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Kurzfassung

Optische Pinzetten sind hochauflésende Orts- und Kraftsensoren, die sowohl in der
Biologie wie auch der Physik verwendet werden. Ihre Fahigkeit, mikroskopische Ob-
jekte einzufangen und deren Auslenkung mit hoher Prazision im Nanometer-Bereich
zu messen erlaubt es, einzelne Molekiile zu vermessen und Krifte im Pikonewton-
Bereich auszuiiben. In dieser Arbeit habe ich eine optische Pinzette benutzt, um
die dreidimensionale Bewegung zytoskelettaler molekularer Maschinen, sogenannter
Kinesin-Motorproteine, zu untersuchen. Die exakte Art und Weise der Bewegung von
Kinesinen auf ihrer Schiene, dem Mikrotubulus, ist entscheidend fiir ihre biologische
Funktion. Ich habe eine Versuchsanordnung entwickelt, in dem die dreidimensionale
Bewegung von Kinesin-Motoren mittels der optischen Pinzette mit hoher Auflosung
verfolgt werden kann. Ich habe diesen Ansatz auf verschiedene Kinesine angewandt.
Fiir das Mikrotubulus-verkiirzende Kinesin-8 Kip3 habe ich herausgefunden, dass es
neben der Vorwirtsbewegung auch Seitwitsbewegung sowohl nach links als auch nach
rechts zeigte. Diese Seitwirtsbewegung konnte durch die mit der optischen Pinzette
angelegten Seitwdartskrafte asymmetrisch verschoben werden. Die Seitwitsbewegung
von Kip3 konnte ein wichtiger Teil seines Bewegungsmechanismus sein, da sie eine ein-
fache Moglichkeit bietet, Hindernisse auf dem Weg zu umgehen. Bei einem anderen
Kinesin, Kinesin-1, habe ich keine Seitwartsbewegung, sondern nur Vorwéartsbewe-
gung beobachtet. Diese unidirektionale Fortbewegung konnte genutzt werden, um
die Struktur der Mikrotubuli zu untersuchen. Die entwickelte dreidimensionale Ver-
suchsanordnung kann in Zukunft auch benutzt werden, um die Bewegung anderer
molekularer Motoren zu untersuchen.

Abstract

Optical tweezers are high resolution position and force transducers used in bio-
logy and physics. The instrument’s ability to trap microscopic objects and measure
their displacements with high precision on the nanometre scale allows to track single
molecules and to exert forces in the piconewton range. In this work, I used optical
tweezers to investigate the three-dimensional motion of cytoskeletal molecular ma-
chines, so-called kinesin motor proteins. The exact path of kinesin’s motion on its
track, the microtubule, is crucial for its biological function. I implemented an assay
in which the three-dimensional motion of kinesin motors can be tracked using optical
tweezers with high resolution. This approach, I applied to different kinesins. For the
microtubule-depolymerising kinesin-8 Kip3, I found that it showed sideward motion
to the left and right, in addition to its forward motion. This sideward motion could
be asymmetrically biased by applying sideward forces with the optical tweezers. The
sideward motion of Kip3 might be an important part of its motility mechanism as it
provides a simple way to bypass obstacles on its track. For another kinesin, kinesin-1,
I observed no sideward motion but only forward motion. This unidirectional motion
could be used to investigate the structure of the microtubules. The developed three-
dimensional experimental assay can be used to track the motion of other molecular
motors with high resolution in the future.
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1. Introduction

Motor proteins are a special class of biomolecules that are involved in many
biological processes. They convert chemical energy into force and motion and
are thereby involved in muscle contraction, intracellular transport, cell motility,
and cell division [1, 2]. Malfunctions of motor proteins are related to various
diseases like Alzheimer’s disease and different kinds of cancer [3-5]. Thus,
understanding the functioning of motor proteins on the molecular level can
provide important information about those diseases and eventually enable drug
development.

The aim of this thesis was to investigate the molecular properties of members
of the motor protein superfamily of kinesins. These kinesins generate force and
motion by translocating on cytoskeletal microtubules. I focused on members of
two subfamilies: kinesin-1 and kinesin-8. Both have different biological func-
tions in vivo. The path of how kinesins translocate along the microtubules is
an important aspect of their biological function. Hence, I investigated the mo-
lecular trajectories of both kinesins, using high-resolution tracking with optical
tweezers. Optical tweezers are an ideal tool to investigate motor proteins, as
their force and spatial sensitivity are in the same range of motor proteins [6, 7].
I used optical tweezers to detect the motion and to exert forces on the kinesins.

This thesis is divided into two parts. After a short introduction to motor pro-
teins, microtubules, and optical tweezers in Chapter[2} the first part discusses the
implementation of the three-dimensional optical tweezers force-clamp (Chapter
B), the basic kinesin stepping assay (Chapter @), the functionalisation of micro-
spheres that were used as probes for the optical tweezers (Chapter[5), and the
topographic surface treatment that was needed for three-dimensional assays
(Chapter [p). Part two describes the results of two-dimensional (Chapter [7)
and three-dimensional (Chapter [8) experiments with kinesin-1 and kinesin-8,
respectively. Additionally, I discovered a new optical trapping effect which is
described in Chapter [} A critical discussion of the results and an outlook are
given in the last chapter.






2. Biological and Physical
Background

This chapter contains a brief overview about the motor protein superfamily of
kinