3000 apertures. Hence the average occupancy A was at 0.22 £+ 0.02.
The probability that there are two or more molecules (k > 2) in a single
aperture is then 0.020 + 0.003. This means that of the traces that show a
signal, 10% to 12% would originate from two or more nucleator proteins in
one aperture. For every experiment, the number of wells that showed any

intensity was monitored carefully, so that A was always at 0.22 or lower.

2.3.1 Fabrication and Functionalization of ZMW

ZMW were commercially obtained from Pacific Biosciences (smartChips,
Pacific Biosciences, USA) or were produced by Kherim Willems, PhD, at the
University of Leuven, Belgium. The fabrication involves the sputtering of a
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FIGURE 2.8: ZMW schematic. Holes in the aluminum layer deposited on a cover

glass form apertures. Inside the apertures, an evanescent field is created when the

structure is illuminated from below. The light cannot propagate, hence the term

"zero-mode" waveguide. The bottom of the ZMWs are functionalized with PEG

and biotinylated PEG, that allows the binding of a biotinylated tethering protein

via a biotin-streptavidin link. Fluorescently labeled monomers bind to the tethering
protein and the assembly process begins.

100 nm aluminum layer onto a cover glass. The holes that will later function
as zero-mode waveguides are produced via chemical etching. The process
is described in more detail in chapter 5. The commercial waveguides had
already a surface functionalization according to (Korlach et al., 2008). The self-
produced waveguides were functionalized using 2% polyvinylphosphonic
acid (PVPA) (2 min., 90 °C) to passivate the plasma cleaned aluminum surface
and prevent binding of the proteins to the walls of the apertures. Afterwards,
the ZMW have been incubated for 4 h in polyetheleneglycole (PEG) (6-9 units)
and biotinylated PEG in toluene at 55 °C. The functionalized ZMW have been
stored in the desicator and used within 4 days.

2.4 Principles of Protein Assembly

The formation of oligomers and structured protein aggregates in the form of
filaments is a common mechanism in biology. It is used to achieve a gain or
modification of function that can be of regulatory, enzymatic or structural
nature. The oligomerization process is, in itself, highly regulated by associated
proteins, allowing the cell to adjust to external and internal changes in a fast
and efficient way (Machesky and Insall, 1999).

The principle of regulated protein assembly and disassembly is most abun-

dantly used in the cytoskeleton. It provides structure and the ability for
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FIGURE 2.9: Protein assembly and applicable methods for the different stages of
the assembly process. Assembly is visualized as the molar fraction of protein in-
side fibrillar structures. In the beginning, small oligomers form and disassemble
dynamically leading to the so-called lag-phase. For single monomers, X-ray or FCS
data are applicable methods. Once the thermodynamic barrier has been overcome
and stable oligomers formed, polymerization is fast and the fibrillar protein content
increases quickly until an equilibrium is reached. For the study of stable oligomers
and fibrillar strucutures, a pyrene assay or the other methods listed on the right side
yield interesting insights. For the study of small oligomers and their fast kinetics,
ZMW or iScat can be used.

cytokinesis, but is also involved in intracellular transport, regulation and
intercellular contacts (Machesky and Insall, 1999; Jamora and Fuchs, 2002).
Its components, actin, microtubulin and intermediate filaments are each com-
posed of globular monomeric proteins of a few nanometers in size, which
assemble together to form filaments that can reach the micrometer range
in length. While the cytoskeleton is crucial for the cell, other proteins can
self-assemble into large fibrils that are associated with diseases such like
Alzheimer’s, diabetes or Parkinson’s (Chiti and Dobson, 2006). Remarkably,
all these different proteins form very similar fibrillar structures (Chiti and
Dobson, 2006).

While the structure of the monomeric proteins as well as the assembled fila-
ments is known in most cases, the conformations and kinetics of the oligomers
is more challenging to study due to the ever-changing nature of the system
(Fig. 2.9). However, some microscopic principles of protein self-assembly
have been identified. In the early studies, bulk measurements of the assembly
process were used to monitor the increase of filamentous protein over time
using a pyrene assay. This assay is based on the increased pyrene fluorescence
inside fibrillar structures (Cooper, Walker, and Pollard, 1983). Thereby, actin
monomers are labeled with N-(1-pyrene)-iodoacetamide at the only surface

cystein. In the monomeric form, the labeled actin fluoresces weakly at 384 nm,
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but, in its filamentous form, the fluorescence is increased by a factor of 20 due
to a change in the local environment of the pyrene. This measurement tech-
nique is widely used but only provides information about the total polymer
mass without revealing any details about individual oligomer species and

their dynamics.

Together with electron microscopy, circular dichroism and NMR studies, these
bulk measurements provide good insight into the assembly process on a stage
where stable structures have already formed (Fig. 2.9) (Pollard and Mooseker,
1981; Cohen et al., 2012; Xue, Homans, and Radford, 2008). On the monomer
level, crystallography data and fluorescence correlation spectroscopy can
shed light on the protein structure and binding behavior. The measurement
of individual small oligomers is most challenging due to the unstability of
the early oligomers and the fast growing of the stable oligomers. Recently,
fluorescence microscopy techniques have been employed with the aim of
measuring small oligomers using TIRFM and microfluidics (Horrocks et al.,
2016; Horrocks et al., 2015). However, microfluidics with pyrene fluorescence
as a read-out signal provides a signal after the first polymers have formed
already. For the study of individual oligomers and their kinetics, iScat and
ZMW have been used (Andrecka et al., 2016; Hoyer et al., 2018).

The simplest form of protein self-assembly into filaments can be imagined
by the sequential addition of monomers. This process results in a slow pri-
mary nucleation phase where oligomers assemble and disassemble (Fig. 2.9)
(Michaels et al., 2017; Arosio, Knowles, and Linse, 2015), followed by a poly-
merization phase where monomers are added or removed according to the
association and dissociation kinetics of the filament. The slow nucleation
step in the beginning is responsible for the so-called lag-phase observed in
bulk experiments measuring the filamentous protein content (Fig. 2.9). The
existence of the primary nucleation step indicates a thermodynamic barrier
for the formation of small oligomers, which are unstable and easily dissociate
into monomers. With formation of the smallest stable structure, the nucleus,
this barrier is overcome and the faster polymerization kinetics take over. Actin
and tubulin are considered to follow a primary nucleation mechanism (Kasai,
Asakura, and Oosawa, 1962; Johnson, 1976).

During primary nucleation, a conformational conversion of the oligomers is
sometimes required for successful polymerization (Cremades et al., 2012; De
et al., 2019; Shammas et al., 2015). For example, the tau protein was found to
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FIGURE 2.10: On- and off-pathway events during spontaneous actin nucleation.

Of the two possible dimers, one leads to a stable trimer, the nucleus, with high

probability. The other one can restructure itself into the nucleus or continue off-

pathway. Other trimers and tetramers are possible (Qualmann and Kessels, 2009; Sept

and McCammon, 2001). The structure of the monomer is depicted on the right (PDB

structure 3HBT). Filament structure PDB 3G37 (upper right), pointed end assembly
PDB 2Y83 (middle).

first assemble into non-polymerizable oligomers, which undergo a structural

change and subsequently start polymerizing (Shammas et al., 2015).

In contrast to primary nucleation, secondary nucleation depends on pre-
formed filaments that serve as a new oligomer source through fragmentation
or heterogeneous nucleation (Michaels et al., 2017; Arosio, Knowles, and Linse,
2015). This highly accelerates filament formation, as the slow primary nucle-
ation step is circumvented. Secondary nucleation is predominantly found for
disease-related protein assembly (Knowles et al., 2009; Hortschansky et al.,
2005; Meisl et al., 2014; Buell et al., 2014, but also for actin (Wegner, 1982;
Wegner and Savko, 1982; Schmoller et al., 2011).

2.4.1 Actin Self-assembly

Actin and actin-like proteins are ubiquitous in biological systems (Dominguez
and Holmes, 2011). The actin cytoskeleton in eukaryotes is linked to many
cellular functions, including cell division, endocytosis and cell motility (Blan-
choin et al., 2014). The many cellular functions of actin are directly linked to
its ability to self-assemble into filaments (Blanchoin et al., 2014). G-actin is
composed of two major subunits, whose interface form the nucleotide binding
pocket (Fig. 2.10 right panel) (Kabsch et al., 1990). The nucleotide binding
cleft has a closed conformation in the ATP- and ADP-P;-bound states and
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opens after P; is released (Pfaendtner et al., 2009). Whereas G-actin hydrolyses
ATP over the time course of hours (Rould et al., 2006), F-actin does so several
orders of magnitude faster (0.3 s~!) (Blanchoin and Pollard, 2002).

Actin filaments are double stranded filaments arranged in a head-to-tail man-
ner (Fig. 2.10 middle) (Fujii et al., 2010). The monomers within the filament
lattice have a different conformation than those free in solution. A relative
twist of the two major actin subunits of about 20° results in a flat conformation.
Upon polymerization, this flattening of the monomers results in a more sta-
ble filament structure (Oda et al., 2009, Otterbein, Graceffa, and Dominguez,
2001). This conformational change brings the residue coordinating the attack-
ing water molecule closer to the ATP, explaining the higher ATP-hydrolysis
rate in F-actin (Vorobiev et al., 2003; Graceffa and Dominguez, 2003; Otterbein,
Graceffa, and Dominguez, 2001).

The conformational change of the actin monomers during polymerization
is inhibited by certain molecules like latrunculins, which show a macrolide-
based structure (Fig. 2.14). Latrunculin A (LatA) binds to monomeric actin
above the ATP binding site, thereby preventing ATP-hydrolysis and the ro-
tation of the actin subdomains (Morton, Ayscough, and McLaughlin, 2000;
Rennebaum and Caflisch, 2012). As a consequence, LatA disrupts actin fila-
ments when added to cells (Spector et al., 1983) by preventing the formation
of new filaments (Coué et al., 1987).

G-actin in buffer self-assembles spontaneously into filaments via a nucleation-
elongation mechanism (Fig. 2.10) (Sept and McCammon, 2001, Frieden, 1983).
In this model, a very fast dissociation rate (106-108 s~ 1) of the dimer and the
trimer (103 s~1) hinder the formation of tetramers that, once formed, will elon-
gate until an equilibrium is reached with the solution (Sept and McCammon,
2001). In the literature, there are some hints that actin can assemble into two
different dimers, the upper or parallel and the lower or antiparallel dimer
(the two dimers in Fig. 2.10) (Mockrin and Korn, 1983; Millonig, Salvo, and
Aebi, 1988; Bubb et al., 2002; Graceffa, Lee, and Stafford, 2013; Grintsevich
et al., 2010; Qu et al., 2015). The terms parallel and antiparallel refer to the
relative orientation of the two actin monomers. Whereas the upper dimer is
a potent nucleator (Mockrin and Korn, 1983), the lower dimer can be tran-
siently incorporated into filaments, but is thought to hinder nucleation and
polymerization (Millonig, Salvo, and Aebi, 1988; Grintsevich et al., 2010). The

instability of the dimers and trimers leads to a so called lag phase in actin
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polymerization assays, i.e. the filament mass starts to increase after a certain

waiting time at the beginning of the self-assembly process (Fig. 2.9).

The two ends of the actin filament have different properties and are referred
to as the barbed end and the pointed end, according to the orientation of
the monomers in the filament structure. The polarity of actin filaments has
tirst been observed using electron microscopy, where the two ends have been
identified by decoration with myosin "arrowheads" (Huxley, 1963; Pollard
and Mooseker, 1981). The faster elongation rate at the barbed end leads to
treadmilling in vitro, where monomers dissociate from the pointed end and
bind to the barbed end (Wegner, 1976). Polymerization rates for barbed end
and pointed end elongation are 11.6 uM~'s~! and 1.3 uM~!s~!, respectively
(Pollard, 1986). The difference arises from the addition of ATP-actin monomers
predominantly at the barbed end. After incorporation, ATP is hydrolysed
and the phosphate is released. The resulting ADP-actin is transferred to the
pointed end of the filament through more incorporation of monomers at the
barbed end and more dissociation of monomers at the pointed end. It then
dissociates at the pointed end of the filament. Afterwards, ADP is exchanged
for ATP and the actin monomer can get incorporated again at the barbed end.

As for all multistranded filaments, actin polymerization occurs above a critical
concentration C, (Fig. 2.11):

Ce= Kogs (2.19)

kOTl
Below C,, the polymerization rate is negative and the filaments are shrinking.
Because of the different polymerization rates for barbed end and pointed end
growth in actin, there are two critical concentrations for each end (Fig. 2.11).
Around the critical concentration, slight changes in the available monomer
numbers lead to drastic changes in filament length, allowing for cellular regu-

lation of actin filament length by monomer sequestering proteins (Howard,
2001).

2.4.2 Actin Nucleators

The lag phase observed in actin polymerization assays (Fig. 2.9) can be circum-
vented by actin nucleators. In the cell, the very small number of actin nuclei
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FIGURE 2.11: Kinetics and critical concentration of pointed end and barbed end

growth. Critical concentrations are different for barbed-end and pointed-end growth

and mark the concentration above which filaments are growing, i.e. the polymeriza-
tion rate is positive. The y-intersect corresponds to the dissociation rate.

(0.1 nM) allows for tight regulation by nucleating proteins, which have a stabi-
lizing effect on actin dimers or trimers (Howard, 2001; Campellone and Welch,
2010). There are three classes of actin nucleators: the actin-related protein 2/3
(Arp2/3) complex, formins and WH2-domain (Wiskott-Aldrich syndrome
protein-homology 2-domain) containing proteins (Campellone and Welch,
2010). Whereas the Arp2/3 complex causes actin to form branched networks
at cell membrane protrusions or invaginations, formins promote unbranched
filament nucleation and elongation. WH2-domain containing proteins contain
multiple WH2 domains, i.e. a small peptide that binds actin monomers and
faciliates nucleation (Renault, Bugyi, and Carlier, 2008, Fig. 2.12). Based on
the amount of protein needed to promote filament formation, nucleators are

loosely defined as strong or weak (Dominguez, 2009).

In the following, three actin nucleators studied in this thesis will be described:
the formin cappuccino as a strong nucleator, the WH2-domain containing

protein spire, and a protein with a weak nucleation function, gelsolin .

Cappuccino and Spire

Spire and Cappuccino were first discovered at the same time in a Drosophila
screen for mutations affecting oocyte polarity (Manseau and Schuepbach,
1989). The phenotype showed a reduction in the actin filament formation rate
(Manseau, Calley, and Phan, 1996), which was explained when Cappuccino
was found to encode an actin nucleator of the formin class (Manseau, Calley,
and Phan, 1996) and Spire a protein with multiple copies of the WH2 motif,
which binds actin monomers (Wellington et al., 1999, Fig. 2.12 C).
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FIGURE 2.12: Actin nucleation by cappuccino and spire (Dominguez, 2016 Ducka
et al., 2010 for structure 3MN5 pdb). A: schematic of actin nucleation by cappuccino.
B: structure of monomeric actin with the WH2 binding motif highlighted in orange.
C: schematic of actin binding to spire. The domains A, B, C and D bind monomeric
actin. D: the interplay between cappuccino and spire during actin nucleation.

Formins form dimers that cap the barbed end and thereby stabilize the forma-
tion of an actin dimer (Xu et al., 2004). In solution, dimerized cappuccino is
autoinhibited (Bor et al., 2012). After binding to cappuccino, the actin seed is
able to elongate by the insertion of monomers between the formin cap and
the barbed end of the filament (Fig. 2.12 A) (Baum and Kunda, 2005). As
elongation takes place, the formin will step up processively at the filament tip
as if climbing a growing spiral staircase (Baum and Kunda, 2005). As a result,
formin-induced actin nucleation generates long, unbranched bundles of actin

filaments.

The conserved protein spire belongs to a third class of actin nucleators. It
has four WH2 repeats, which bind four actin monomers, which are thus
brought into close proximity to one another (Fig. 2.12 D). This forms a novel
single strand nucleus for barbed end filament elongation (Baum and Kunda,
2005). WH2-like motifs often occur in actin binding proteins involved in actin
monomer sequestration, activation of the Arp2/3 complex, actin filament
elongation and actin nucleation (Paunola, Mattila, and Lappalainen, 2002).
WH2-containing proteins can be divided into two subclasses: those related to
the Arp2/3 activator WASP (Wiskott-Aldrich-Syndrome protein) and those
related to thymosin-p4, an actin monomer sequestering protein. The WH2
domain itself is an approximately 35 residue actin monomer binding motif
that is highly conserved (Paunola, Mattila, and Lappalainen, 2002). The target
sequence, LKKTET, on the surface of ATP-actin is itself highly conserved as
well (Fig. 2.12 B).

In WASP-related proteins, the WH2 domain promotes actin filament forma-

tion by bringing actin monomers close to the Arp2/3 complex (Pollard and
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Borisy, 2003). In contrast, in thymosin-B4-related proteins, it inhibits actin fila-
ment elongation by binding to and sequestering monomers (Paunola, Mattila,
and Lappalainen, 2002). In the case of spire, the amino terminus that carries
the WH2 repeats can nucleate actin filaments growing on the barbed ends
as spire caps the pointed end of the filaments (Quinlan et al., 2005). Spire-
mediated nucleation is proposed to work via binding of an actin monomer
to the carboxy-terminal WH2 domain and then subsequently to the other
domains (Fig. 2.12 C). This brings the monomers close together and forms a
nucleation seed. Thereby, the carboxy-terminal WH2 domain caps the pointed
end of the newly formed filament. As a result, spire generates unbranched fila-
ments like cappuccino, that are resistant to pointed end disassembly (Quinlan
et al., 2005).

Spire and cappuccino work together during Drosophila oogenesis (Quinlan,
2013; Dominguez, 2016). They form a 1:1 complex between the KIND domain
of spire (Fig. 2.12) and the C-terminal tail of cappuccino, which competes with
the autoinhibition of cappuccino (Vizcarra et al., 2011; Zeth et al., 2011; Bor
et al., 2012). Whereas spire can bind actin monomers in this complex, the
nucleation activity of cappuccino is inhibited (Quinlan et al., 2007; Vizcarra et
al., 2011). Spire dimerizes upon binding to formins and its nucleation capacity
is greatly enhanced (Quinlan et al., 2007; Vizcarra et al., 2011). This could be
due to the duplication of the WH2 motifs upon dimerization, which would
lead to the recruitment of actin subunits in the form of two parallel strands,

as in the actin filament (Quinlan et al., 2007).

Gelsolin

Gelsolin is a Ca?*-dependent pointed-end nucleator (Nag et al., 2013). It was
tirst associated with the gel-sol transition of macrophage extracts (Yin and
Stossel, 1979; Yin et al., 1981). It can cap and sever actin filaments, sequester
G-actin and nucleate filaments in vitro. Gelsolin binds to the barbed-end of
actin, thus allowing only pointed-end growth (Ditsch and Wegner, 1994).

The gelsolin structure adopts an inactive conformation until activated by Ca®*-
binding in the cytoplasma. In the inactive structure, the actin binding sites
are occluded (Burtnick et al., 1997). Upon Ca?" binding, large conformational
changes result in the accessibility of the actin-binding sites. Gelsolin binds two
actin monomers, forming a gelsolin-(actin), (GA) complex (Coué and Korn,
1985; Bryan and Kurth, 1984). The first actin monomer binds to the C-terminal
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FIGURE 2.13: Structure of the gelsolin subdomains G1-G3 (green) bound to an actin
monomer (blue). The structure of full-length Gelsolin (G1-G6) bound to an actin
nucleus is not yet solved. PDB structure FFK3.

half of gelsolin and is easily exchangeable. It has a slow association rate
constant of 0.015 to 0.07 uM~!s~!, dependent on the pH (Bryan and Kurth,
1984; Bryan, 1988; Khaitlina and Hinssen, 1997; Selve and Wegner, 1987). It
can bind after the initial activation of gelsolin at 0.1. - 1 M Ca?* (Pope, Gooch,
and Weeds, 1997; Kinosian et al., 1998; Lin, Mejillano, and Yin, 2000; Khaitlina
and H., 2002).

The binding of the second actin monomer is independent of CaZt, however, a
stable complex with two actin monomers needs Ca?" concentrations above
10 uM (Khaitlina and H., 2002). The second monomer binds with a rate
constant of 2 yM~!s~! and has a dissociation rate of 0.02 s~! (Schoepper and
Wegner, 1991). It is believed that binding of the second actin needs further
structural rearrangements of the C-terminal half of gelsolin that occur at high
Ca®* concentrations, possibly promoted by binding of the first monomer
(Khaitlina and H., 2002; Khaitlina, Walloscheck, and Hinssen, 2004). The
second actin monomer undergoes conformational changes in the GA; complex
(Khaitlina and Hinssen, 1997).

The GA; complex was found in two different conformations (Hesterkamp,
Weeds, and Mannherz, 1993; Doi, 1992). In one conformation, the actin dimer
exists as the upper or parallel dimer (see above), whereas in the other con-
formation, the two actin monomers assume the lower or antiparallel confor-
mation (Hesterkamp, Weeds, and Mannherz, 1993; Doi, 1992). The structural
basis for the existence of the two GA; complexes can be found in the three
actin binding sites of gelsolin that allow for different binding arrangements of
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Miuraenamide A (MiuA)

FIGURE 2.14: Latrunculin A (A) and Miuraenamide A (B) bound to actin. A: Structure

of Latrunculin A (left) and structure of actin bound to LatA (purple) (right, pdb 1ijj).

B: structure of Miuraenamide A (left) and structure of actin bound to Miuraenamide

A (right) after 25 ns of a molecular dynamcis simulation (Wang et al., 2019). ADP is

depicted in blue, Ca?" in green and MiuA in purple. The image was taken from Wang

et al., 2019 as part of the Creative Commons Attribution 4.0 International License
(creativecommons.org).

the two actin monomers in the complex (Hesterkamp, Weeds, and Mannherz,
1993). It is believed that as long as the actin monomers in the GA; complex are
in the antiparallel orientation, gelsolin does not act as a nucleator (Qu et al.,
2015). Therefore, these complexes have to undergo a conformational change
before polymerization can begin, which could be triggered by binding of the
third actin monomer to the GA; complex (Qu et al., 2015). Accordingly, GA,
acts only as a weak nucleator and its presence in actin polymerization assays
does not abolish the lag phase (Coué and Korn, 1985).

2.4.3 Actin binding compounds

Actin binding compounds are widely used tools in cell biology to elucidate
the interplay and function of actin and actin-binding proteins. Recently, actin
binding compounds also became interesting for clinical use, as highly specific
compounds have been discovered that bind differently to different actin
isoforms, which allows targeting of muscular function via actin (Guhathakurta
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et al., 2020). The structure and its specific binding site on the actin monomer
define the function of the actin binding drug. Until now, many naturally
occurring compounds have been found to alter actin function (Giganti and
Friederich, 2003), either by destabilizing actin filaments, like Latrunculin A,
or by stabilizing the filaments, like phalloidin. Phalloidin is a toxin from the
mushroom Amanita phalloides. It binds tightly to actin filaments and stabilizes
them (Wieland, Faulstich, and Fiume, 1978). In this work, phalloidin was used
to stabilize the formed actin filaments inside ZMW to be able to measure the
length of the filaments via photobleaching without depolymerization taking

place during the measurement (chapters 3, 5).

Latrunculin A

Latrunculin A and B are toxins naturally occurring in the Red Sea sponge
Latrunculia magnifica. They show a macrolide structure and reversibly disrupt
the actin cytoskeleton when added to cells (Spector et al., 1983). They bind
to monomeric actin and inhibit the formation of new filaments (Coué et al.,
1987). Since its discovery, LatA has been widely used as a specific actin
depolymerizing drug. LatA binds actin above the nucleotide binding cleft.
Binding of the drug does not induce dramatic changes in the actin structure
(Morton, Ayscough, and McLaughlin, 2000). It is thought to lock ATP in its
binding cleft and inhibit the relative rotation of two actin subdomains, i.e. the
flattening of the monomer structure which occurrs during polymerization
(Fujii et al., 2010; Oda et al., 2009; Morton, Ayscough, and McLaughlin, 2000;
Rennebaum and Caflisch, 2012).

Miuraenamide A

New actin binding compounds often mimic the binding of actin binding
proteins, thereby interfering with the interplay between actin monomers,
filaments and actin binding proteins. This addresses the challenge for new
clinical drugs that lies in the importance of actin in biological functions. There-
fore, a high specificity of the actin binding molecules, which could be used as
clinical drugs, is needed.

Miuraenamide A (MiuA) is one of these newly investigated compounds for
biological research tools or therapeutic options (Wang et al., 2019). It comes
from a myxobacterium and is an actin filament stabilizing compound (Wang
et al., 2019). It induces a tighter and stronger packing of the actin monomers
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inside the filaments by shifting the D-loop, which is required for F-actin
stabilization (Wang et al., 2019; Pospich et al., 2017).
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Chapter 3

Data Analysis and Simulations

The goal of this thesis is to observe the individual steps of protein nucleation
using fluorescence microscopy. Using ZMW or TIRFM, the intensity versus
time traces of individual dye-labeled oligomers were measured. For the
conversion of camera signal into monomer numbers, a series of analysis steps
were applied (Fig. 3.1). First, the image series were corrected for lateral drift
using a plugin for Image] as used in Tseng et al., 2011. Afterwards, I used
TRacer, developed by Bassem Salem, to identify the bright ZMW spots in the
image and calculate the background-corrected intensity versus time traces
(Fig. 3.1 B). The step-wise increase in intensity was then fitted by a step-finding
algorithm (Fig. 3.1 C). Afterwards, the resulting intensity steps were sorted
into monomer number and the kinetics of each association or dissociation
event were extracted. In the following, the analysis steps are depicted in more
detail.

Furthermore, in this chapter, simulations of protein assembly will be described.
Simulations have been performed to test the analysis methods under various
conditions and to compare the experimental findings of the measurements
of actin nucleation with a simulation of literature values. All software was
written in Matlab (The MathWorks, USA).

3.1 From Camera Signal to Intensity

The intensity signal of the fluorescently labeled monomers binding to the
nascent filament was recorded using an EMCCD camera (Andor iXON Ultra
888) and saved as grey value information in a time-series of tiff images. First,

a drift correction was necessary in many cases because of the relatively long
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Time (s)

FIGURE 3.1: From the image to monomer numbers. A: An image of a ZMW array

400 s after the addition of actin-Cy5 to surface-bound biotinylated cappuccino. B:

A zoom-in of a single waveguide showeing the cumulated intensity image with

highlighted signal and background masks. C: background-corrected intensity trace

(grey) with the result of the step-finding algorithm (black) and the resulting monomer
trace (orange).

FIGURE 3.2: ZMW array before and after addition of actin. A: ZMW array illuminated

by white light before beginning of the measurement. B: The same ZMW array without

white light before addition of the actin. The apertures are not visible. C: The same
array after addition of the actin monomers. Scale bar 10um.

acquisition times of up to 20 minutes. Thereby, two difficulties arose: the ap-
pearance of fluorescent signal after the start of the movie made drift correction
during the first frames a challenge, and second, the highly symmetric pattern
of the ZMW image (Fig. 3.1 A) is a challenge for all drift correcting algorithms.
Good results could be obtained using the Image] plugin Template_ matching,
developed in Tseng et al., 2011, using the correlation coefficient on a subset
of the image to avoid confusion by the pattern, and on a subset of frames to
account for the different appearance of the images throughout the movie. The
subsets of frames could then be aligned subsequently. Because of the small
spot size of just a few pixels, subpixel registration was required.

Afterwards, the corrected .tiff files were loaded into TRacer, which identified
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fluorescent spots by cumulating the pixel intensity values over the whole
movie and identifying pixels with intensity above a threshold. By manually
applying upper and lower grey value thresholds, the detection of fluorescent
spots could be adjusted. After identifying the pixels that centered in high
fluorescent intensity, a signal and a background mask were defined (Fig. 3.1). I
optimized both masks for the use of ZMW, looking at the resulting SNR of the
traces. Since the apertures had no effect on the pixel intensity before addition
of the labeled monomers (Fig. 3.2), the intensity of the pixels corresponding
to the signal mask was treated the same before and after the addition of
the actin monomers. The intensity values of the traces were then calculated
summing the pixels that belong to the signal mask in each frame (highlighted
in Fig. 3.1 B). For background correction, the mean of the background mask
around the signal was taken, averaged over 10 frames and multiplied by the
number of pixels of the signal mask. Thus, intensity versus time traces were

gained, which was then further analyzed.

3.2 Step-finding Algorithm

During the course of the experiment, fluorescently labeled monomers bind
to the tethering protein at the bottom of the ZMW and dissociate again. This
is visible in the intensity traces as upward and downward steps (Fig. 3.1 C).
For the analysis of the binding and dissociation events, these steps have to
be identified in the noise-overlaid intensity traces. Since the measurement
depends on dye-labeled proteins, the laser intensity has to be optimized for
the signal intensity as well as for photobleaching, which limits the achievable
signal-to-noise ratio. To identify the steps in the intensity traces, different step-
tinding algorithms were evaluated and compared in my master thesis (Hoyer,
2014). The algorithm developed by Salapaka and coworkers (Aggarwal et al.,
2012) yielded the best results for the ZMW data and will be described briefly
in the following.

The aim of the algorithm is to identify true steps while minimizing the detec-
tion of false steps. The Salapaka algorithm tries to address these two criteria
by optimizing a fit using a cost function. It is assumed that, in single-molecule
data, the sampling rate is higher than the inter-arrival time of steps, thus, true

steps are rare events in the data.
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FIGURE 3.3: Testing of the step-finding algorithm. A: A simulated trace (black) with
overlaid noise (SNR = 1) (grey) and the result of the Salapaka step-finding algorithm
(dashed green line). B: Difference between the true simulated number of steps in
a trace and the number of steps found by the step-finding algorithm. Inset: Step
size distribution of the result of the step-finding algorithm. The simulated traces
had a step size of 1. C: The arrival time distribution for the first up-step fitted by
a single-exponential (red line). D: On-rates obtained from the exponential fits of
the dewll times for the different steps. Grey: simulated input association rates for
the addition of the individual steps, red: recovered rates from the noise-overlaid
simulations using an exponential fit of the dwell times of the result of the step-finding
algorithm.
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When building up the estimate £ for the signal x, the algorithm aims to have
a high percentage of true positives and a low percentage of false positives.
True positives are estimated without knowledge of the true signal via the X'
error, given by Y (yx — %)%, where vy is the k'’ timepoint of the data and %;
the kth sample of the candidate £. False positives are estimated by the total
number of steps in the candidate. When underfitting, a low number of false
positives is expected and, at the same time, a low number of true positives.
When overfitting, a high number of true positives and a small X2 error, but
also a high number of false positives occurs. To find an equilibrium between
true and false positives, a cost function J(£) was defined. The first term in
equation 3.1 corresponds to the X2 error between the candidate £ and the
measured data y. The second term is a penalty factor for the introduction of
more steps to avoid overfitting.

N N
J(®) = Y (ve = 2)* + W ) (2 — 1) (3.1)

k=1 k=1
Here, N is the total number of data points in the intensity trace and §(u) = 0
if u = 0and 6(u) = 1if u # 0. Therefore, YN | §(£; — #;_1) is the number of
steps in £. W determines the weight of the penalty factor and sets the weight
between true positives and false positives. It was set to 50 for the ZMW data.

An example of the result of the step finding algorithm is given in Fig. 3.1 C,
black line.

The results obtained by the Salapaka algorithm were tested on simulated
data overlaid with Gaussian noise assuming a signal-to-noise ratio (SNR) of 1
(Fig. 3.3). A SNR of 1 is the lower limit for experimental data, which contains
traces with a SNR between 1 and 2, typically (Fig. 3.1 C). As simulated data,
I used a growth process with defined association and dissociation rates for
the addition and substraction of monomers. An association event is a step
with the arbitrary step size of 1 upwards, a dissociation event is a step of
step size 1 downwards. As parameters for testing the performance of the
stepfinding algorithm, I looked at the number of steps in a trace, the step size
distribution and whether the extracted waiting time distribution until the
next upward step yielded the simulated input rates. The Salapaka algorithm
was able to find the underlying simulated trace despite the low SNR of 1
(Fig. 3.3 A). The number of steps was correct for most traces, with a slight

tendency towards underfitting as the number of steps found by the algorithm
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FIGURE 3.4: Step-size distributions in ZMW measurements. A, C: Intensity step-

size distribution of 0.3 (A) or 1 uM (B) actin growing on gelsolin. For 1 #M actin,

analysis without any correction (blue) and with double-step correction (red) was

performed. B: Step-size distribution for a photobleaching experiment of surface-

bound DNA strands labeled with atto-488 dyes, without correction. D: Overlap

between the average intenstiy of 1 yM actin growing on gelsolin and the monomer
number multiplied by the individual trace step size.

was one or two steps lower than the true number of steps (Fig. 3.3 B). The
step-size distribution of the result showed a very narrow peak at 1 (Fig. 3.3 B
inset), and the waiting times showed an exponential distribution whose fit
yielded the input rate for all different steps (Fig. 3.3 C, D).

The result of the step-finding procedure was further converted into monomer
numbers based on the intensity levels of monomers, as described in the next
section. However, also the step size information could be used to compare
the reproducibility of the measurements, and to quantify oligomer binding

events measured in TIRFM (chapter 5).

3.3 From Intensity to Monomers

The conversion from intensity to monomer numbers was based on the number
of up and down steps, corresponding to monomer association or dissociation
events, as well as the expected intensity levels according to the intensity step
size of a single dye, as described in more detail later in this paragraph. The
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step-size distributions were reproducible for ZMW measurements of atto488
in different biological systems (Fig. 3.4). As a second system besides the
assembly of actin monomers, DNA strands labeled with a known number
of dyes have been attached to the ZMWs. During photobleaching, traces
that show individual dissociation steps were measured (chapter 5). Since the
step-finding algorithm treats down steps in the same manner as up steps,
the step-size distributions between actin assembly and photobleaching of
DNA-atto488 are comparable.

Thus, traces of 0.3 yM and 1 M actin-atto488 binding to gelsolin and surface-
immobilized DNA strands labeled with various atto488 dyes showed a very
similar step size distribution (Fig. 3.4). In all cases, a shoulder in the histogram
was visible at step-sizes approximately double the most abundant intensity
step-size value, which became more prominent when the actin concentration
was increased to 1 uM (Fig. 3.4 C, blue histogram). This indicates the presence
of double steps, i.e. steps corresponding to two dye molecules binding at
the same time or shortly after one another during a single frame. To account
for these double or sometimes even triple steps, the step size of a single dye
was determined and used as an input in the intensity to monomer conversion
algorithm, developed by Rafael Correia at the Universidade NOVA de Lisboa
in Lisbon, Portugal under the supervision of Alvaro Crevenna, PhD. First, the
mean step size per experimental condition was estimated by fitting the step
size distribution with a gamma function. Then, the intensity levels of a trace
were binned using the estimated mean step size and all events within that
bin were assigned to the same monomer number. In this way, a new, but very
similar intensity trace was built, which was then converted into monomer
numbers using the actual minimum step size of that intensity trace and split-
ting steps with double or triple the intensity value into two or three monomer
steps. Since the input step size became a determining parameter this way, the
consistency between calculated monomer numbers and measured intensity
values was checked by comparing the average measured intensity traces with
the monomer traces multiplied with the actually used step size. Only when
the input parameters were correctly chosen, would the average traces overlap
(Fig. 3.4 D) and the step-size distribution did not show a shoulder at higher
values (Fig. 3.4 C, red histogram). With the double-step correction, the step-
size distribution was reproducible for different actin concentrations and for

photobleaching experiments on labeled DNA molecules (Fig. 3.4).
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FIGURE 3.5: Prevalence of single and multiple steps per intensity change. A: For
a photobleaching experiment of surface-bound DNA strands labeled with atto-488
dyes. B: For 0.3 actin growing on gelsolin. C: For 1 uM actin growing on gelsolin.

For simulations, the monomer number trace was built up simply by using
the number and position of the up and down steps in a trace. When a double
step correction was necessary, double and triple steps were identified by
comparing each step to the mean and the mode of all steps in a trace.

In experiments, double steps could be the result of two fast subsequent
monomer binding events, or it could be the binding of a single monomer
labeled with two fluorescent dyes. To determine the main origin of the exis-
tence of multiple steps, I calculated the probability of having single or multiple
steps in one intensity change for DN A-atto488 photobleaching experiments,
as well as for a low and a high concentration of actin-atto488 (Fig. 3.5). The dis-
tribution was very similar for DNA and a low concentration of actin-atto488.
In both cases, predominantly single steps are expected due to the low concen-
tration in the case of actin, and the photobleaching of single dyes in the case
of the DNA. For a higher concentration of actin, the probability of double and
triple steps increased (Fig. 3.5 C). Thus, the main cause for multiple steps in
the intensity-time traces was the fast subsequent binding of actin monomers
or, in the case of the DNA, the fast subsequent photobleaching of two dyes.

3.4 Simulations of Protein Assembly

Monte Carlo simulations of protein assembly were performed in order to test
the newly developed as well as the classical analysis tools on a defined system.
By applying different analysis methods on the simulated traces, these methods
could be compared in terms of their effectiveness in extracting the underlying
nucleation mechanism. The analysis tools were tested on their capability to

extract the simulated kinetics for the individual association and dissociation
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FIGURE 3.6: Simulations of protein self-assembly. A: The simulations assumed either
anucleation-elongation mechanism or a conversion mechanism. B: During nucleation-
elongation, slow on rates ki, or fast off rates k;,,. were assumed until the nucleus
size was reached. For a conversion mechanism, only one slow step with a slow k.
or a fast k,,,, was simulated. After the nucleus size had been reached, polymerization

with k;roly and k;oly occurred. C: An example trace of the simulated assembly process.

The oligomer size fluctuates around small numbers until the nucleus size is reached.

Subsequently, fast polymerization occurs. D: Whether slow on-rates or fast off-rates

were simulated during nucleation has an effect on the average growth behavior of
the traces.

steps as well as their capability to detect, in general, a nucleation-elongation
mechanism or a conversion step occurring during nucleation (Fig. 3.6 A). In
addition, simulations using literature kinetic values were used to compare

them to the experimental results.

I simulated individual monomer traces with individual kinetic rates for each
oligomer size. The association and dissociation rates were given as input
parameters. The oligomer number at the start was set to 0. The dwell time
for the addition of the first monomer was drawn randomly from an expo-
nential distribution of dwell times corresponding to the inverse of the given
association rate for the first monomer. When the oligomer size was not 0,
also a dissociation event could occur. In this case, the event with the shorter
randomly drawn dwell time would occur. The simulations are based on a
Gillespie algorithm, meaning that the simulated time jumps directly to the
next event, which is much faster than checking at every time point whether

an event takes place.

In this way, thousands of individual oligomer size versus time traces are
simulated. Based on the association and dissociation events, a monomer

number versus time trace was built with a sampling rate of 100 s~1, unless
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otherwise stated. The kinetics prior to reaching the nucleus size were defined
by the monomer association rate k;/;,. and the dissociation rate k;;,,. (Fig. 3.6 B).
When the monomer number reached the nucleus size, kinetics changed to

the polymerization rates k|, and k_ , . When not a nucleation mechanism

poly poly*
was simulated, but a conversion step as the bottleneck for polymerization
(chapter 2), the conversion step was simulated accordingly, but here only one
step was simulated with the slower kinetics k7, and kz;,,,- If not otherwise

stated, k;oly was 1s tand k_, was 0.1 s}, which corresponds to a factor of

oly
1/100 times the sampling r::tejof 1/10 ms. The sampling rate is the inverse
of the time between two data points on the monomer number versus time
trace, i.e. the "measurement time". For the slower nucleation kinetics, either
the dissociation rates can be enhanced, or the association rates can be slowed
down relative to the polymerization kinetics. It has been assumed that the
association rate constants do not change during a nucleation process due to
the diffusion limited nature of the association reaction (Powers and Powers,
2006). However, I looked into the effect of changing the association rates
as well, since some proteins were shown to polymerize on the timescale of
hours and thus are not in the diffusion-limited regime (Sabaté, Gallardo, and
Estelrich, 2005). Thus, for k;},,. and kZ,,,,, I chose values that corresponded
to 10%, 50% or 80% of k;;ol y
detect slight changes in the kinetics. Accordingly, I chose k. and k_,,,,, to be

a factor of 2, 5, or 10 faster than k:a_ol v

to test the sensitivity of the analysis methods to

The results of the simulated assembly process were transformed into monomer
number versus time traces and overlaid with Gaussian noise to be more com-
parable with experimental data, whose SNR is in the same regime (Fig. 3.6 C).
Additional parameters to the input rates are the sampling time, the labeling
efficiency of the monomers and the SNR of the Gaussian noise that is added
on top of the monomer-time trace, as well as the total simulated time. Fur-
thermore, photobleaching was added to the traces to study the effect on the
analysis tools. I used the single filament traces as well as the average of 1000

traces from individual simulations.

3.4.1 Labeling Efficiency

For the imaging of filament assembly in ZMW or TIREM, fluorescent labeling
of the monomers is essential and adds complexity to the analysis. Dependent

on whether a stochastic or a specific labeling strategy is used (see chapter 2),
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the distribution of labels per monomer either shows a Poisson distribution
where there may be more than one dye per monomer, or each monomer is
attached to either zero or one fluorophore as the result of specific labeling.
Although high labeling efficiencies are possible in some cases (Lavergne et al.,
2016), sample preparation can be very time intensive. Furthermore, high
labeling efficiencies can alter the biological function of the proteins. Therefore,
it is sometimes necessary to use a mixture of labeled and unlabeled monomers
to study the assembly process. As fluorescence measurements only detect
the labeled molecules, the labeling efficiency needs to be accounted for in the

analysis, when protein labeling is not specific with 100% efficiency.

To test the influence of different labeling strategies with the respective labeling
efficiencies, the monomer number trace was modified with a Poisson distribu-
tion of different labeling efficiencies from 0.3 to 3 (stochastic labeling), or with
a Bernoulli distribution with labeling efficiencies from 0.3 to 1 (incomplete
specific labeling). In the case of stochastic labeling with labeling efficiencies
of more than 1, the step size of a single step was still assumed to be 1. Since
for the simulations, no double-step correction was applied except otherwise
indicated, this leads to a treatment of the steps with double or triple step
sizes as one monomer addition step in accordance to the simulated process.
Experimentally, using stochastic labeling, the difficulty lies in distinguishing
two subsequent fast monomer additions from a monomer with two labels, as

described in chapter 2.

3.4.2 Addition of Photobleaching
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FIGURE 3.7: Photobleaching rate of stabilized filaments measured in ZMW. 1 uM actin

was incubated for 1.5 h and stabilized with phalloidin to prevent dissociation. Black:

the mean fluorescence intensity decay from about 600 traces. A: Photobleaching

of actin-atto488. Red: an exponential fit with a decay constant of k = 0.003 s~1. B:

Photobleaching of actin-Cy5. A single exponential fit (grey) does not describe the

data, but a double-exponential decay (red) does. The decay constants are 0.025 s !
and 0.0015 s~ 1.
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Another artifact of the measurements that has an impact on the analysis is the
photobleaching of dye molecules. Although photobleaching can be reduced
by the use of oxygen scavenging systems (see chapter 2), it will always affect
the intensity signal dependent on the photobleaching rate. In intensity traces,
a photobleaching step is indistinguishable from a dissociation step. This
hinders not only the direct measurement of the dissociation rate, but also
leads over time to a mismatch between the intensity level and the monomer

number. This, in turn, affects the analysis of the association rates.

To test the influence of photobleaching, I introduced down steps in the simu-
lations based on different photobleaching rates. These rates are in the regime
of experimentally determined values for atto488 and Cy5 measured in ZMW
(Fig. 3.7). If a monomer dissociates after photobleaching, no down step is
introduced. If not indicated otherwise, photobleaching was studied on simu-
lations using 100% specifically labeled monomers. In the case of actin-Cy5,
the photobleaching rate showed a double exponential decay as expected for
Cyb5 (Fiireder-Kitzmiiller et al., 2005).

3.4.3 Simulations of actin polymerization

For simulations of actin elongation, the following reference values from
the literature were used: binding of the first actin monomer to gelsolin is
0.025 uM~1s7! at pH 7.0 (Selve and Wegner, 1987). Binding of the second
actin monomer to gelsolin-actin complex is 40 times faster than binding of the
first actin monomer (0.8 uM~!s71) (Selve and Wegner, 1987). Dissociation of
the second actin monomer (i.e. Gelsolin-(actin), to Gelsolin-(actin);) is 0.02 s !
(Schoepper and Wegner, 1991). The estimated pointed-end ko, from Gelsolin-
(actin); onwards is 0.12 uM~1s~! (Brangbour et al., 2011). Assuming a critical
concentration of 0.6 uM, the pointed-end k¢ is 0.07 s~1. T also tried using
different values for pointed-end kinetics (koy = 0.5 M~ 1s™1, k,pp = 032571
(Ditsch and Wegner, 1994) and k,, = 1.3 uM~1s71 Korr =038 s~! (Pollard,
1986)). However, simulations using these values were not comparable to the

experimentally observed findings.

3.5 Dwell-time Analysis

The kinetic rates for each single association step were determined by fitting
the dwell-time distribution for each step with a single-exponential decay
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FIGURE 3.8: Experimentally obtained association rates are single-exponentially dis-

tributed. Waiting times (blue) and exponential fits (red) of the first to the sixth binding

events of actin-atto488 on gelsolin measured inside ZMW. The first bins (grey) contain
an artifact of the double-step correction and were not included in the fits.

(Fig. 3.8 A). The dwell times are defined as the total time spent at a particular
monomer number #n until the next monomer n 4 1 arrives (Fig. 3.6). For
experimental data, the dwell time histograms generally showed good statistics
until the sixth association step. Beyond this step, the statistics were poorer
as only traces that have not displayed a down step before were considered.
Down steps could disturb the relationship between intensity and monomer
number, since they can be the result of dissociation events or photobleaching

events.

When a double-step correction was used, the inserted additional steps were
assigned a dwell time that corresponded to the sampling time during the
measurement. Therefore, the first bin in the waiting time distribution shows
more events than what would be expected according to a mono-exponential
distribution (grey bins in Fig. 3.8). The events in that first bin are a combination
of fast subsequent event happening during the sampling time, dimer or
oligomer binding events and double-labeled monomers. For the exponential

fit of the dwell-time distribution, the first bin was not included.

For determining dissociation rates in experimental data, the dwell-time distri-
bution could not be used because of the presence of photobleaching. However,
there are other analysis methods that show the effect of a change in the disso-

ciation rates better, or even can estimate the underlying dissociation rates if
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the photobleaching rate is known. These methods are described below. For
data obtained by simulations, the dissociation rates were obtained in the same

manner as the association rates as there is no photobleaching.

3.6 Visitation Analysis

A B T T T T C
or monomers 2'541 —— nucleation
signal o
E 8 = ps © — o0 -
E = z
3 c 2 . <
; 6 g conversion | 8 29
w Wi
w 000 — 000
g4 £ ¢
5 F1s E
=2
0 Ll_l_H
i 1 0
i} 5 10 150 3 6 0 2 4 6 8 0 0123456728910
Time (s) Time spent (s) Bound monomers Bound monomers

FIGURE 3.9: A: Example trace of a simulated growth process undergoing a nucle-
ation event at a nucleus size of four monomers (black) with Gaussian noise (grey).
The distribution of time spent at a certain oligomer size (blue histogram) contains
information about the nucleation mechanism, when it is applied to many single
oligomer traces (B). B: The visitation analysis can distinguish between a nucleation
and a conversion mechanism as well as the nucleus size for nucleation (blue) or con-
version (yellow). Visitation analysis on ZMW measurements of actin-Cy5 growing on
cappuccino 300 s after addition of monomers to the ZMW. The Cy5 labeling efficiency
was 30%.

As an alternative to the dwell-time analysis, I developed the visitation anal-
ysis tools to investigate the microscopic mechanisms underlying filament
formation. The visitation analysis calculates the time that each oligomer or
tilament spends with n bound monomers (n = 0,1,2...) and generates a his-
togram (Fig. 3.9 A). When applied to many oligomers, the result reflects the
kinetic changes during the nucleation process and slow or dynamic steps are
directly visible (Fig. 3.9 B). For example, a protein assembling via a nucleation-
elongation mechanism is characterized by many small oligomers that form
and immediately disassemble. In this mechanism, the oligomers spend a con-
siderable amount of time below the nucleus level, which is directly visible in
the visitation analysis (Fig. 3.9 B blue line). For a conversion mechanism, sta-
ble oligomers are formed that grow after a slow conversion step at a particular
oligomer size (Fig. 3.9 B orange line). The visitation analysis was evaluated to
be better suited than the dwell-time analysis to detect changes in the kinetics
from nucleation to polymerization, even if only a single step shows different

kinetics.
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For experimental data, to investigate how the oligomer size distribution
changes during the course of the experiment, the 800 s traces were divided
into 6 time intervals. For each time interval, the total time an oligomer spent
having a particular number of monomers was calculated (Fig. 3.9 C for one
time interval).

A B 4
Q) T T
P q
k =02
On rates Off rates 3tod s
+ Y - -1 =6
k'=1s k =02s =
a - !
4 =15
except for é k7§°6 Ts
= + |
+ z -1 - z -1 k =5s
Kia =028 Kios =15 2 101
+ * -1 - * -1 = _ R
Kiown=58 Ki3,012= 004 s o k3117 0.04 8
0 5 10
D Bound monomers 15

Time per visit (s)

0 5 10 15 0 5 10 15
Bound monomers Bound monomers

FIGURE 3.10: Visitation analysis on a growth process with single steps of different

kinetics. A: the simulated growth process. All monomer binding events have an on

rate kT = 1571, all dissociation events an off-rate of k~ = 0.2s~!. The third and 10th

monomer binding event show a slower or a faster on-rate, respectively (by a factor of

five, except for k5, ,,) and are marked by blue stars. The 7th and 13th show a faster

or slower off rate, respectively, and are marked by red stars. B-D: The visitation can
resolve multiple single steps with different kinetics.

Because the visitation analysis showed a high potential to detect individ-
ual steps with faster or slower kinetics, I simulated a hypothetic growth
mechanism with individual slower or faster steps in between (Fig. 3.10). The
association rate is 1 s~ !, and the dissociation rate is 0.2 s~ !, except for the steps
3to4,7to6,10to 11 and 13 to 12, which show association and dissociation
rates as indicated in Fig. 3.10 A. Until the 11? step, these individual steps
are directly visible in the visitation analysis for both faster and slower steps
(Fig. 3.10 B). As an alternative to calculating the mean time the oligomers
spend at each monomer number, the number of visits per step (Fig. 3.10 C) or
the time per visit were calculated (Fig. 3.10 D). The number of visits visualizes

the dynamics around steps with a faster association rate or dissociation rate.
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FIGURE 3.11: Upward and downward transition between steps. The number of
transitions was calculated for (A) a nucleation-elongation mechanism and (B) the
hypothetic growth process as depicted in Fig. 3.10 A.

Additionally, the number of upward and downward transitions between each
monomer number can be calculated (Fig. 3.11). During a nucleation process
or around a conversion site, the oligomers fluctuate around the rate-limiting
steps until the nucleus size is reached or the necessary rearrangement has
occurred. This approach is not suited for detecting single steps with different
kinetics, but can visualize the nucleation mechanism.
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Finally, with the conversion of intensity to monomer number, also the fraction
of oligomers reaching a certain oligomer size can be calculated (Fig. 3.12).
Depending on the difference in the rates between nucleation and elongation
phase (k;;,,. and k:a_ol y), different results are obtained (Fig. 3.12 A). Also, the
total measurement time has a very strong effect on this analysis approach
Fig. 3.12 B), whereas the effect of photobleaching on the apparent monomer

number cannot be visualized (Fig. 3.12 C).



3.7. Average Rates 49

>
(ws]

30r 1
5 = 0.9 ;5‘556555%”3“ 5
£ ) %909
£20r o 0.8f 0®
2 A . E 07 DO — nucleation
= verage time .
g ° g ° g © — ooo
210 E 06f o
g ° conversion

03 o ©00 — 000
i i i i 1 0._" " i i i "
c(J 20 40 60 80 100 0 5 10 15 20 25 30
Time (s) Monomer steps

FIGURE 3.13: Average rates analysis. From the average trace of many individual

filaments growing from the same starting point, average rates can be calculated from
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versus the monomer number (oligomer size), different nucleation mechanisms show
individual signatures (B).

3.7 Average Rates

When statistics are sufficient, i.e. in the range of several hundred intensity
versus time traces of oligomer growth, the intensity can be pooled together to
calculate a mean intensity or monomer increase (Fig. 3.13 A). The difference
to bulk measurements lies in the defined starting point of the growth process
and the inhibition of interactions between the measured oligomers. When the
mean intensity step size of for the addition of a single monomer is known,
the average rates for each association step can be calculated. Average rates
are defined as the inverse of the time it takes to reach the intensity level corre-
sponding to 1 monomer, or from 1 to 2 monomers, and so forth (Fig. 3.13 A).
These average rates are then plotted as a function of oligomer size (Fig. 3.13 B).

For many oligomers that started growing at the same time, a nucleation
mechanism is directly visible in the shape of the averaged intensity curve
(Fig. 3.13 A). Similar to the visitation analysis, the average rate analysis also
reveals signatures that can be clearly associated with either a nucleation-
elongation (Fig. 3.13 B blue points) or a conversion mechanism (Fig. 3.13 B
orange points). Nucleation-elongation starts from a low average rate and
increases monotonically until it reaches the average elongation rate. The
average rate from a conversion mechanism first drops and then increases until

it also reaches the average elongation rate.
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FIGURE 3.14: Offrate estimation exemplified on ZMW measurements of actin-Cy5

growing on cappuccino. The Cy5 labeling efficiency was 30%. A: Average monomer

number trace of 600 traces (blue) and the average monomer number trace of 2000

simulations using the measured association rates and one dissociation rate for all steps.

B: The residual sum of squares (RSS) error for the comparison between experiment
and simulation shows a minimum at a dissociation rate of 0.051 s~ .

3.8 Off-rate Estimation

As already mentioned, a direct calculation of the dissociation rates from the
dwell-time distributions of the down steps is not possible due to photobleach-
ing. But even when photobleaching is absent, the extraction of dissociation
rates was evaluated to be problematic using simulations (see chapter 4). With
a faster association rate, the dwell-time distribution of the dissociation steps
is always shifted towards faster values, which makes an unbiased estimation
of the dissociation rates impossible.

An indirect way to estimate the off rates of single dissociation events is to
simulate a growth process with the same association rates as experimentally
determined via the dwell-time analysis, while adjusting the dissociation rate
and considering the measured photobleaching rate (Fig. 3.14 A). For a com-
parison between measurement and experiment, the average trace of about 600
experimental traces or 2000 simulated traces was used. The simulation was
run with different dissociation rates until a minimum in the error between
simulation and experiment was reached (Fig. 3.14 B). As an error estimation,
the residual sum of squares was used (RSS). The process was started with the
most simple approach, i.e. the dissociation rate was the same for all steps.
Only when this model does not give a good agreement, more detailed models
allow two or more different dissociation rates, for example a faster one during
the nucleation regime and a lower one during polymerization. The off-rate

estimation was developed by Alvaro H. Crevenna, PhD.
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FIGURE 3.15: A spike analysis of FCS data to monitor actin oligomerization. A,
B: Countrate of 100 nM actin-atto488 after 1 h incubation without (A) and with (B)
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measurements of 100 nM actin with 10x excess of MiuA. D: The intensity of spikes,
quantified using the mode of the countrate of the individual measurements. Errorbars
represent the standard error of the mean of three independent measurements.

3.9 Analysis of FCS Data

Another approach to measure protein oligomerization is to use fluorescence
correlation spectroscopy. Here, freely diffusing labeled monomers are mea-
sured and the oligomerization process is visible in the autocorrelation funcion

(ACF) or in the countrate directly, depending on the size of the oligomers.

When measuring a freely diffusing monomeric species, the intensity is uni-
formly distributed around a mean value (Fig. 3.15 A base line). However,
when oligomerization occurs, the oligomers are visible as spikes in the inten-
sity (Fig. 3.15 B) as the increased number of dyes on the oligomers significantly
surpasses the stochastical fluctuations of freely diffusing monomers in the
observation volume. When oligomerization continues, this results in an in-
creased number of spikes over time (Fig. 3.15 C) as well as an increased height
in the intensity of the spikes (Fig. 3.15 D). An intensity peak was consid-
ered to be a spike when the intensity was higher than the mean countrate of
the measurement plus 4 times the standard deviation. The spike intensity
was quantified in units of the mean count-rate of the measurement. This

"spikeness" can be used to analyze protein oligomerization (Crevenna et al.,
2013).
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Additionally, the oligomerization is visible in the autocorrelation curve due to
the slower diffusion of the oligomers (chapter 5). For the calculation of the
autocorrelation function, large oligomers that resulted in spikes have been
removed. Large oligomers of different sizes have a pronounced effect on
the diffusion part of the ACF that is problematic to analyze because of the
low statistics of the spikes in comparison to the measured countrates around
the mean value. For higher concentrations of actin, a fit of the FCS curve
could only be obtained when the curve was cut off at 10 to 100 s due to the
complexity of the system as discussed in chapter 5. ACF curves were plotted
using PAM (PIE analysis with Matlab) (Schrimpf et al., 2018).
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Chapter 4

Analysis Methods for Investigating
Protein Aggregation
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FIGURE 4.1: Methods for collecting single-filament data of protein self-assembly. A:
Two major mechanisms are depicted for the initiation of oligomerization. During
primary nucleation, either a one-step nucleation process can occur, or a conversion
step is necessary with a rearrangement of the oligomers prior to further growth. B:
Single-oligomer data of the early steps during nucleation can be obtained using ZMW,
or TIRFM when the required concentrations are sufficiently low. In TIRFM, many
oligomers growing at the same time yield average, but synchronized information
of the growth process (right panel). Spontaneous oligomerization in solution is not
measured.

Despite the recent advances in our understanding of protein self-assembly
processes, many of the details during the early nucleation phases of polymer-
ization remain unknown. Of the various methods available, single molecule
techniques are a promising route since they could provide direct, real-time
measurements of single monomer association and dissociation events occur-
ring during the growth process (Andrecka et al., 2016; Hoyer et al., 2018). In

particular, single molecule fluorescence techniques in combination with ZMW
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or TIRFM (Levene et al., 2003) have opened the possibility to directly observe
the early stages in oligomer assembly (Fig. 4.1 B). This is particularly useful
as the various steps occur spontaneously over potentially different pathways,

making synchronisation impossible.

Aside from single-molecule techniques information about the growth pro-
cess can also be obtained from the average information of filament growth
measured on many surface-bound nucleator proteins, for example by using
TIRFM (Liang, Lynn, and Berland, 2009), circular dichroism (Uratani, Asakura,
and Imahori, 1972) or other spectroscopy methods (Kirkitadze, Condron, and
Teplow, 2001; Zhai et al., 2012; Ramachandran et al., 2014). Only filaments
growing on the surface-bound nucleator protein of interest are measured,
excluding spontaneous oligomerization events occurring in solution (Fig. 4.1,
in the case of TIRFM, the evanescent field and the fast diffusion exclude the
measurement of oligomers in solution). This makes it possible to synchronize

the starting point of the oligomerization process.

By using single molecule techniques, binding events are visualized as step-
wise signal increases over time, whereas dissociations correspond to step-wise
downward transitions (see chapter 3). In an often used approach to data
analysis, the residence time at each monomer number is pooled together for
all monomer numbers. This method is normally referred to as a dwell-time
analysis and has been used for many applications in biophysics (Szoszkiewicz
et al., 2008). The dwell-time analysis can determine each microscopic rate and
therefore reveal the unique underlying mechanism. However, the analysis
accuracy depends, and by extension that of identifying the nucleation mech-
anism, on sufficient sampling and data quality. For example, to accurately
estimate the rate of a single transition, a sampling rate of at least ten times the
rate to be estimated is required as will be shown later. For some techniques
such as optical tweezers, the sampling frequency is not a problem as it is only
dictated by the readout speed of a position sensitive detector. For fluorescent
samples, high sampling frequency comes at the expense of increasing the
probability of photobleaching, which shortens the achievable measurement

time.

Most primary nucleation studied so far has been classified to occur either
through a nucleation-elongation mechanism or through a conversion mech-
anism (Fig. 4.1 A) (Meisl et al., 2016). I simulated first a one-step nucleation

mechanism, i.e. the formation of a nucleus of defined size (n monomers) that
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represents the smallest stable structure and allows subsequent polymerization
(Fig. 4.1 A). Hereby, every monomer binding event until the formation of the
nucleus is defined by the nucleation kinetics and the faster polymerization
kinetics take effect after the nucleus size has been reached. For a simulation of
the kinetics during nucleation prior to polymerization, either the dissociation
rate constants of the single monomers can be enhanced, or the association rate
constants can be slowed down. It has been assumed that the association rate
constants do not change during a nucleation process due to the diffusion lim-
ited nature of the association reaction (Powers and Powers, 2006). However,
I looked into the effect of changing the association rates as well, since some
proteins were shown to polymerize on the timescale of hours and thus are not
in the diffusion-limited regime (Sabaté, Gallardo, and Estelrich, 2005; Powers
and Powers, 2006).

In some cases, a rearrangement of the oligomer occurs, leading to a single
conversion step with different kinetics (Fig. 4.1 A right side). Therefore, I
tested the analysis methods both for their ability to detect a transition from
nucleation-governed kinetics to faster polymerization, as well as for their
ability to detect a single conversion step.

This chapter describes the development and testing of the analysis methods
for kinetic data of filament growth on the single oligomer level as well as for
averaged, but synchronized filament growth. The analysis methods have been
described in chapter 3. The objective is to i) recover the correct on- and off-rates
of single monomer addition and dissociation events, and ii) recover the correct
assembly mechanism, i.e. the relative differences between monomer binding
events at different oligomer sizes. To that aim, I simulated growth processes of
single oligomers with defined binding and dissociation rates of the monomers,
dependent on the oligomer size at the time of the binding or dissociation event.
Thereby, two main mechanisms were distinguished: a nucleation mechanism
with a slow on-rate or high off-rate in the beginning until the polymerization
phase is reached, and a conversion mechanism where a single slow on-rate or

high off-rate defines a bottleneck for successful polymerization.

To test the robustness of the analysis tools, I introduced changes in the SNR,
the simulated measurement rate and the relative difference between the nu-
cleation and polymerization kinetics. Furthermore, since measurements in
ZMW and TIRFM depend on dye-labeled monomers, I looked into the dis-

tribution of labels per monomer (i.e. the labeling efficiency), as well as the
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photobleaching of fluorescent labels.

4.2 Materials and Methods

Simulations and analyses have been employed as described in chapter 3.
In short, in the simulations, a step-wise growing oligomer starting from 0
monomers was built up according to the main input parameters; the associa-
tion and the dissociation rate. During the nucleation phase until the assembly
of the critical nucleus, the association rate was slowed down or the dissoci-

ation rate was accelerated in comparison to the polymerization kinetics. If

+ —
poly poly
to a factor of 1/100 times the simulated sampling rate of 100 s~!. The cho-

not otherwise stated, k was1s 1 k was 0.1 s71, which corresponds

sen kinetics are in the same range as pointed-end actin polymerization rates
(Pollard, 1986). For k;f,,. during the nucleation phase and kZ;,,, for a single

conversion step, I chose values that corresponded to 10%, 50% or 80% of k;_ol r
+

poly’
The simulated monomer trace versus time was overlaid with Gaussian noise

Accordingly, I chose k. and k_,,,,, to be a factor of 2, 5, or 10 faster than k

with a SNR of 2, if not otherwise stated. Then, to treat the simulated traces
like the experimentally measured traces, the Salapaka step-finding algorithm
extracted the monomer trace back and further analyses (dwell-time analysis,
visitation analysis and average rate analysis) were performed. I analyzed
single filament traces as well as the average of 1000 traces from individual

simulations for the average rate analysis.

Looking at the relative difference between the expected rates of the chosen
biological system and the sampling rate, the results can be used to estimate
the necessary sampling rate for any experiment of this kind, or when the
sampling rate is given, estimate if the extracted rates are trustworthy.

To test the analysis methods, changes in the sampling rate, the SNR and the
respective difference between nucleation or conversion, and polymerization
kinetics have been simulated. Furthermore, the effect of labeling efficiency
and photobleaching was studied.
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4.3 Results

Dwell-time Analysis First, I applied a classical dwell-time analysis to the
monomer number versus time data that resulted from the step-finding algo-
rithm. The on- and off-rates were extracted from an exponential fit of the
dwell-time distribution (Fig. 4.2 A, B) and plotted against the monomer num-
ber to visualize the transition from nucleation to polymerization that occurs
once the nucleus size has been reached (Fig. 4.2 C-D). While a change in the
association rates from nucleation to polymerization was directly visible and
allowed the determination of the nucleus size (Fig. 4.2 C), the dissociation
rates did not reflect the simulated change in kinetics (Fig. 4.2 D). When applied
to a growth process with a single conversion step, the dwell-time analysis
could only identify single steps with a large change in the on-rate (Fig. 4.2 E).
Changes in the off-rate and fast steps were likely to be overseen (Fig. 4.2 F).

The dwell-time analysis was able to detect differences in the association rates
when the difference was at least a factor 2 (Fig. 4.3 A, B). Regarding the
measurement conditions, a high sampling time and a high SNR are required
(Fig. 4.3 C-H). A low SNR leads to slower apparent on-rates as fast steps are
likely to be overseen, which was also reflected in the dwell-time distribution
(Fig. 4.3 C). A slow sampling time lead to an apparently wrong nucleation
or conversion step (Fig. 4.3 G). This could be improved by incorporating a
double-step correction. For the dwell-time analysis at slow sampling rates,
a double-step correction was used (see chapter 3 for details). With slow
sampling, fast individual steps could not be resolved and appeared as a step
with higher step size. For the double step correction, the mean step size per
trace was calculated. An up or down step with a step size twice or three
times the mean step size was treated as two or three monomers, respectively.
The additional steps were assigned a dwell time that corresponded to the

sampling time.

The testing of the requirements of the measurement for reliable use of the
dwell-time analysis showed that it is very sensitive towards SNR, sampling
rate and the relative difference between the different association rates. There-

fore, results from a dwell-time analysis should be interpreted very carefully.

Visitation Analysis To overcome the poor sensitivity of the dwell-time anal-
ysis towards changes in the dissociation rates and its little robustness towards
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FIGURE 4.2: Dwell-time analysis on an assembly process with a conversion step at
2, 3,4 or 5 monomers. A, B: the dwell-time distributions for the first association
step (A) and the first dissociation step (B) are shown. The dwell-time distribution
for each individual step was fitted with a single-exponential distribution. C, E: The
extracted association rates for a nucleation (C) and a conversion mechanism (E) with
different nucleation or conversion sizes. The dwell-time analysis is able to identify the
association rates for the individual steps. The association rates during nucleation k',
were at 50% of k;rol y with no change in the off-rates. D, F: The extracted dissociation
rates for a nucleation (C) and a conversion mechanism (E) with different nucleation
or conversion sizes. The dwell-time analysis could not identify the dissociation rate
changes during the nucleation or conversion steps. The dissociation rates during
nucleation k. were at 5x of k;ol y with no change in the on-rates. Errorbars for the
rates represent the 95% confidence intervals of the exponential fits.
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FIGURE 4.3: Robustness of the dwell-time analysis. For all simulations, a nucleus
or conversion step at four mononomers was chosen. A, B: Extracted on-rates for
simulations varying the difference between nucleation and polymerization kinetics.
The association rates k!, . and k., were chosen to be 10, 50 or 80% of k;;oly C, D
Extracted on-rates for simulations applying different SNRs. A nucleation mechanism
(C) or a slow conversion step (D) can be detected until a SNR of 1. E: With low
SNR, fast steps are not detected and the dwell-time distribution does not follow an
exponential decay (red line). F, G: Extracted on-rates for simulations varying the
sampling time. To estimate association rates, the measurement rates should be at
least 10x faster than the fastest rate. H: By using a correction for fast subsequent steps
that appear as single steps, the correct conversion step can be determined despite
a measurement rate of 10 s~! or 10x slower than the sampling rate. I, J: Extracted
on-rates for simulations of monomers with different degrees of labeling. A high
labeling efficiency (LE) is needed for correct interpretation of the dwell-time analysis.
For stochastic labeling, the LE should ideally be more than 100%.
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FIGURE 4.4: A comparison of the visitation analysis, average rates and dwell-time
analysis on an assembly process with nucleus site at 2, 3, 4 or 5 monomers. A,
D: A visitation analysis on a nucleation mechanism with slower off-rates during
the nucleation phase (A) and on a conversion mechanism with a slower on-rate
on the conversion step (D). B, E: Average rate analysis on the same nucleation and
conversion mechanism as in (A, B). C, F: Dwell-time analysis on the same nucleation
and conversion mechanism as in (A, B). The dwell-time analysis can identify a
mechanism with a change in the on-rate by extracting the association rates (F), but not
a mechanism with a change in the off-rate, since the extracted dissociation rates do
not indicate any changes in the simulated rates (C). Errorbars for the rates represent
the 95% confidence intervals of the exponential fits. The association rates during
nucleation k. were chosen to be 50% of k;ol y with no change in the off-rates. The

dissociation rates during nucleation k,,,,. were chosen to be 5x of k;ol y with no change
in the on-rates.
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SNR and the measurement rate (Fig. 4.3), I developed a more direct way to vi-
sualize the kinetic transition from the early stages in oligomer formation to the
polymerization phase, the visitation analysis. I calculated the mean time the
oligomers spent with n bound monomers (see chapter 3). With this analysis,
the slower nucleation kinetics were directly visible and the nucleus size could
be estimated regardless of whether the association rate or the dissociation
rate defined the nucleation mechanism (Fig. 4.4 A) or a single conversion step
(Fig. 4.4 D).

For a nucleation-elongation mechanism, polymer growth is determined by
the nucleation phase, where initial oligomers form and immediately disas-
semble due to the high thermodynamic barriers. In this mechanism a single
nascent oligomer is observed to spend a considerable amount of time at the
nucleus level (Fig. 4.4 A). A filament that polymerizes through a conversion
mechanism can be observed to form stable oligomers that do grow after a
slow conversion step at a particular monomer number (Fig. 4.4 D). The visi-
tation analysis was able to identify the nucleus size and a conversion point

accurately (Fig. 4.4).

Since the visitation analysis was able to detect conversion steps with a high
sensitivity, I wanted to further test its ability to detect single steps with differ-
ent kinetics. To this aim, I simulated a growth process with individual slower
or faster steps at defined oligomer sizes (Fig. 4.5 A).

The visitation analysis is sensitive to changes in the on- and off-rates of
individual steps even at low SNR and with only slight differences between
the rates of the individual steps (Fig. 4.5 B). It was robust towards a SNR as
low as 0.5 (Fig. 4.5 C) and a measurement rate of 5 times the default on-rate
(Fig. 4.5 D). The addition of photobleaching affects the conversion of steps into
monomer number due to the indistinguishability of a dissociation step and a
photobleaching step. Therefore, the visitation analysis is sensitive towards
photobleaching (Fig. 4.5 E). In contrast, the dwell-time analysis is only able
to identify the first change in the on-rate at step 3 to 4 and cannot identify a
change in the off-rate at all (Fig. 4.5 F).

Applied to a simulation of a nucleation mechanism, the visitation analysis
was even more robust towards SNR, measurement rate, labeling efficiency
and photobleaching (Fig. 4.6, table 4.1). The visitation analysis can identify the
nucleation regime of the oligomer sizes even at a SNR of 0.1 (Fig. 4.6 C). For
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five as depicted in (A). D: Varying the sampling rate. The visitation analysis is able
to detect individual steps at measurement rates down to 5 times the default on-rate.
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Dwell-time analysis on the same simulated growth process. The dwell-time analysis
is not able to resolve multiple individual rates even with a SNR of 2, measurement
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analysis on simulations using monomers with different degrees of stochastic labeling.
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the detection of the transition from the slow nucleation to the fast polymer-
ization regime, the visitation analysis does not need a big difference between

nucleation and polymerization rates (Fig. 4.6 A).

Average rates Next, I looked into the information of the time-averaged
traces that can be obtained in an experiment when the starting point of the
growth process is synchronized. A pronounced nucleation or conversion
mechanism is directly visible in the shape of the averaged intensity curve (Fig.
3.6 D). Since the sum follows the same behavior as the average of many traces,
this can also be applied to experiments where the single-filament data is not
available (Fig. 4.1). However, if single filament data is available, averaging
is a useful tool to circumvent the limitations of a low SNR (Fig. 4.7 A, B).
When the mean step size of an individual monomer binding event is known,
average rates can be estimated by calculating the time until the average trace
reaches a level corresponding to a monomer, a dimer and so forth (described in
chapter 3). In these average rates, a nucleation process or a single conversion
step are well visible also at a low SNR (Fig. 4.4, 4.7).

Similarly to the visitation analysis (Fig. 4.4 A, D), the average rate (Fig. 4.4 B, E)
also reveals signatures that can be clearly associated with either a nucleation-
elongation (Fig. 4.4 B, 4.7 A) or a conversion mechanism (Fig. 4.4 E, 4.7 B).
Nucleation-elongation starts from a low average rate and increases monoton-
ically until it reaches the average elongation rate. The average rate from a
conversion mechanism first drops and then increases until it also reaches the
average elongation rate. The average rate analysis was able to identify the

nucleus size and the conversion size accurately (Fig. 4.4).

The extracted average rates are not influenced by SNR and measurement
rates, down to an SNR of 0.1 and a measurement rate of only twice the
polymerization rate (Fig. 4.7 A-D). When the labeling efficiency is below or
above 100%, a nucleation mechanism or a conversion step is still visible in the
average rates, however, the conversion size cannot be estimated (Fig. 4.7 E,
F). In the case of photobleaching, the photobleaching rate gets problematic
for the calculation of the average rates when the growth is inhibited to an
extent that higher average monomer numbers are apparently not reached and
the average rates can therefore not be calculated for the formation of these

oligomer sizes (Fig. 4.7 G, H).
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FIGURE 4.7: Robustness of the average rate analysis. A, B: Average rate analysis
on simulations applying different SNRs. A nucleation mechanism (A) or a slow
conversion step (B) can be detected until a very low SNR. C, D: Average rate analysis
on simulations varying the sampling time. To detect a nucleation mechanism or
conversion step, the measurement rates should be at least 2x faster than the fastest rate.
E, F: Average rates for simulations using monomers with different labeling efficiencies.
A nucleation mechanism (E) can be detected at all tested labeling efficiencies. For
the correct conversion step (F), the labeling efficiency should be at 100%. G, H:
Average rates for simuluations considering the influence of photobleaching. A high
photobleaching rate can shorten the average trace or lead to apparently slower
kinetics.
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the average rate analysis for a nucleation (A, B) and a conversion mechanism (C, D). A,
C: Average rate analysis on simulations varying the association rate during nucleation
or conversion. The association rates during nucleation k. were at 10, 50 or 80%
of kp oy B, D: Average rate analysis on simulations varying the dissociation rate
during nucleation or conversion. The dissociation rates during nucleation k. were a
factor of 10, 5 or 2 of k;ol ) For nucleation and conversion, the average rates show a
different behavior dependent on whether the association rate or the dissociation rate
was changed with respect to the polymerization rates.
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A nucleation phase can be determined by a slower on-rate respective to the
polymerization kinetics, or by a destabilization effect via high off-rates. These
two mechanisms are visible in the average rates (Fig. 4.8). For a nucleation
process, a slower on-rate during nucleation results in a steady increase in
the average rates with oligomer size (Fig. 4.8 A), whereas for a faster off-rate,
the average rates first decrease with oligomer size and then increase again
(Fig. 4.8 B). Also for a conversion mechanim, the average rate shows a different
behavior for the single step with slower association rate or faster dissociation
rate than for the surrounding steps (Fig. 4.8 C, D). Thus, the average rate
analysis can be used to determine whether the association or the dissociation
kinetics are changed when the nucleus size is reached.

Influence of SNR and data collection rate Every analysis tool tested here
has its own requirements in terms of the experimental data and the question
that needs to be answered. Is the goal to detect a slower conversion step,
to determine the nucleation mechanism or is the aim to correctly determine
every microscopic rate for each step? To estimate what SNR and measurement
rate are needed to correctly answer these questions, I tested the presented
analysis methods for their robustness towards noisy data and slow sampling
times. The average rate analysis proved to be the most robust towards low
SNRs and slow data collection rates (Fig. 4.7). The dwell-time analysis and the
visitation analysis both use single-filament data and a step-finding algorithm,
but the visitation analysis was much more robust towards low SNRs and slow
measurement times (Fig. 4.3, 4.6). For the dwell-time analysis, the performance
could be improved for measurements with a slow data collection rate when a
double-step correction was applied (Fig. 4.3 F). The intensity of the individual
steps is used to define single, double or triple steps to transform intensity
into monomers correctly even when fast single steps cannot be resolved.
However, even with the double-step correction, the dwell-time analysis could
not identify several individual steps with different rates and remains sensitive
towards all tested measurement parameters (Fig. 4.3).

Labeling efficiency Imaging of filament growth in ZMW or TIRFM relies
on fluorescent labeling of the monomers. Labeling of the proteins for the
nucleation studies brings additional complexities into the analysis. Dependent
on whether a stochastic or a specific labeling strategy is used, the fraction
of labeled monomers either shows a Poisson distribution of labels where
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FIGURE 4.9: A comparison of the effect of stochastic and specific labeling efficiencies
on the analysis methods. A-F: Analysis methods on simulations assuming a nucle-
ation mechanism, G-M: Analysis methods on simulations assuming a conversion
mechanism. First and third row: specific labeling with 1 or 0 labels per monomer,
second and fourth row: stochastic labeling where multiple labels per monomer are
possible. First column: dwell-time analysis, second column: average rate analysis,
third column: visitation analysis. For a nucleation mechanism, a wide range of label-
ing efficiencies can be tolerated for all analysis methods. However, the dwell-time
analysis extracts the correct polymerization rates only for labeling efficiencies of
100% for specific labeling (A) or more than 100% for stochastic labeling (D). For the
determination of the correct conversion size, the labeling efficiency should be at 100%
for the average rate analysis and the visitation analysis (H, I, L, M). For the dwell-time
analysis, labeling efficiencies at or above 100% are needed (G, K).
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there may be more than one dye per monomer, or each monomer has either
zero or one dye molecule attached as a result of a specific labeling strategy.
Though high labeling efficiencies are in some cases possible (e. g. Lavergne
et al.,, 2016), sample preparation can be very time intensive. In addition, it is
sometimes necessary to use a mixture of labeled and unlabeled monomers
to not influence the assembly process. When the protein labeling is not
specific with 100% efficiency, the labeling efficiency needs to be included
in the analysis. To test the influence of different labeling strategies and the
resulting labeling efficiencies, the monomer number trace was modified with
a Poisson distribution of different labeling efficiencies from 0.3 to 3, or with a
specific labeling approach with labeling efficiencies from 0.3 to 1.

I investigated the impact of labeling efficiency on the different analysis meth-
ods. For a distribution of dye molecules on the assembling monomers, the
labeling efficiency should be at least at 30 to 50%, dependent on the analysis
method and whether stochastic or specific labeling is used (Fig. 4.9). The
visitation analysis allowed for labeling efficiencies down to 30% (Fig. 4.9 C,
F). In contrast, the dwell-time analysis reproduced the correct on-rate only
with very high labeling efficiencies (Fig. 4.9 first column). For specific labeling,
the correct polymerization rate was determined when a labeling efficiency
of 100% was simulated (Fig. 4.9 A, G). For stochastic labeling, where also
monomers without any label are possible, the labeling efficiency had to be
above 100% for the correct estimation of the polymerization rate (Fig. 4.9 D, K).

The apparent polymerization on-rates, as extracted from the average traces,
_|_

poly
specific labeling of the monomers, a nucleation process could still be identified

depended on the labeling efficiency (LE* k' . ) (Fig. 4.9 second column). For
even at 30% labeling efficiency, whereas a specific conversion step could only
be detected at 100% specific labeling (Fig. 4.9).

For the dwell-time analysis and the average rates, the extracted rates for the

polymerization regime correspond to k. as LE - k! = . Thus, if the process

poly poly*
reaches polymerization kinetics and the labeling efficiency is known, the

polymerization rate can be extracted quantitatively.

Effect of Photobleaching Another artifact that impacts the measurements
is photobleaching of fluorophores. Although photobleaching can be reduced
by the use of oxygen scavenging systems (see chapter 2), it will always affect
the intensity signal dependent on the photobleaching rate. In intensity traces,
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FIGURE 4.10: Using photobleaching as a tool to estimate the nucleation or conversion
step. Dwell-time analysis on a simulation assuming a nucleation mechanism (A-
C) or a conversion mechanism (D-F) with k;},. = 0.1 k;rol and no change in the
off-rates. Photobleaching with different photobleaching rates has been applied to
the simulations. A, B: The extracted association rates visualize the nucleation or
conversion step at 4 monomers. B, E: The extracted dissociation rates for the same
simulated processes as in (A) and (D). The apparent dissociation rates at the nucleus
or conversion size are affected most by different photobleaching rates. C, F: The ratio
between the apparent dissociation rates for the same simulation under the influence
of different photobleaching rates are plotted for each step. The difference between
the apparent dissociation rates is the highest at the nucleation or conversion size.
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a photobleaching step is indistinguishable from a dissociation step. This
hinders not only the direct measurement of the dissociation rate in single-
filament traces, but also leads to a mismatch between the intensity level and

the monomer number, which has an effect on the extracted on-rates as well.

To test for the influence of photobleaching, I introduced down steps in the sim-
ulations based on different photobleaching rates. These rates are in the regime
of the experimentally determined values (chapter 3). If a monomer dissociates
after photobleaching, no down step is introduced. If not indicated otherwise,
photobleaching was applied to 100% specifically labeled monomers.

The presented analysis methods are all affected by photobleaching, although
some still allowed the identification of the underlying assembly mechanism
(table 4.1). For all analysis methods, photobleaching should not exceed 3%
of the on rate during polymerization or 30% of the off-rate (Fig. 4.3, 4.5, 4.7).
However, even with photobleaching, it was even possible to distinguish be-
tween a nucleation mechanism that affects the on-rate or the off-rate when
looking at the effect of different photobleaching rates on the results, since
a high off-rate leads to the exchange of photobleached monomers with un-
bleached monomers. By comparing the apparent off-rates from measurements
with different photobleaching rates as determined by the dwell-time analysis,
the nucleus size or a conversion step could be estimated even at higher photo-
bleaching rates (Fig. 4.10). Thus, photobleaching can be used to identify steps

with high monomer fluctuation, i.e. an oligomer with a higher off-rate.

Effect of labeling efficiency and photobleaching To visualize the impact
of labeling efficiency and photobleaching, I simulated unhindered filament
growth without nucleation or conversion and a restricted filament growth
that stops at four assembled monomers (Fig. 4.11). A photobleaching rate at
10% of the polymerization kinetics still allows for a correct kinetic analysis via
the visitation analysis, dwell times and average rates (Fig. 4.11 red curves). In
combination with a stochastic labeling efficiency of 30%, the visitation analysis
shows a distribution shifted towards smaller oligomer sizes (Fig. 4.11 A,
E). The dwell-time analysis resulted in reduced rates ((Fig. 4.11 B, F). For

unhindered growth, the resulting rate depended directly on the labeling
+

poly’
a nucleation or conversion process (Fig. 4.7), thus, if the process reaches

efficiency as LE - k The same is true for the average rate analysis of
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FIGURE 4.11: Effect of photobleaching and labeling efficiency on unhindered growth
(A-D) and restricted growth that stops after the assembly of four monomers (E-H).
Both unhindered and restricted growth had k;o, y = 1s~!and k;ol y = 0.1s~1. Visitation
analysis (A, E), dwell-time analysis (B, F) and average rates (D, H) extracted from
the average traces (C, G) were applied to data with 100% labeling efficiency and no
photobleaching (blue data). The average trace of restricted growth reaches only 2.5
monomers, despite possible growth until 4 monomers, because of the equilibrium
between the on- and the off-rate. The effect of a photobleaching rate of 0.01 s~! does
not significantly influence the extracted rates and the visitation analysis (red data).
The combination of stochastic labeling of 30% and photobleaching with a rate of
0.01 s~ ! affects all analysis methods (yellow). Errorbars for the dwell-time analysis
represent 95% confidence intervals of the exponential fit.
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TABLE 4.1: Robustness of the analysis methods

Dwell-time analysis | Visitation analysis | Average rates
Mecha-  Single | Mecha- Single Mecha-  Single
nism steps nism steps nism steps
SNR >1 >1 >0.1 >1 >0.1 >0.1
Sampling rate >10x* >20x >1x >2X >1x >5X
LEgtocn >1 >2 <1 1 >0.3 (1**) >0.7
LEspec 1 >0.3 1 >0.3 1 >0.3
Photobleaching | <3%* <0.1% 3% <2% <3% <2%

* compared to the fastest rate
** for correct determination of the conversion step

polymerization kinetics and the stochastic labeling efficiency is known, the

polymerization rate can be extracted quantitatively.

For a restricted growth mechanism where the growth stops after a certain
oligomer size is reached (exemplified for four monomers in Fig. 4.11 E-H),
the average rates can only be extracted for the very first monomers, because
the average filament size does not reach beyond 0.5 monomers due to the
equilibrium between the on- and the off-rate (Fig. 4.11 G). For that reason,
fractional average rates in 0.1 monomer steps have been extracted using the
time until the average trace reached the monomer level of 0.1, 0.2,... monomers
(Fig. 4.11 H).

4.4 Discussion

Single filament data as well as synchronized ensemble data contain a wealth
of information that is not immediately visible from looking at the recorded
time traces. The most common approach for dealing with this type of data
is probably the kinetic analysis of the dwell times. The obtained microscopic
rates should directly reflect the underlying self-assembly mechanism. How-
ever, a correct interpretation of the dwell-time distributions depends, to a high
extend, on the quality of the data, such as the signal to noise ratio, but also on
the measurement rate or the influence of dye photobleaching in fluorescence
microscopy measurements (Fig. 4.3, table 4.1). Therefore, I developed other
analysis methods for single filament data and synchronized ensemble data
that give insight into the microscopic mechanism of the self-assembly process



74 Chapter 4. Analysis Methods for Investigating Protein Aggregation

that are less prone to misinterpretation. An overview about the minimal
requirements for each of the tested analysis methods in terms of measurement
rate, SNR, labeling efficiency and photobleaching is given in table 4.1.

The visitation analysis is able to detect a slow nucleation phase despite non-
ideal measurement conditions like low SNR (Fig. 4.6). Moreover, it is sensitive
enough to detect multiple events with slower or faster kinetics during an
assembly process (Fig. 4.5). Thereby, the sampling rate needs to be about a
factor of 2 higher than the expected kinetics, which is an order of magnitude
slower than the required speed for the dwell-time analysis (table 4.1). The
visitation analysis on single-filament data is, therefore, a suitable method to
detect nucleation or individual conversion steps (table 4.1).

When the quality of single-filament data is not sufficient for the use of a step-
finding algorithm to extract the individual monomer binding and dissociation
events, an average trace can be obtained from the growth information of
multiple filaments. If the number of filaments and the intensity information
of a single monomer binding event is known, average rates can be used to
visualize and detect a slow nucleation phase or a pronounced slow individual
step. The average rate analysis can deal with a sampling time in the same
range as the expected kinetics and an SNR as low as 0.1 (Fig. 4.7, table 4.1)

and is therefore the most robust analysis method presented here.

For the simulations of a nucleation or conversion process, changes in the
dissociation and the association rates have been separated to study the effects
independently. In a real self-assembly process, the transition from nucleation
to polymerization could affect both rates, enhancing the binding rate and
stabilizing the formed oligomers at the same time. If, however, only one
rate is affected during the growth process, the average rates can be used to
determine whether the association or the dissociation kinetics are changed

when the nucleus size is reached (Fig. 4.8).

The dwell-time analysis provides the microscopic rates for each monomer
addition and should reveal the underlying assembly mechanism. However, it
is very sensitive to the SNR and acquisition speed, which should be more than
an order or magnitude faster than the expected kinetics (table 4.1). However,
an advantage of the dwell-time analysis is that photobleaching can be used as
a tool when the same measurement is repeated with different photobleaching
rates. This can be accomplished by using different laser powers for the same
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measurement. A comparison of the extracted rates can help identifying the

nucleus size or conversion step (Fig. 4.10).

Photobleaching, in general, affects all analysis methods (table 4.1). The dwell-
time analysis is most affected when the kinetics of single steps are to be
determined (Fig. 4.3, table 4.1). Photobleaching affects the conversion from
intensity to monomer number. As a result, the dwell-time histogram contains
dwell times from different oligomer sizes, which leads to an averaging effect
of the rates of the different oligomer sizes. For the visitation analysis and
the average rates, the photobleaching rate should not exceed 2 to 3% of the

association rate (table 4.1).

Concerning the labeling of the monomers, the labeling efficiency should be at
least at 30 to 50%, dependent on the analysis method and whether stochas-
tic or specific labeling is used (Fig. 4.9). The visitation analysis can tolerate
labeling efficiencies down to 30% (Fig. 4.6, 4.9). In contrast, the dwell-time
analysis reproduced the correct on-rate only with very high labeling efficien-
cies (Fig. 4.3, 4.9). For specific labeling, the on-rate during polymerization can
be corrected for as LE - k;ol y when the labeling efficiency is known. Using the
dwell-time analysis, a nucleation process could still be identified even at 30%
specific labeling efficiency, whereas a specific conversion step could only be
detected at 100% specific labeling (Fig. 4.9).

To summarize, I developed new analysis methods for single and averaged
filament data that can be obtained by fluorescence microscopy or iScat. These
analysis methods are highly robust towards low SNR and slow measurement

rates, in contrast to the widely used dwell-time analysis.






77

Chapter 5

Experimental Studies on Actin

Nucleation

A actin B 1M actin on gelsolin

raliminom @020 T

nucleator: ’

glass

SUlﬁ,l

[ 5]
w
w

1 Fﬁ u
A Intensity (a.u.)

e

T B

200 200 500 800
Time (s)

500 a.u.

100a.u.
ml

o

FIGURE 5.1: Observation of gelsolin-mediated actin filament nucleation and elon-

gation within ZMW. A: Schematic of a ZMW with gelsolin attached to the coverslip

(not to scale). B: Experimental data. 1 uM of atto-488 labeled actin was added to

the ZMW and the fluorescence was monitored over 800 seconds. Grey: measured

intensity trace, Black: underlying trace as determined by a step-finding algorithm.

The bottom trace was taken from an experiment where gelsolin was not present. C:
Zoom-ins of the corresponding highlighted regions in panel B.

Actin polymerization has been studied thoroughly (see chapter 2), however,
the early steps in actin assembly before and around the formation of the nu-
cleus have never been observed in detail. Therefore, I used ZMW to directly
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visualize the early steps in actin nucleation (Fig. 5.1). These data provide
information on the growth process on a single filament level, as the individ-
ual association steps are directly visible. The developed analysis methods
described in chapter 3 were applied to these data with the goal of elucidating

the hidden information inside the single filament traces.

First, I studied pointed-end actin nucleation on the weak nucleator gelsolin
(see chapter 2). The biotinylated gelsolin molecules were attached to the
bottom of the functionalized ZMW via a streptavidin-biotin linker (Fig. 5.1 A).
Upon addition of actin-atto488 or actin-Cy5 under polymerizing conditions,
the intensity signal started to increase and single filament traces could be

extracted as described in chapter 3.

Gelsolin forms the GA; complex with two actin monomers, which acts as
a weak nucleator as its presence in bulk actin polymerization assays does
not abolish the lag phase (Coué and Korn, 1985). In order to compare those
results with a known strong nucleator, I also carried out experiments with the
formin-homology domain 2 (FH2) of the formin cappuccino (see chapter 2).
Furthermore, ZMW experiments were carried out with yet another class
of actin nucleators, the ABCD domain of spire. These experiments were
performed in collaboration with Radoslav Kitel, PhD of the group of Tad
Holak, University of Krakow, Poland.

During polymerization, the actin monomers ungergo a conformational change,
the flattening of the actin monomer inside the filament structure (see chapter 2).
Latrunculin A inhibits this conformational change and is known to disrupt the
filament structure in cells (see chapter 2). To elucidate the timepoint and effect
of the flattening on actin nucleation, I repeated the experiments using gelsolin
as a nucleator protein with an excess concentration of LatA. Furthermore,
I looked into the effect of Miuraenamide A, which also binds monomeric
actin specifically, to add to the emerging knowledge of the applicability and

function of actin targeting drugs using FCS on a confocal microscope set-up.

5.1 Proof of Principle

In order to test the applicability of ZMW for the intensity measurement of
individual dyes in a step-wise manner, DNA double strands labeled with 4,
6 or 8 atto488-dyes were attached to the bottom of the ZMW. ZMW arrays

were measured on a fluorescence microscope where hundreds of individual
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FIGURE 5.2: Test of the step-finding algorithm on DNAs with a different number

of labels. Example photobleaching traces of double strand DNA labeled with (A) 4

atto488-dyes and (B) 6 atto488-dyes are plotted. Grey: measured fluorescence signal,
black: result of the step-finding algorithm.

TABLE 5.1: Photobleaching steps of DNA labeled with 4, 6 or 8 atto488 dyes

4dyes | 6dyes | 8dyes
55+13 ‘ 6.7+1.3 ‘ 7.3+14

apertures in real time could be observed. The labeled DNA strands were
photobleached, which resulted in intensity traces with a step-wise decrease
in intensity (Fig. 5.2). As the step-finding algorithm does not distinguish
between up and down steps, the photobleaching traces could be treated in
the same manner as the traces of actin assembly. The number of down steps
reflected the number of dyes on the DNA strands with an error of about
one dye (Fig. 5.2, table 5.1). Thus, the method is sensitive for the intensity

measurement of up to around six to eight dye molecules.

The addition of 1 uM actin monomers labeled with atto488 onto an attached
tethering protein at the bottom of the ZMW resulted in an increase in the
intensity per individual well over time under polymerizing buffer conditions
(in the presence of KCl and Ca?*) (Fig. 5.3 C). Under non-polymerizing con-
ditions as well as without tethering protein, no increase in the intensity was
observed (Fig. 5.3). The intensity fluctuates a bit more when the tethering
protein is present compared to without the tethering protein (Fig. 5.3 A, B).
This could be due to some transient attachment of actin in G-buffer to the
here used tethering protein, gelsolin. The fact that the intensity only increases
under polymerizing conditions and in the presence of a tethering protein indi-
cates that filaments grow specifically attached to the tethering protein in the
ZMWs. I used actin molecules covalently labeled with 90% labeling efficiency
with atto488 or with 30% labeling efficiency with Cy5 on random surface
lysines, which was shown not to impair filament nucleation and elongation
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FIGURE 5.3: Intensity changes signifying nucleation were not observed in G-Buffer or
without gelsolin. (A) An example trace from a ZMW for a measurement in G-buffer.
(B) An example trace from a ZMW in F-buffer for a measurement without gelsolin as a
tethering protein. (C) An image of a waveguide array with 200 nM gelsolin and 1 uM
actin in polymerizing conditions after 800 seconds. (D) An image of a waveguide
array with 200 nM gelsolin and 1 uM actin in G-buffer after 800 seconds. (E) An
image of a waveguide array with 1 uM actin without gelsolin under polymerizing
conditions after 800 seconds.

0 200 400
time (s)

(Crevenna et al., 2013). The high degree of labeling does not impair long fila-
ment formation for atto488 (Fig. 5.4 A), however, for Cy5 the high degree of
labeling reduces the probability of seeing long filaments in TIRFM (Fig. 5.4 B).
Therefore, for measurements with Cy5, only 30% labeling efficiency was used.
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FIGURE 5.4: The filament length distributions for 30% and 90% labeled actin after
250 s after inducing polymerization for (A) atto-488 labeled actin and (B) Cy5-labeled
actin.

To show that indeed long filaments can form inside ZMW, a photobleaching
experiment was done after one hour incubation in ZMW. Before photobleach-
ing, the filaments were stabilized with phalloidin, so that down steps could be
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fully attributed to photobleaching and not to disassembly. The distribution of
down steps showed that long filaments can assemble inside ZMW (Fig. 5.5).
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FIGURE 5.5: Number of monomers as determined from photobleaching steps after
one hour incubation time in the waveguides under growing conditions. The filaments
were stabilized using phalloidin.

To minimize the possibility that two or more molecules were present in a
single aperture, a low concentration of tethering protein was used when
preparing the waveguides. The fraction of apertures monitored where signal
was detected was never more than 30%, which corresponds to around 600
wells, to keep the probability of double occupancy within the apertures low.
The occupancy of the apertures by biotinylated gelsolin molecules is given
by Poissonian statistics of the form P(k) = e~*(A*/k!), where A is the mean
occupancy and k is the number of molecules in the aperture. At the used
concentrations of tethering protein, between 600 to 700 apertures showed a
signal out of 3000 apertures, i.e. there is an average occupancy, A, of 0.22 +
0.02. The probability that two or more molecules were present (k > 2) in a
single aperture is then 0.020 £ 0.003. Of the traces that showed a signal, only
10% to 12% would originate from apertures with multi-molecule occupancy.
Due to this low probability, no further correction for multiple occupancy was
applied in the analysis.

Functionality tests of the biotinylated tethering proteins (gelsolin, cappuccino
and spire-ABCD) showed that the capping function of gelsolin and the nucle-
ating function of cappuccino were not impaired by the attachment of biotin
(Fig. 5.6, 5.7). Actin filaments showed the same length distribution with spire
as with biotinylated spire (Fig. 5.8). The capping and severing behavior of
biotinylated gelsolin was compared to the unbiotinylated form in a TIRFM
assay using actin-atto488 (Fig. 5.6). The average filament length was reduced
to the same average length by both gelsolin forms via the severing activity of
gelsolin. Actin binding to biotinylated gelsolin was confirmed by a TIRFM
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FIGURE 5.6: Biotinylation and surface immobilization of gelsolin does not impair

function. The efficiency of biotin labeling was 80%. A: The average actin filament

length measured using TIRF microscopy after 5 minutes growth of 1 M actin (N = 29)

and 5 nM gelsolin (N = 61) or 5 nM biotinylated gelsolin (N = 69). B, C: TIRFM images

of filament growth on the surface in the presence (B) or absence (C) of biotinylated
gelsolin. Scale bar is 10 ym.
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ABCD. The filament length distributions after 850 s are plotted from a TIRFM assay
for unlabeled spire-ABCD (blue) and biotinylated spire-ABCD (red).
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assay without biotinylated gelsolin, where no filaments could be observed
close to the cover slide (Fig. 5.6 C). The nucleating function of biotinylated
cappuccino was confirmed using a pyrene assay, which was done by Radoslav
Kitel, PhD, in Warsow, Poland. Biotinylated cappuccino and the nonlabeled
form show the same nucleating activity on actin-cy5 (Fig. 5.7).
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FIGURE 5.9: Measurements of gelsolin-initiated actin oligomerization. A few char-

acteristic traces of actin nucleation on gelsolin are shown for 1 uM actin. Grey:

fluorescence intensity, black: result of the step-finding algorithm, orange: conversion
to monomer number, using the step-size information and double-step correction.

The addition of actin-atto488 to the ZMW containing tethered gelsolin re-
sulted in a dynamic step-wise increase in the intensity per individual well
under polymerizing buffer conditions (Fig. 5.9). The step-finding algorithm
(chapter 2) finds the most probable step trace without accounting for the step
size. The intensity to monomer conversion (orange traces in Fig. 5.9) takes
into account the individual step size with regard to the step size distribution
and converts the results of the step-finding algorithm into a monomer trace
(chapter 2). The good overlay between the signal, the result of the step-finding
algorithm and the monomer trace both on average (chapter 2) and for the
single filaments show that the intensity to monomer conversion is working

well.
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5.2 Material and Methods

5.2.1 Proteins and DNA

Atto488-labeled actin (rabbit, skeletal muscle) and biotinylated gelsolin were
purchased from Hypermol (Bielefeld, Germany). Labeled DNA double strands
were obtained from IBA (Gottingen, Germany). DNA molecules were labeled
with 4, 6, or 8 atto488 dyes and attached to a biotin-linker.

Cappuccino and Spire Expression and Purification Cappuccino and spire
ABCD preparation was done by Radoslav Kitel, PhD working in the group
of Tad Holak, PhD in the University of Krakow, Poland. Constructs en-
coding GST-pABCD1 and GST-CapuFH2 were transformed in E. coli BL21-
CodonPlus-RIL competent cells and cultured in LB medium with ampicillin
(100 pg/ml) and chloramphenicol (34 ug/ml) at 37°C. Protein expression was
induced with 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG) when an
OD600 of 0.6 - 0.8 was reached. Proteins were expressed for 16-20 h at 16°C.
Cells were harvested by centrifugation (30 min, 2000 rpm, 4°C) and bacterial
pellets were frozen at -20°C.

Subsequently, pellets were handled on ice using ice-cold buffers. Pellets
were thawed on ice and resuspended in ca. 50 mL of lysis buffer A (1xPBS,
pH7.4,1 mMEDTA, 1 mM DTT, 0.5 mM PMSF) in the case of GST-pABCD
or lysis buffer B (50 mM Tris-HCI pH 7.0, 150 mM NaCl, 0.2% Triton-X100,
1 mM DTT, 1 mM PMSF and 1 ug/mL DNAsel) in the case of GST-CapuFH2.
After cell disruption using ultrasonification, the whole extract was cleared
by centrifugation (30 min, 15000 rpm, 4°C). The soluble fraction containing
recombinant proteins was then loaded onto a GSTPrep FF 16/10 column
(GE Healthcare) connected to an AKTA FPLC System (GE Healthcare). Af-
ter removal of bacterial host proteins, the column was washed with 10 cv
of PBS and then equilibrated with PreScission Protease buffer (50 mM Tris-
HCI, pH 7.0, 150 mM NacCl, 1 mM EDTA, 1 mM DTT). Next, a solution of
PreScission Protease (4 mg/ml) was loaded onto the column and incubated
overnight at 4°C. Subsequently, cleaved proteins were eluted from the column
with PreScission Protease Buffer. The GST tag that remains on the column and
PreScission Protease were removed by washing the column with regeneration
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 10 mM GSH). Fractions contain-
ing spire-ABCD or CapuFH2 were concentrated and subsequently purified by
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a gel filtration method on S75 Superdex columns (spire-ABCD) equilibrated
with storage buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT) or on
5200 Superdex columns (CapuFH?2) equilibrated with storage buffer.

Spire and Cappuccino biotinylation via Sortase A-mediated ligation Spire-
ABCD and CapuFH2 constructs were labeled at their N-termini using Sortase
A-mediated ligation (SML). In a typical reaction, CapuFH2 (45 uM) or spire-
ABCD (50 uM) were mixed with an excess of desthiobiotin-peptide (300 yM)
bearing a sequence recognised by Sortase A (desthiobiotin-GCGLPETGG,
Smart Bioscience) and Sortase A (2 uM, Eurx). The reaction mixture was
supplemented with 10 mM CaCl, and incubated for 6 or 24 h at 4°C. The
progress of the reaction was monitored with immunoblotting using HRP-
conjugated streptavidin (Biolegend). After completion, DB-CapuFH2 was
purified on a Superdex 200 Increase 10/300 column (GE Healthcare). The
ABCD construct was purified on a Superdex S75 column. The degree of
desthiobiotinylation was calculated to be 53% and 60% for CapuFH2 and
spire-ABCD, respectively as judged by the HABA assay (ThermoScientific).

5.2.2 ZMMW fabrication and functionalization

For the experiments using gelsolin as tethering protein, ZMWs were pur-
chased from Pacific Biosciences (Pacific Biosciences, Menlo Park, CA). For
experiments with cappuccino and spire, ZMWSs were fabricated by Kherim
Willems at the imec Leuven, Belgium and functionalized at the LMU Munich
by myself.

ZMWs were fabricated on glass coverslips (22mmx22mm, type #1, Menzel
Glazer) by means of physical vapor deposition, e-beam lithography and low-

pressure dry etching. Details are described below.

Substrate cleaning Any particles and organic contamination were first re-
moved from the glass surface by submersing the coverslips in Standard-
Clean 1 (SC-1) solution, i.e. stock solutions of HyO:NH4OH(27%):H20,(30%)
mixed in a ratio of 5:1:1 (MicroChemicals, Ulm, Germany) at 75°C for 15 min,
followed by a thorough rinsing in high purity water (HPW) and a brief dip
(<5 s) in buffered oxide etch 7:1 (MicroChemicals, Ulm, Germany), again
rinsed in HPW and dried under a N, stream.
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Metal deposition Next, each coverslip was subjected to a brief O,-plasma
to activate the surface, followed immediately by physical vapor deposition
(Argon sputtering, Pfeiffer Spider 630, Pfeiffer, Germany) of a 80 nm-thick
aluminum layer and a 10 nm-tick titanium nitride (TiN) layer. The metals

were deposited at 2.5 nm/s.

E-beam lithography Immediately after metalization, a layer of the positive
tone electron-beam resist MET-2D/XP52711 (Rohmé& Haas, Hoek, The Nether-
lands) was spin-coated on top of each sample for 1 min at 800 rpm to a final
thickness of around 100 nm, followed by a 3 minute soft-bake at 120°C on a
hotplate. Next, the ZMWs (150x150 arrays of 140 nm diameter apertures, 1.5
pm pitch) were written in the resist layer with e-beam lithography (Leica Vec-
torBeam 6, Raith, The Netherlands) under ultra-high vacuum (50 keV beam,
5nm grid and a 65 uC/cm? dose). After pattern writing, the samples were
baked at 105°C on a hotplate for 15 minutes upon exposure to the atmosphere.
The patterned resist areas were then removed by submerging the samples for
1 min in the basic developer solution OPD262 (Fujifilm, Sint-Niklaas, Belgium)
followed by a rinse in HPW and drying under Nj. The existence of the ZMW

pattern was verified by dark-field microscopy.

Aluminum dry etch The resist pattern was then transferred into the under-
lying Al/TiN layers by a 45 s inductively coupled plasma reactive ion etch
(ICP-RIE) with an Oxford Plasmalab 100 (Ofxord Instruments, Bristol, UK).
The chlorine-based gas chemistry (SiCly/He at 15/60 sccm, 4 mTorr chamber
pressure and 50°C chuck temperature) and power densities (ICP at 50 W and
RF at 100W) were optimized to yield a good trade-off between etch slope (80-
90°), etch rate (3 nm/s) and resist selectivity (>2). To prevent corrosion after
exposure to the atmosphere, all AICl; residues were removed by submerging
each sample (within 5 min) in an post-etch residue remover bath (EKC265,
DuPont, Mechelen, Belgium) at 65°C for 5 minutes, followed by rinsing in
iso-propylalcohol (IPA), HPW and finally drying under a N, stream. Any
resist traces were then removed by treating the samples for 10 minutes with an
Oy plasma (100 W, 255 mTorr chamber pressure) in a home-built barrel asher
SiO, /TiN dry etch. To increase the amount of collected fluorescence signal
and thereby improve the signal-to-noise ratio of the fluorescence signal inside
the ZMWs, the SiO, underneath the apertures was recessed for 5-10 nm, re-
sulting in etched ZMWs. To this end, we used the same ICP-RIE tool, etching
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for 20 s (0.5nm/s SiO; etch rate, > 2 nm/s TiN etch rate) using a fluorine-based
gas chemistry (CF;/O,/He at 10/40/50 sccm, 12 mTorr chamber pressure
and 20°C chuck temperature). Any post-etch polymer residues were finally
removed by treating the samples for 10 minutes with an O, plasma (100 W,

255 mTorr chamber pressure).

Aluminum wet etch The bulk of the aluminum on the samples was sub-
sequently removed using standard UV contact lithography and wet etching,
leaving only 4 squares of 1.5 mm x 1.5 mm with the ZMW arrays at their
centers. Briefly, a layer of the positive tone UV resist X845 (JSR Micro, Haas-
rode, Belgium) was spin-coated for 30 s at 4000 rpm to a thickness of 1.2 ym,
followed by a 1 min soft-bake at 120°C on a hotplate. The unwanted alu-
minum areas were then exposed to UV light using a MA6 mask aligner (SUSS
MicroTec, Garching, Germany) followed by removal of the exposed resist and
the underlying Al layer by submersion in the basic developer OPD5262 (Fuji-
film, Sint-Niklaas, Belgium) for 3 minutes. After rinsing in HPW and drying
under a Ny stream, the resist protecting the ZMW arrays was removed by
submersion in an acetone bath for 15 minutes, followed by a rinse in isopropyl
alcohol and drying under a N stream. As before, any residual organic traces
were removed by means of a 10 minute O,-plasma treatment.

Functionalization and passivation of the aluminum ZMWs were passi-
vated using 0.2% polyvinylphosphonic acid (Polysciences, USA) (10 min,
90°C) followed by incubation in 3-[Methoxy(polyethyleneoxy)propyl]trimethoxy-
silane (6-9 PE-units, abcr, Karlsruhe, Germany) and PEG-biotin-silane (Nanocs
Inc, New York, USA) in toluene (4 h, 55°C).

5.2.3 Experiments

ZMW measurements ZMWs were incubated with 0.15 mg/ml streptavidin
and 5 mg/ml BSA in PBS for 5 min. After washing with PBS, 200 nM freshly
diluted biotinylated gelsolin, 30 nM of cappuccino or 50 nM of spire-ABCD
was incubated for 5 min, followed by 5 min incubation with 1 mg/ml BSA
and 5 mg/ml biotinylated BSA. 1 uM actin-atto488 or 800 nM actin-Cy5 in
G-buffer was incubated in magnesium exchange buffer for 5 minutes on ice
(50 uM MgClp, 0.2 mM EGTA). When Latrunculin A (LatA) was used, it
was added at 10x the actin concentration after 4 minutes and incubated for
1 minute. Actin polymerization was induced by adding 1/10 volume of a 10x
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concentrated polymerization buffer (50 mM KCl, 2 mM MgCl,, 0.2 mM CaCl,,
0.2 mM ATP, pH 7.0).

The final buffer contained a PCA/PCD oxygen scavenging system with
250 nM protocatechuate dioxygenase (PCD), 2.5 mM 3,4-dihydroxybenzoic
acid (PCA) and 1 mM Trolox (Aitken, Marshall, and Puglisi, 2008). After start-
ing polymerization, 50 ul of the reaction mixture was added to the waveguides

and data acquisition was started immediately.

To measure the photobleaching rate, 1 L of phalloidin (66 M) was added to
the waveguides after 1 h to stabilize the formed filaments and prevent dissoci-
ation. Experiments were carried out on a home-built wide-field microscope
system as described in chapter 2.

DNA measurements were carried out using 100 nM DNA, labeled with 4, 6 or
8 atto488 dyes in PBS. DNA was added to the waveguides after streptavidin
incubation as described above. After incubation for 30 min and washing with

PBS, acquisition was started.

TIRFM measurements Fluorescently labeled actin was also assayed in TIRF
mode for functionality and to control that biotinylation of gelsolin did not
affect its behavior. Actin filaments were imaged in TIRFM using the assembled
flow chambers as described in chapter 2. The chambers were incubated
with 0.15 mg/ml streptavidin for 5 minutes. After thorough washing, the
biotinylated tethering protein was added and incubated for 10 minutes. After
washing again, the actin mixture in polymerization buffer was added the

same way as for the measurements in ZMW.

For actin nucleation measurements using spire, the measurement was started

before flushing in the protein, so that the first steps could be imaged.

To measure the gelsolin capping behavior before mixing with polymerization
buffer, 5 nM gelsolin or biotinylated gelsolin was added and incubated for

1 min prior to the measurement.

To compare biotinylated spire-ABCD with unbiotinylated spire-ABCD, 800 nM
of 30% labeled actin-cy5 was imaged in TIRFM using myosin as the tethering
protein. Actin was incubated before with 200 nM biotinylated spire-ABCD or
unbiotinylated spire-ABCD for 3 min. The length distribution of the filaments
was compared after 850 s. The exposure time during the measurement was

200 ms and the interframe time 1 s.
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FIGURE 5.10: Structural model of gelsolin bound to the barbed end of an actin

filament (three actin monomers depicted in red, orange and green). A: Alignment of

the gelsolin domain structures bound to actin G1-G3 (pdb 1RGI, purple) and G4-G6

(pdb 1H1V, blue) to the filament barbed-end. The actin monomers labeled with 1 and

2 form a cross-dimer. B: The measured distance between the C-terminal amino acid
of G3 to the N-terminal amino acid of G4.

Structural modeling Structural modeling was done by Jose Rafael Cabral
Correia, working with Alvaro Crevenna, PhD at the Universidade Nova de
Lisboa, Portugal. A structural arrangement was generated using Chimera
(Pettersen et al., 2004). Since there is no structure of full-length gelsolin
with actin bound, the available structures of gelsolin domains G1-G3 (1RGI,
Burtnick et al., 2004) and G4-G6 (1H1V, Choe et al., 2002) with actin and Ca®*
were used. The actin of the G1-G3 gelsolin-actin complex was aligned to the
terminal actin monomer within the filament structure (Fig. 5.10 A, Narita,
Oda, and Maeda, 2011). The actin of the G4-G6 gelsolin-actin complex was
then aligned to the monomer on the opposite strand within the filament. This
arrangement corresponds to a cross-dimer configuration, which has been
proposed before (Nag et al., 2013). The calculated distance between the C-
terminal amino acid of the G1-G3 chain and the N-terminal amino acid of the
G4-G6 fragment is about 6 nm (Fig. 5.10 B), which is too long to be traversed
by the missing linker of about 40 amino acids. Since no other arrangement
generated shorter distances, this suggests that further conformational changes

take place during gelsolin-actin complex formation.

FCS measurements FCS experiments were performed on a home-built confo-

cal fluorescence set-up. To passivate the surface, LabTek slides were incubated
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with 10% BSA for 10 min. Atto488 labeled actin (90% labeled, Hypermol,
Bielefeld, Germany) was incubated in Mg exchange buffer for 5 min on ice,
then polymerization was started by adding KMEI buffer (100 mM KCl, 2 mM
MgCly, 2 mM EGTA, 30 mM imidazole) to a final actin concentration of 10
to 500 nM. For higher actin concentrations, the content of labeled actin was
reduced. FCS measurements were taken for 1 h in 10 min time intervals. When
MiuA was added, a 5x or 10x excess of the actin concentration was added to
actin in G-buffer and incubated for 3 min prior to adding the KMEI buffer.
The measurement with 500 nM actin was first measured without MiuA, then

MiuA was added and the same sample was measured again.

5.3 Pointed-end Actin Nucleation on Gelsolin

Dynamic intensity traces To investigate gelsolin-mediated actin filament
formation, full-length gelsolin molecules were immobilized at the bottom of
ZMW via biotin functionalization. The first surprising result was that the fluo-
rescence intensity traces were very dynamic showing binding and dissociation
of actin even beyond the formation of trimers and tetramers (Fig. 5.1 and 5.9).
Traces indicative of filament growth also showed dynamics, although some
appeared to stagnate around a certain intensity level (e.g. Fig. 5.1 B). The con-
centration of actin (1 uM) is above the critical concentration for pointed-end
growth (600 nM) (Pollard, 1986) and, therefore, mainly continuous filament
elongation was expected after formation of an actin nucleus. In order to
investigate this discrepancy in more detail, the expected size distribution of
filaments from literature values was compared with the measured data.

The size of the filaments formed on the apertures was estimated as described
above by converting the intensity level into a monomer number after running
a step-finding algorithm (Aggarwal et al., 2012) (Fig. 5.9 left y-axis) and
then applying the intensity-to-monomer conversion algorithm as described in

chapter 3 (Fig. 5.9 right y-axis).

Elongating filaments are uncommon Using the intensity-to-monomer con-
version algorithm, the filament size in number of monomers per aperture at
the end of the measurement with the expected behavior based on literature
values could be compared. Overall, the observation of an elongating filament
was an uncommon process, as only about 40% of all recorded traces had
accumulated 6 or more monomers within 800 s (Fig. 5.12 A). In addition, the
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FIGURE 5.11: Distribution of filament lengths after 800 s. Blue: measured filament

length distribution for 1 uM actin. Grey: expected behavior from a simulation

using kinetic values from literature (chapter 3 for details), considering the measured
photobleaching rate of 0.003 s~ .

observed mean monomer number per filament at 800 s was 5 (Fig. 5.11), which
is much lower than expected. Simulating the actin filament length distribution
using actin nucleation and elongation values from literature as described in
chapter 3 and incorporating a correction for photobleaching (0.003 s~!, chap-
ter 3) yielded a distribution centered at a peak probability of 15 monomers
(Fig. 5.11).

An explanation would be that some of the surface-immobilized gelsolin has
lost its capacity to bind actin monomers. However, as described above, the
biotinylated gelsolin was functionally equivalent to its non-biotinylated form
(Fig. 5.6) and surface-immobilization did not preclude its interaction with
actin as filaments grow at longer timescales (Fig. 5.5). Therefore, neither
photobleaching nor surface-induced artifacts can account for the observed

filament size distribution.
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FIGURE 5.12: Statistics of oligomer growth. Fraction of oligomers that show at
least 1,2,3... monomers at any time during the measurement (A) or after 800 s (B).
C: Fraction of oligomers that show more than 6 monomers after 800 s after having
reached at least n monomers at any time during the measurement. The error bars
indicate the standard deviation of two independent measurements.
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Oligomers do not elongate necessarily after reaching the nucleus size The
nucleation-elongation model of actin filament formation predicts that, upon
formation of a tetramer, all formed oligomers will continue to elongate as long
as sufficient monomers are available (Sept and McCammon, 2001). In contrast
to this expectation, although all individual traces reached at least four bound
monomers at some point over the 14 minutes of observation (Fig. 5.12 B),
only about 40% continued to grow (Fig. 5.11, 5.12 C).
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FIGURE 5.13: Visitation analysis on actin growing on gelsolin. The results from a visi-
tation analysis showing the behavior of growing (blue) and non-growing oligomers
(black). The total time oligomers of particular lengths were present during six time
intervals of 133 s was calculated, covering the 800 s of the measurement.
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Visitation analysis on actin nucleation on gelsolin reveals two populations
To explore the origin of growth, I defined growing oligomers as those with
more than 6 monomers at 800 s and non-growing oligomers were defined by
having 4 monomers or less at this time point. Per 130 s time interval, the time a
trace spent in a state with a certain number of bound monomers was calculated
for both the elongating and non-elongating populations (Fig. 5.13). During the
tirst 260 s, all oligomers showed identical size distributions (Fig. 5.13). After
260 s, the size distribution of the growing population shifted continuously

over time towards larger monomer numbers (Fig.5.13), indicating filament
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growth. This shift toward larger monomer numbers is independent of the
oligomer size used to define the elongating population (Fig. 5.14).
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FIGURE 5.14: Visitation analysis on growing oligomers defined by those containing
five monomers (A), six monomers (B) or seven monomers (D) after 800 s.

The monomer size distribution of the non-growing oligomer population
shifted its mean value to a trimer level during the first 400 s and then dwelled
at that level for the duration of the experiment. The observed peak in the
non-growing oligomer size distribution suggests the presence of a preferred
oligomer size that does not elongate. To test whether the two populations
are an artifact of how the growing and the nongrowing populations were
defined, I performed the same analysis on simulated data containing only one
population. Artificially splitting these traces into two subpopulations could
not reproduce the static behavior of the nongrowing population observed in
the experiment (Fig. 5.15). Therefore, the finding of the two populations in

the traces represents the existence of at least two oligomer assemblies.

Association rates differ for the two different populations Next, to gain in-
sight into the differences between the growing and the non-growing oligomers,
I analyzed the association and dissociation kinetics of the first six steps dur-
ing oligomerization. The dwell-time histograms for the first six monomer
association steps were calculated and fitted by a single exponential function
as described in chapter 3 (Fig. 5.16 A, B). The estimated association rates

revealed faster association rates for the non-growing population compared to
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FIGURE 5.15: Visitation analysis on a simulation based on literature values, consider-

ing the experimentally determined photobleaching rate of 0.003 s~!. The simulated

traces were divided into a “growing” (A) and a “non-growing” (B) population based

on the monomer number after 800 s. “Non-growing” show less than 4 monomers
after 800 s, “growing” above 6 monomers.

the growing population (Fig. 5.16 B). The difference in association rates was
not a result of the sorting procedure as artificially sorting traces from the same

population gave identical association rates (Fig. 5.17).

Estimation of dissociation rates Dissociation events could not be accurately
determined by the dwell-time analysis since the loss of signal due to photo-
bleaching is indistinguishable from a dissociation event. Instead, dissociation
rates were estimated indirectly by comparing the experimental results with
that of a Monte Carlo simulation that considers the stochastic photobleaching
process (see chapter 3). Off-rates have been estimated for nongrowing and
growing oligomers separately (Fig. 5.16 D, Fig. 5.18, 5.19).

For the indirect estimation of dissociation rates, a model with 4 different on-
and off-rates was used (3 individual monomer transitions plus elongation).
The average trace of 2000 simulated runs were compared with the average of
the experimental traces (chapter 3). To simplify the analysis, the association
rates were fixed to the experimentally determined on-rates (Fig. 5.16). The
individual off-rates were sampled and indicated the dissociation rate of the

first monomer is slow, with an upper boundary of 0.001 s~! (Fig. 5.19 C).
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When optimizing the off-rates of the subsequent steps, it became clear that op-
timizing two different off-rates was not sufficient to describe the experimental
average trace. Therefore, three different off-rates were optimized using the
residual sum of squares (RSS) between the simulated average trace and the
experimentally obtained trace (Fig. 5.18, 5.19). As a result, the RSS showed
minimum values for a higher off-rate for the dimer and a slow off-rate for the
trimer for both populations.
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FIGURE 5.18: Off-rate estimation for growing oligomers. A: Comparison between the
average of all growing oligomer traces (blue) and a simulation using the measured
association rates and four different dissociation rates (red). The off-rates have been
optimized to best describe the experimental data. B: The minimum residual sum
of squares (RSS) error for the comparison between experiment and simulation for
screening the off-rate of the fourth and subsequent steps. The RSS shows a minimum
at 0.056 s~1. C: RSS error screening for the off-rate of the first monomer. The RSS
is plotted on a logarithmic scale. D: The RSS error for screening the off-rates of the
second and third monomer. E: Zoom in of the region of (D) indicated by the blue box
shows a clearly defined minimum in the RSS for an off-rate of the dimer of 0.002 s~*
and an off-rate of the trimer at 0.0001 s~ 1.

Dimer stability determines the different populations The nongrowing
population showed the highest off-rate for the dissociation of the second
monomer, as well as for the fourth and subsequent monomers (Fig. 5.19).
However, the trimer was stable with an off-rate slower than can be determined
from the experiments (Fig. 5.19). For the growing oligomers, the dimer was
estimated to be significantly more stable than for the nongrowing oligomers
(Fig. 5.16 D, 5.18, 5.19). The estimated dissociation rate for polymerization
(0.056 s~ 1) agrees well with reported values (Schoepper and Wegner, 1991,
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FIGURE 5.19: Off-rate estimation for non-growing oligomers assuming a slow off
rate for the first step (0.001 s~!). A: Comparison between the average of all growing
oligomer traces (blue) and a simulation using the measured association rates and four
different dissociation rates (red). The off-rates have been optimized to best describe
the experimental data. The best fit of the dissociation rate for the second monomer
was 0.075 s~1, for the third monomer 0.0002 s—1. B: The RSS error for the comparison
between experiment and simulation for the screening of the off-rate of the fourth
and subsequent steps. The RSS shows a minimum at 0.0675 s~!. C: RSS error for
screening the off-rates of the dimer and the trimer. D: Zoom in of the region in (C)
indicated by the blue box shows a minimum in the RSS for an off-rate of the dimer of
0.075 s~ ! and an off-rate of the trimer at 0.0002 s~ 1.
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Brangbour et al., 2011). Based on the estimated association rates, the critical
concentration of gelsolin-mediated pointed-end filament growth is about
0.7 uM, in agreement with previous estimates (Pollard, 1986).
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FIGURE 5.20: Comparison between actin-atto488 99% labeled and actin-Cy5 33%
labeled growing on gelsolin. A: The mean monomer traces for actin-atto488, 90%
labeled (blue) and actin-Cy5, 30% labeled (purple). B: The distribution of monomer
numbers observed after a 800 s measurement. C: The distribution of maximum
monomer numbers found in the traces during the 800 s measurement.

Actin-Cy5 shows the same behavior as actin-atto488 I repeated the gelsolin
measurements with actin-Cy5 with 30% labeling efficiency to compare the
findings with actin labeled with atto-488 (Fig. 5.21). Actin-Cy5 was fully
functional (Fig. 5.7). Comparing the growth of actin-atto488 or actin-Cy5 on
gelsolin, the results are similar when the difference in labeling efficiency and
the different photobleaching rate between fluorophores are taken into account
(chapter 3).

5.4 Barbed-end Actin Nucleation on Formin

To compare the findings for gelsolin-mediated pointed end growth to a more
potent nucleator, I repeated the measurements with the FH2 domain of cap-
puccino using actin-Cy5. To be able to resolve the steps during a much faster
barbed-end nucleation (Quinlan et al., 2007, Rosales-Nieves et al., 2006), 1
used actin with a labeling efficiency of 30%. Actin-Cy5 as well as biotiny-
lated cappuccino were fully functional (Fig. 5.7). Actin-Cy5 and actin-atto488

showed a similar behavior during gelolin-mediated nucleation (Fig. 5.20).

Actin growing on cappuccino shows more growth and faster kinetics than
on gelsolin Barbed-end nucleation via cappuccino showed more growth

and faster kinetics than pointed-end nucleation via gelsolin (Fig. 5.21, 5.24).
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FIGURE 5.21: Barbed-end nucleation of actin-Cy5 on the FH2 dimer of cappuccino.
A: Average intensity traces and monomer trace (light green) of actin-Cy5 nucleating
on cappuccino (0.8 uM actin, green) and gelsolin (1 uM actin, blue). The degree of
labeling was 30%. The black curve shows the result of a simulation using only one
off-rate for every step with k¥ = 0.051 s~!. B: The percentage of oligomers consisting
of more than 5 monomers after 400 s as a function of the minimum monomer number
found in the trace during the measurement for cappuccino-mediated growth (green)
and gelsolin-mediated growth (blue). Cappuccino-bound oligomers have a much
higher probability to form growing filaments than gelsolin-bound oligomers. C, D:
Visitation analysis of actin-Cy5 growing on gelsolin (C) and cappuccino (D) for all
oligomers.
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The average intensity trace showed about three times more growth for the
cappuccino-bound oligomers in comparison to gelsolin-mediated growth
(Fig. 5.21 A).

Actin growing on cappuccino forms stable oligomers Even very small
oligomers bound to cappuccino have a high probability to form stable, grow-
ing filaments after 400 s, in contrast to gelsolin-bound oligomers (Fig. 5.21 B).
A comparison of the visitation analysis for all oligomers and the growing
oligomers supports the finding that for actin-Cy5 nucleating on gelsolin, some
stable filaments can form while most of the population stays at one or two
labeled monomers (Fig. 5.21 C), i.e. three to six monomers in total when
considering the degree of labeling (Fig. 5.22). In contrast to the experiments
with gelsolin, actin growing on cappuccino mainly consists of stable, continu-
ously growing oligomers, as the oligomer size shifts towards higher monomer
numbers over time (Fig. 5.21 D). The kinetics could be modeled with a single
on-rate and a single off-rate (Fig. 5.21 A, 5.24, 5.22).
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FIGURE 5.22: Visitation analysis for oligomers growing on gelsolin (blue) or cap-

puccino (green) for growing and nongrowing oligomers. Growing oligomers were

defined to contain more than 5 monomers after 400 s, nongrowing oligomers were
defined to contain less than 4 monomers after 400 s of measurement.

The measured kinetics are slower than expected Although the qualitative
behavior of actin filament initiation with cappuccino is consistent with previ-
ous findings, the estimated association rate (0.081 s~! or 0.24 s~! for 0.8 uM
actin when correcting for the labeling efficiency of the actin as described in
chapter 4, Fig. 5.24 B) is far slower than expected for barbed-end elongation
rates (Pollard, 1986).
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FIGURE 5.23: Off-rate estimation for oligomers growing on cappuccino. RSS error
scan for the comparison between experiment and simulation assuming a single
dissociation rate for all steps. A minimum was found at 0.051 s~ 1.

To check whether this could be an artifact of the acquisition speed, I increased
the acquisition rate from 5 Hz to 16.6 Hz. This resulted in an estimated
association rate that increased by the same factor (0.24 s~! or 0.72 s~! when
accounting for the labeling efficiency, Fig. 5.24 C). This suggests that there
may be additional faster dynamics and that the current time resolution is not

sufficient to reliably estimate such fast association rates.
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FIGURE 5.24: A: Waiting time distribution of all steps of actin-Cy5 growing on

gelsolin with exponential fit (red). B, C: Waiting time distribution of cappuccino-

mediated growth with exponential fit (red) of all steps measured with (B) 5 frames/s
or (C) 16.6 frames/s.

5.5 Nucleation on Spire

TIRFM measurements Actin growth on spire-ABCD has been measured in
TIRFM using 800 nM of 90% labeled actin-atto647. The TIRFM measurements
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FIGURE 5.25: TIRFM traces of actin growing on spire-ABCD. Example traces (red)
for the typical events of single monomer binding, either disassembling (A) or success-
fully growing (B), small oligomer formation (C) and oligomer binding followed by
disassembly (D) or by further growth (E). The background intensity is depicted in

green.
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TABLE 5.2: Occurrences of the different types of events of actin growing on spire-
ABCD measured in TIRFM. Total 1116 traces.

Event Number of traces
Single binding events 438 (39%)
Small oligomer formation 505 (45%)
Oligomer binding followed by shrinking 78 (7%)
Oligomer binding followed by growth 21 (2%)

were done by Radoslav Kitel, PhD. In TIRFM, the spire molecules were immo-
bilized via a streptavidin-biotin linker on the surface of a cover-glass directly.
The measurement was started prior to flushing in the actin in polymerizing
conditions, as in the ZMW experiments. After a drift correction, traces have

been extracted like the traces measured in ZMW (see chapter 3).

Upon looking at the extracted traces, several typical events could be iden-
tified (Fig. 5.25). Either, single monomer binding events occurred, which
disassembled or photobleached (Fig. 5.25 A), or could lead to successfull
growth (Fig. 5.25 B). Furthermore, single binding events could also lead to the
assembly of small oligomers, often trimers (Fig. 5.25 C), that disassembled or
photobleached. Preformed oligomers assembled in solution could also bind
to the surface-immobilized spire-ABCD, either followed by shrinking or by
further growth (Fig. 5.25 D, E). In the case of further growth, often a dip in the
intensity was observed prior to an increase in intensity, indicating elongation
of the bound oligomer (Fig. 5.25 E).

An analysis of the occurrences of the different events showed that traces with
mostly single binding events and traces showing small oligomer formation
were most common. Oligomer binding followed by shrinking occurred in 7%
of the traces, and oligomer binding followed by further growth occurred in
only 2% of the traces (table 5.2).

Using the step-finding algorithm, I was able to look at the step size distribution
of the different events to investigate the size of the oligomers binding to spire-
ABCD (Fig. 5.26, 5.27). The step size distribution shows that the step size
corresponding to a monomer binding event was around 3000 a.u. Interestingly,
for oligomer binding events followed by growth, the distribution showed a
peak at steps sizes corresponding to trimers and tetramers. For shrinking
oligomers, step sizes corresponding to a pentamer or hexamer resulted in a

small peak in the distribution (Fig. 5.26). In both cases, even higher step sizes
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FIGURE 5.26: Step size distribution for oligomer binding events followed by growth
or shrinkage. Step sizes were pooled for upward and downward steps. The labeling
efficiency was at 90%, therefore, no further corrections were applied.

were detected, corresponding to larger oligomers formed in solution binding
to spire-ABCD.
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FIGURE 5.27: Upward and downward step size distribution for growing and shrink-

ing oligomer binding events. Separated step size distribution for upward (A) and

downward (B) steps for oligomer binding events followed by growth or shrinkage.
The labeling efficiency was at 90%.

To be able to distinguish between upward and downward steps, the step
size distribution was extracted for upward and downward steps separately
(Fig. 5.27). For upward steps, tetramers or hexamers were more likely for
growing or shrinking oligomers, respectively. This most likely corresponds to
the binding of the oligomer formed in solution. For downward steps, growing
oligomers showed an increased likelihood for the dissociation of trimers,

whereas shrinking oligomers mostly dissociated single monomers at a time.

ZMW measurements Actin-Cy5 assembly on spire-ABCD measured in
ZMW using 1 uM of 30% labeled actin-Cy5 (Fig. 5.28) showed little growth,
corresponding to the single monomer binding events and small oligomer

assemblies measured in TIRFM. The visitation analyis showed that only very
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FIGURE 5.28: Actin-Cy5 growing on spire-ABCD measured in ZMW. Visitation

analysis (A), dwell-time analysis (B) and the average trace (C) for 30% stochastically

labeled actin-Cyb5. The fractional average rates have been calculated using the time

until the average trace reached the intensity corresponding to 0.1, 0.2,... monomers.

Fractional average rates are 10 times faster than average rates, because only 1/10 of a

monomer has to be reached. The photobleaching rate was measured to be 0.025 s~
(chapter 3).
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few monomers bind to spire-ABCD (Fig. 5.28 A). However, the association
rates, as determined from the dwell-time analysis, showed increasing rates
with oligomer size (Fig. 5.28 B). This is most likely due to the fact that, when
filament growth is not very likely, only fast on-rates can lead to the assembly
of higher oligomers, thus filtering the distribution of individual on-rates for
the fast ones. This is then reflected in the dwell-time analysis, but not in the
visitation and average rate analysis. The average rate showed decreasing rates
with oligomer size, and the average trace indicates the formation of small

oligomers (Fig. 5.28 C).

I compared the results of actin growth on spire-ABCD with simulated data
affected by photobleaching and labeling efficiency (Fig. 4.11 E-H, chapter 4).
The visitation analysis and average rate analysis applied to simulations of
restricted growth, i.e. growth only until a certain monomer number, showed
a good similarity. In this case, the influence of photobleaching and a labeling
efficiency of less than 100% results in a decrease of apparent oligomer sizes,
which shifts the distribution of the visitation analysis and causes the extracted

average rates to decrease with oligomer size (Fig. 4.11 E-H, chapter 4).

5.6 Influence of Drugs on Actin Nucleation and
Growth

5.6.1 Latrunculin A

5 10 15 20 25 5 10 15 20 25
Monomers Monomers

FIGURE 5.29: The maximum number of bound monomers during an individual trace.
A:1 uM actin, B: 1 M actin with 10 M LatA.

Actin flattening, the conformational change associated with the filament struc-
ture (Fujii et al., 2010, Oda et al., 2009), may be involved during the initial
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phase of actin oligomerization. To investigate the contribution of flatten-
ing during nucleation, experiments of actin nucleating on gelsolin were re-
peated in the presence of saturating concentrations of Latrunculin A (LatA), a
macrolide that binds within the nucleotide pocket (Morton, Ayscough, and
McLaughlin, 2000) and blocks polymerization (Coué et al., 1987) by prevent-
ing the inter-domain motions that allow flattening (Rennebaum and Caflisch,
2012) (see also chapter 2).

Flattening occurs early during oligomerization and is necessary for growth
In the presence of 10 uM LatA and 1 M actin under polymerization condi-
tions, traces show dynamics with length fluctuations up to over 10 monomers
(Fig. 5.29). However, on average, only two monomers were bound over the
800 s of experimental observation and growth was not observed (Fig. 5.30,
right column). Thus, LatA impairs the formation of both growing and non-
growing oligomers that assemble in the absence of LatA. These results suggest
that flattening of the actin molecule occurs during dimer or trimer formation
and its occurrence is necessary but does not guarantee the formation of an

oligomer that can sustain growth.

Flattening is required for the formation of a stable trimer For the average
trace measured in the presence of LatA, only two different off-rates were
necessary to describe the data (Fig. 5.32). In the presence of LatA, only the
binding of the two first monomers was stable, while all subsequent monomer
additions have a dissociation rate similar to the non-growing population
(Fig. 5.31 D, 5.32). A comparison of the estimated dissociation rates for
oligomers in the presence and absence of LatA showed the trimer level to be
about two orders of magnitude more stable in the oligomers where flattening
is allowed. The presence of LatA also increased the dissociation rates for
oligomers larger than trimers by 35% compared to the growing population
(Fig. 5.31 D). Thus, flattening is a key requirement during the formation
of the trimer and it allows the formation of two different gelsolin-(actin);

arrangements.

Flattening is needed for filament elongation Flattening of the actin monomer
is not only required for the formation of both dimer assemblies but it is also
needed for filament elongation. These findings are supported by the fact
that the probability of growth increases the longer the complex remains at a
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FIGURE 5.30: Visitation analysis on actin in the presence of LatA. The results from a

visitation analysis showing the behavior of growing (blue) and non-growing (black)

oligomers as well as the influence of LatA (red). The data for growing and non-

growing oligomers has been shown before in Fig. 5.13). The total time spent in

oligomers with particular lengths was calculated for six time intervals of 133 s each
spanning the 800 s of the measurement.
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FIGURE 5.31: A kinetic analysis of nucleation. A: Association rates k,, for the first
six binding events for 1 M actin, in the absence and presence of LatA (red crosses).
Growing filaments were defined as previously to contain more than 6 monomers (bue
circles), nongrowing filaments to contain less than 4 monomers after 14 min (black
diamonds). For higher oligomer numbers, association rates in the presence of LatA
were fast, since only fast events could overcome the high dissociation rate (see panel
B). B: Estimated dissociation rates using simulations (Fig. 5.32) for growing oligomers
(blue), nongrowing oligomers (black) as well as monomers bound to LatA (red).
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particular oligomer size (Fig. 5.33). The increase occurs at a dwell-time above
10 s, which is similar to the rate of ATP hydrolysis in growing polymers (Coué
and Korn, 1986).
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FIGURE 5.33: The probability for a step upwards depends on the dwell time of the
previous step. The probability for a subsequent upward step (blue) and a subsequent
downward step (red) is plotted against the dwell times of the previous step. The
dwell times are binned into 25 s intervals, except for the first bin (15 s). Error bars
represent the standard deviation of 2 independent measurements.

5.6.2 Miureanamide A

The effect of MiuA on actin oligomerization was characterized using FCS.
90% labeled actin-atto488 ranging from 10 nM to 500 nM was measured on a
confocal microscope without or with 10x excess of MiuA. For measurements
below the critical concentration of actin, the countrate without MiuA shows
very little spikes, as only unstable and small oligomers are formed (Fig. 5.34 A,
C). With 10x excess of MiuA, however, large spikes are visible in the counrate,
which indicates the formation of large oligomers below the critical concen-
tration (Fig. 5.34 B, D). The number and intensity of the spikes have been
quantified (see chapter 3). For 100 nM actin, the number of spikes increases
over the time course of 1 hour, whereas, without MiuA, no change in the num-
ber of spikes was visible and generally less spikes occurred (Fig. 5.34 E). Also,
the intensity of the spikes showed a time dependency only in the presence of
MiuA (Fig. 5.35 D). After 30 minutes, the spikes showed in increased intensity
in units of the mode of the countrate of the measurement, indicating stable

and growing oligomers.

The formation of small oligomers that are not visible as spikes was analyzed
using the autocorrelation function of the countrate. For this analysis, the
spikes were omitted. For 50 nM and 100 nM actin-atto488, the autocorrela-
tion function showed a shift towards slower diffusion times (Fig. 5.35). A
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FIGURE 5.34: MiuA induces the formation of actin oligomers and lowers the critical
concentration of actin polymerization. A, B: The countrate of 100 nM actin-atto488
after 1 h incubation as a function of time, without (A) and with (B) 10x excess of MiuA.
B, C: The countrate as a function of time of 50 nM actin-atto488 after 1 h incubation,
without (C) and with (D) 10x excess of MiuA. E: The mean spike intensity averaged
over 10 min time intervals during a 1 h measurement. After 30 min of incubation,
actin with MiuA shows spikes with a higher intensity than actin without MiuA. The
intensity of spikes is given in units of the mode of the countrate of the respective
measurement. Blue squares: 100 nM actin-atto488, red circles: 100 nM actin-atto488
and 1 uM MiuA. F: Number of spikes in 10 min time intervals over the course of
the 1 h FCS measurement show with MiuA, up to 6 times more spikes are measured
during the course of one hour. Errorbars represent the standard error of the mean of
three independent measurements.
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small shift in the autocorrelation function indicates a significantly bigger
hydrodynamic radius, as will be discussed below.
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FIGURE 5.35: ACF of 100 nM actin (A) or 50 nM actin (B) with and without MiuA.

Inset in A: detail at longer timescales showing the formation of small oligomers with

MiuA. For the calculation of the autocorrelation function, the visible spikes were
removed from the countrate.
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FIGURE 5.36: ACF curves of 10 nM actin-atto488 in G-buffer with and without
MiuA. The autocorrelation function was fit using a one-component model (A) or a
two-component model (B). The one-component model could not describe the data
adequately, whereas a two-component model could describe the data better, but the
results of the diffusion coefficients could not be interpreted meaningfully.

For quantification of the shift in the autocorrelation function towards larger
diffusion times due to oligomerization, the autocorrelation function was fitted
to obtain the diffusion constant of the measurements. It should be noted that
the extracted diffusion constants are averaged over many different oligomers
existent in solution. To be able to compare the apparent diffusion constant of
measurements of oligomerizing actin to the diffusion constant of monomeric
actin, a concentration far below the critical concentration of actin in G-buffer
was measured (Fig. 5.36). However, a one-component fit of the autocorrelation
function would not yield an acceptable fit (Fig. 5.36). However, the value for
the diffusion coefficient was at 69 yum? /s, which is expected for a protein of
this size (He and Niemeyer, 2003). A two-component fit resulted in a good
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fit, with a fast component of 115 ym?/s and a slow component of 20 um?/s.
The slow component could be explained by the presence of actin oligomers,
however, the fast component is too fast for an actin monomer and too slow
for the possible presence of free dye. Thus, even though the one-component
fit shows nonuniformly distributed residuals, its fit result of 69 yum?/s can be
interpreted as an actin monomer, which should be the dominant species at
this low concentration. At 10 nM actin in G-buffer, MiuA has no influence on
the autocorrelation function (Fig. 5.36).
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FIGURE 5.37: ACF of 50 nM actin-atto488 with and without MiuA in G-buffer and
in F-buffer. A: A one component fit of the autocorrelation function, which could
describe the data. The weighted residuals are shown in the upper panel. B: A zoom-in

of panel (A) reveals a slight shift towards longer diffusion times under the influence
of MiuA.

The measurement of actin in G-buffer was repeated for 50 nM actin and
compared to 50 nM actin in F-buffer, i.e. polymerizing conditions without
and with MiuA (Fig. 5.37). Here, an acceptable one-component fit of the
autocorrelation function could be obtained with a cut-off at 10~# s, which
could not be achieved for 10 nM actin. Qualitatively, a slight shift towards
longer diffusion times was observed with a 10x excess of MiuA, whereas
polymerizing conditions alone did not induce much visible oligomerization
(Fig. 5.37 B).

For measurements of 100 nM, 250 nM and 500 nM actin, similar fits could be
obtained (Fig. 5.38, table 5.3). Since the diffusing species in solution were a
mixture between monomers and oligomers of different sizes, the thus obtained
diffusion constants were apparent diffusion constants from a one-component
tit like in Chakraborty et al., 2012. The thus obtained apparent diffusion
constants are summarized in table 5.3. For calculation of the autocorrelation

functions, spikes have been excluded in the analysis to obtain information
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FIGURE 5.38: ACF of 250 nM actin after 10 min after inducing polymerization. A
one component fit could describe the data. The weighted residuals are shown in the
upper panel.

about the small oligomers, in contrast to the spike analysis, which contains
information about larger oligomers (Fig. 5.34).

For 100 nM actin, MiuA induced oligomerization directly after inducing
polymerization (table 5.3). After 1 h, however, there was no difference in
the extracted diffusion constant, probably because the oligomers have grown
in size and are therefore excluded in the analysis. This assumption was
supported by the fact that the number of molecules in the observation volume
N decreased after 1 h and spikes appeared in the countrate (Fig. 5.34 D). After
1 h, the measurement with MiuA shows quantitatively more spikes with a
higher intensity than the measurement without MiuA (Fig. 5.34 E, F). This
lowers the concentration of free actin monomers and small oligomers, which
results in a lower N.

For 250 nM actin, there is not much difference in the diffusion constants in
the first hour of the measurement. Afterwards, the diffusion constant in the
presence of MiuA is faster than without MiuA (table 5.3). However, since this
concentration is above the critical concentration for actin growth, after 1 h, an
equilibrium has been reached with more larger, stabilized oligomers in the
presence of MiuA than with actin alone. The larger oligomers are excluded
in the analyis. As for 100 nM actin, filament formation lowers the number
of free actin molecules N in solution. Due to the reduced concentration of
free monomers, the assembling oligomers were smaller in size, resulting in a
higher diffusion constant.

For 500 nM actin, actin was first measured without MiuA, then 10x excess
of MiuA was added to the same actin after 5 min. The diffusion constant
was reduced within 5 min by the addition of MiuA. This indicates that MiuA
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TABLE 5.3: Apparent diffusion constants D,;,, and apparent N, of actin with and
without 10x excess of MiuA. Errors indicate the standard deviation of 3 independent
measurements. The values were obtained using a one-component model considering
the triplet state. The triplet state was fitted globally for all measurements of one

concentration.
[actin] time lag Dapp (ptm2 /s) Napp
MiuA - + - +
100 nM 0 661 41.7+£06|0.35+0.02 0.72+£0.08
1h 69 64+ 14 0.46 0.22 £ 0.01
250 nM 0 64 63 2.51 2.55
10 min 66 61 2.35 2.63
1h 54 63 3.09 1.89
500 nM 0 51 8.18
2 min 50 7.61
4 min 68 6.20
10 min 44 7.6
12 min 40 7.1
15 min 40 6.8

stabilizes small oligomers formed during the assembly of actin, leading to
more and larger actin oligomers or filaments, which leads to an increase in
the number of omitted spikes.

5.7 Discussion
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FIGURE 5.39: Gelsolin-mediated actin filament nucleation model. Calcium-activated

Gelsolin is colored red. Monomeric twisted actin is depicted in purple whereas

flattened actin is depicted in blue. A newly bound actin monomer is twisted and it

flattens upon the addition of a subsequent monomer. Two different dimers [GA;]

complexes can form. One of these dimers can lead to successful polymerization

(upper pathway), the other one has a high off-rate and is unable to act as a seed for
actin nucleation (lower pathway).
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Nucleation on Gelsolin ZMW measurements of actin-atto488 nucleating on
gelsolin showed that filaments had a very dynamic behavior with many up-
ward and downward steps in the intensity and thus in oligomer size (Fig. 5.9).
Furthermore, successfully elongating filaments were not the rule (Fig. 5.1).
The reduced fraction of elongating filaments could not be explained by pho-
tobleaching or by non-functional protein, as filaments were shown to grow
in a photobleaching experiment of stabilized filaments (Fig. 5.5). Even after
reaching the nucleus size, filaments did not necessarily grow (Fig. 5.12). The
visitation analysis revealed two populations. For one, the average oligomer
size was continually growing over time, for the other one it stagnated at about
three monomers (Fig. 5.13). A dwell-time analysis of the association rates re-
vealed that the growing population had slower association rates compared to
the nongrowing population (Fig. 5.16). An explanation for the instability of the
nongrowing population could be found in the dissociation rates, which have
been estimated indirectly due to the indistinguishability of dissociation steps
and photobleaching steps (Fig. 5.16). The critical concentration calculated
from the determined association rate and the estimated dissociation rates for
gelsolin-mediated pointed-end filament growth was at 0.7 uM, in agreement
with the literature value (Pollard, 1986). The nongrowing population had a
faster dissociation rate from four oligomers onwards, and additionally a faster
dissociation rate for the dimer, which the growing population did not have
(Fig. 5.16).

These results indicate that two dimer conformations can assemble upon
the arrival of the second monomer to the gelsolin-actin complex (Fig. 5.39).
The faster assembling arrangement allows for incorporation of subsequent
monomers, although the assembled complex is unstable and long-term growth
inhibited. The other arrangement binds the third monomer more slowly, but
the complex is stable and can elongate (Fig. 5.39). The high dissociation rate
of the second monomer in the nongrowing population may allow for the
conversion of the complex into the more stable arrangement that allows for

growth on longer timescales (Fig. 5.5).

This suggests the existence of at least two structurally different GA; com-
plexes (Fig. 5.39). It is possible that the non-growing oligomers represent
an arrangement similar to those previously reported as AP-dimers, which
do not undergo polymerization (see chapter 2) (Hesterkamp, Weeds, and
Mannherz, 1993, Qu et al., 2015). The different association rates for the two
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populations suggest that the initial arrangement within the GA, complex
propagates cooperatively within the filament lattice. Long-range cooperativ-
ity of conformational changes lasting over 100 monomers in the filament has
been suggested before on actin nucleated by gelsolin (Orlova, Prochniewicz,
and Egelman, 1995) and on actin filaments bound to laterally binding pro-
teins (Crevenna et al., 2015). The faster association rates of the non-growing
population explain how this species dominates in competition for monomeric
actin (Fig. 5.39). In bulk experiments, gelsolin was described to not be a true
nucleator because of the still-existing lag-phase even with gelsolin present
(Coué and Korn, 1985). The non-growing population observed here could
explain the lag-phase, as in bulk essays only the filament mass is measured

(see chapter 2) and small oligomers cannot be detected.

In conclusion, with the aid of ZMW, gelsolin-mediated actin nucleation was
observed directly on the single molecule level. The ZMW measurements

revealed two populations, a growing and a non-growing population.
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FIGURE 5.40: Actin nucleation model in the presence of cappuccino. Monomeric
twisted actin is depicted in purple whereas flattened actin is depicted in blue. The FH2

domain of cappuccino is depicted in green. Actin filament initiation and elongation
are well described by a single association and dissociation rate constant.

Nucleation on Cappuccino In contrast to gelsolin-mediated nucleation,
oligomers formed in the presence of the FH2 domain of cappuccino showed
continuous growth and displayed a high probability that even small oligomers
form filaments (Fig. 5.21). The measured association rates were faster than for
gelsolin-mediated growth. The kinetics of filament growth could be described
by a single association rate and a single dissociation rate (Fig. 5.23). However,
the association rate, which then is equivalent to the elongation rate in this
model, is slower than expected (Pollard, 1986; Crevenna et al., 2015; Kuhn
and Pollard, 2005).

The photobleaching rate of actin-Cy5 showed a double-exponential decay
as expected for Cy5 (Fiireder-Kitzmidiller et al., 2005). The slower rate was
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0.025 s, which corresponds to 3.5% of the extracted on-rate corrected for the
labeling efficiency (0.72 s~1). This corresponds to the highest photobleaching
rate used here in the simulations (3% of the on-rate). For the average rate
analysis a photobleaching rate of 3% results in a decrease and even a cut off
of the extracted rates (chapter 4). This explains the decrease of the average
rates for actin-Cy5 growing on cappuccino.

To verify the influence of the sampling rate on the dwell-time analysis as
done in the simulations (chapter 4), the sampling rate was increased from
5 Hz to 16.6 Hz. This resulted in an increase of the estimated association
rate (0.24 s~! or 0.72 s~! when accounting for the labeling efficiency of 30%,
Fig. 5.24). However, the extracted rates are still slower than expected (Pollard,
1986; Crevenna et al., 2015; Kuhn and Pollard, 2005). For association rates
on the order of 10 yM~!s~! and a labeling efficiency of 30%, the necessary
sampling rate for the dwell-time analysis is at 60 s~ ! (20-0.3-10 s 71 =60 s71),
as the dwell-time analysis yields trustworthy rates at more than 20 times
the expected association rate (chapter 4). This suggests that the current time
resolution used in these experiments is not sufficient to reliably estimate such
fast association rates with the dwell-time analysis. The visitation analysis
and the average rates, however, indicate fast actin assembly as expected
for a mechanism circumventing the nucleation phase via a strong nucleator
(Fig. 5.21, 5.22).

Another reason for the slow association rates could be the geometry of the
zero-mode waveguides. In some experiments using ZMW, kinetics have been
decreased by up to an order of magnitude (Christensen et al., 2016; Uemura et
al., 2010). Uemura et al increased the concentration more than 20x compared
to bulk measurements to enhance the arrival rates to the apertures (Uemura
et al., 2010).

To quantify the influence of the ZMW geometry on diffusion-limited associ-
ation rates, I proposed a system with single-stranded DNA oligonucleotide
as a tethering anchor at the bottom of the ZMW, and DNA double strands of
different sizes with the complementary linker to the tethering DNA strand
as the diffusing species. Alternatively, also proteins of different sizes could
be used instead of the DNA double strands, to investigate the influence of
ZMW on the diffusion of differently sized and shaped molecules. The on
and off kinetics of the DNA annealing at the bottom of the ZMW could then

be compared for different diffusing species, as well as for different sizes of
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the apertures. As a comparison, the annealing kinetics could be measured in

TIRFM on a planar surface without the influence of the apertures.

Nucleation on spire In contrast to cappuccino, where dwell time analysis,
visitation analysis and average rate analysis indicated continuous growth,
actin on spire-ABCD assembled only to smaller oligomers in ZMW (Fig. 5.28).
In TIRFM, also mostly single binding events or the assembly of small oligomers
was observed. In some cases, however, oligomers that had formed in solution
bound to the surface-bound spire-ABCD, which could lead to further growth
or shrinkage (Fig. 5.25). These oligomer binding events were not observed in
the ZMW. This could be explained by the geometry of the waveguides, which
decreases the probability that larger structures diffuse into the wells where
they could bind to the tethering protein. An effect of the waveguide geometry
on the diffusion behavior of proteins has been observed before (Christensen
et al., 2016, Uemura et al., 2010).

This could also be a possible reason for the reduced elongation rates found for
actin growing on cappuccino. In solution, small oligomers could bind to the
elongating filament, thereby enhancing the elongation rate. This is reduced or
not happening in ZMW, therefore the overall rate decreases.

In ZMW and in TIRFM, mostly traces with single monomer binding events
have been observed, that lead to small oligomer assembly of up to four
monomers. The visitation analysis, average traces and average rates resem-
ble a simulation of hindered growth, where oligomers can assemble up to
four monomers and then stop growing (chapter 4). In the simulation, photo-
bleaching and the degree of labeling were included. Thus, the results indicate
that spire-ABCD can bind actin monomers, but is insufficient to promote
nucleation starting from the monomers alone. This has been suggested before
(Dominguez, 2016). However, in solution, spire-ABCD could capture pre-
formed oligomers and stabilize them to enable further growth, as the TIRFM
measurements indicate. The step size analysis indicated that trimers and
tetramers are more likely to successfully grow further, whereas hexamers are
likely to dissociate. This could be explained by the binding of a tetramer to the
four WH2 domains of spire, which can then be stabilized or even rearranged
for futher growth. The hexamer could bind to spire, but in a way that hinders
further growth, perhaps due to steric hindrance.
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When oligomer binding was followed by further growth, often a dip in in-
tensity was observed prior to the increase in intensity indicating growth
(Fig. 5.25). This could be due to a rearranging or even removal of monomers
to achieve the correct conformation for elongation. Another possibility is that
the increased excitation intensity in the evanescent field leads to photobleach-
ing of the newly bound monomers. Upon incorporation of new monomers,

this effect is surpassed by growth and the intensity increases again.

These results indicate that spire is not sufficient to nucleate actin efficiently
on its own, but can enhance primary nucleation by the stabilization of self-
assembled oligomers. In cells, spire is likely to cooperate with cappuccino
to nucleate actin (Quinlan, 2013), which could explain the low nucleation
capacity of spire alone. A different view is that the physiological role of spire
is not predominantly actin nucleation, but barbed end capping (Montaville
et al.,, 2014). Further experiments could be done with the spire dimer as a
tethering protein in TIRFM or ZMW, which would be expected to show a

strong nucleation activity.
The influence of actin binding drugs

Latrunculin A Repetition of the experiments using actin-atto488 growing
on gelsolin in the presence of LatA showed some interesting results. The
coupling between filament growth and flattening, which is inhibited by LatA
(see chapter 2), becomes obvious as the results showed that flattening occurs
early during oligomerization and is a requirement for stable growth (Fig. 5.30).
Flattening occurs already at an oligomer size of dimers and trimers (Fig. 5.31)
and it is required to stabilize the nascent filament lattice (Fig. 5.30).

The increase in the dissociation rate of oligomers by the presence of LatA
suggests that flattening must occur quickly upon the addition of a monomer.
Since flattening is associated with ATP hydrolysis (Blanchoin and Pollard,
2002, McCullagh, Saunders, and Voth, 2014), this implies that probably only
the terminal monomer contains ATP and is thus in the twisted geometry
(Fig. 5.39), which agrees with previous estimates that gelsolin-capped fila-
ments hydrolyze ATP rapidly (Coué and Korn, 1986).

The occurrence of flattening already during dimer formation may lead to
ATP hydrolysis also taking place within small oligomers. The hydrolysis
and flattening required within these oligomers, and not instability of dimers
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and trimers, may be the origin of the observed lag phase in bulk assays
during filament formation of pure actin solutions. Within this framework,
nucleator proteins function by biasing dimer arrangements towards those that
can better sustain elongation. The mechanistic difference between strong and
weak actin filament nucleators would be the efficiency by which they bias

dimer arrangements towards elongation-prone complexes.

Miuraenamide A The results of the FCS measurements of actin assembly
with and without MiuA suggest that MiuA favors polymerization by stabi-
lizing the early stage oligomers formed during nucleation within 5 min of
incubation. At concentrations above the critical concentration, MiuA induced
the formation of larger filaments than observed for actin alone (table 5.3).
Below the critical concentration, MiuA induced the formation of filaments
large enough to be visible as spikes within 1 h, which indicates a reduction of
the critical concentration for actin assembly through the stabilizing effect of
MiuA.

The apparent diffusion constants and apparent N have been obtained from
a one-component fit of the diffusion part of the autocorrelation function.
However, in solution, there is always a mixture of growing and shrinking
oligomers of different sizes and monomers. Therefore, the thus obtained
apparent values are no absolute values, but provide a more qualitative indi-
cation of the occurrence of small oligomers in solution. Using these values,
similar measurements could be compared and the influence of MiuA on the
formation of oligomers that were small enough to not lead to visible spikes in
the countrate could be visualized.

The obtained numbers of molecules in the observation volume N are lower
than expected for the measured concentrations. For the measurement of 10 nM
actin-atto488, an N of 0.6 with a brightness of 27 kHz has been fitted by a
one-component fit. For the higher concentrations, the brightness increased to
about 60 kHz. The obtained values of N are therefore comparable between
measurements of the same concentration, but are no absolute or globally

comparable values.

To have a reference point of the diffusion constant of a monomer, 10 nM
actin in G-buffer was measured. However, the resulting autocorrelation
function could be fitted only with nonuniformly distributed residuals with

a one-component fit. However, the value of the diffusion constant from
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the one-component fit was similar to the expected value (He and Niemeyer,
2003). The fit was better for the higher concentrations. A reason could be
that, despite the low concentration and nonpolymerizing conditions, small,
unstable oligomers could form. The formation of small oligomers, like dimers
and trimers, have a larger effect on the relative change in hydrodynamic
radius than the attachment of an additional monomer to an already existing
filament of several monomers, which in turn affects the diffusion behavior
more. Additionally, when larger oligomers exist in solution, the probability
that several dye molecules are contained in the oligomers is increased, which
increases the effect of the larger oligomers on the autocorrelation function.
Therefore, despite being the more complex system, a one-component fit was
possible for higher concentrations, as also observed in Chakraborty et al., 2012.
Thereby, the fit range reached from 1 us to 1 ms for actin concentrations of 100
to 500 nM and a possible triplet state of the dye was fitted globally for each
concentration. For 50 nM, the fit range had to be cut off at 100 us to obtain a
fit result with uniformly distributed residuals over the entire fit range.

The influence of a change in volume due to oligomerization on the diffu-
sion constant is not very pronounced, as can be seen in the Stokes-Einstein

equation:

 kgT

D=
67tnr

(5.1)

where kp is the Boltzmann constant, T the temperature, # the viscosity of the
medium and 7 the hydrodynamic radius, which is proportional to the cubic

root of the volume. Thus, a change in D during oligomerization results in

g_i _ 13 (5.2)
with D, the diffusion constant of the oligomer with n monomers and D,
the diffusion constant of the monomer. This relationship assumes a spher-
ical shape of the monomers and oligomers with a constant volume per
monomer. However, the influence of the molecular shape was found to
be minor for another filament-forming protein, the AAA+ ATPase Rubisco
activase (Chakraborty et al., 2012). Dy could not be determined directly. If
one assumes, however, a diffusion constant of 69 um?/s as the highest diffu-

sion constant obtained in these measurements, one can estimate an apparent
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oligomer size for the influence of MiuA. The assumed diffusion constant is
similar to the calculated diffusion constant of ovalbumin (70 ym? /s), which
has a similar size (He and Niemeyer, 2003). For 100 nM actin with MiuA,
an apparent diffusion constant of 42 ymz /s is obtained, which would corre-
spond to oligomers of 4 to 5 monomers. However, this is a rough estimate
and describes only the oligomers small enough to be accounted for in the
autocorrelation function, where spikes were excluded. Therefore, much bigger

oligomers exist in solution, as can be seen in the spike analysis.

For the study of protein oligomers using FCS, the number and brightness
(N & B) analysis is a useful tool to analyze the average oligomer size (Digman
et al., 2008). This works well when the brightness of the purely monomeric
sample can be obtained, like, for example, for the study of GFP oligomers
(Gambin et al., 2016). However, for more complicated systems containing
many different, dynamic oligomers, the distribution is difficult to fit and the
interpretation of the oligomer size gets unreliable (Gambin et al., 2016). For
actin, the difficulty was to measure a purely monomeric sample, as a very low

concentration under non-polymerizing conditions still contained oligomers.

A further method often used to study oligomerization in FCS is the photon
counting histogram (PCH). However, the same problem occurs as for the
N & B analysis: the brightness of the monomeric species is difficult to obtain
in the case of actin. Furthermore, the multitude of different oligomer sizes
during actin assembly complicates the analysis. PCH histograms for the
measured data showed the existence of larger oligomeric species, as did the

spike analysis.

Finally, Nikolaus Naredi-Rainer used fluorescence cross-correlation (FCCS) to
study actin oligomerization with confocal microscopy (Naredi-Rainer, 2011).
The occurrence of a spike in both channels indicates an oligomer constisting
of multiple monomers labeled with different dyes.

To summarize, FCS has the advantage of being a solution-based method, i.e.
there are no surface or geometry effects as in the use of ZMW. However, highly
dynamic systems with oligomers of different, changing sizes become a chal-
lenge for a quantitative analysis of the number of monomers and the diffusion
constant. Furthermore, for the study of actin assembly, high concentrations
are needed to overcome the critical concentration of 200 nM or even 600 nM
for the pointed end, whereas typical FCS experiments are performed in the
pM to low nM range. Still, using the spike analysis, aggregation of proteins
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could be studied using confocal microscopy for oligomers large enough to

appear as spikes in the countrate.
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Chapter 6
Summary

In this thesis, I applied single-molecule methods for the elucidation of the
first steps in protein assembly. Zero-mode waveguides (ZMW), TIRFM and
confocal microscopy have been applied to visualize the first steps of actin
nucleation. For these measurements, a set-up was built for imaging in TIRF
mode as well as in widefield mode for the measurements in ZMW. To be able
to measure thousands of apertures at the same time, EMCCD cameras with a

large chip were implemented.

Using this set-up, the actin nucleation process was studied with different
nucleator proteins as well as under the influence of two different actin binding
drugs. For the analysis of single-molecule time traces of protein polymer-
ization, I developed new analysis methods: the visitation analysis and the
average rate analysis. These methods could distill much information that
remained hidden using a classical dwell-time analysis. Furthermore, I tested
the visitation analysis, the average rate analysis and the dwell-time analysis
for their robustness towards typical challenges in real data, i.e. the signal-
to-noise ratio, the sampling time with respect to the association rates, the
photobleaching of fluorophores and the labeling efficiency of the proteins of
interest. These results are a useful guide for the planning and interpretation
of single-molecule methods for protein assembly.

Using the developed analysis methods on actin growing on different nucle-
ator proteins, a number of interesting results have been obtained. ZMW
measurements of actin assembling on gelsolin revealed the existence of two
populations, one that elongated into stable filaments and one that did not.
The difference between the populations could be attributed to two different
dimer formations assembling on gelsolin. In contrast, actin assembling on

cappuccino showed unhindered growth with a single association and a single
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dissociation rate. ZMW and TIRFM measurements of actin assembling on
spire-ABCD provided further evidence that the spire monomer alone is not
a sufficient nucleator, but binds to and stabilizes preformed oligomers in

solution.

The use of Latrunculin A, an actin binding drug that inhibits the flattening
of the actin monomer occurring during polymerization, revealed that this
flattening is required for the formation of stable oligomers at a very early stage
during actin assembly. Furthermore, it is required to stabilize the nascent
filament. These results hint towards a rapid ATP hydrolysis, which is coupled

to flattening, at an early stage in actin nucleation.

Confocal microscopy measurements of actin polymerizing in the presence
of Miuraenamide A have been analyzed using a spike analysis and the au-
tocorrelation function of the fluorescence intensity fluctuations. The results
showed that MiuA stabilizes oligomers and small filaments and lowers the
critical concentration of actin polymerization. A part of these results have
been published in Wang et al., 2019. Futhermore, for the development of a
method for the quantification of protein oligomerization using anisotropy
measurements in confocal microscopy, TIRF measurements and analysis of
green fluorescent protein (GFP) oligomerization have been performed and
published in Heckmeier et al., 2020.

ZMW can be used to measure biological interactions at the single molecule
level at biologically relevant concentrations. Together with the developed
analysis tools, ZMW, TIRFM and other single molecule methods such as iScat
(Andrecka et al., 2016) will help to elucidate the first steps of the assembly
process of a multitude of proteins.
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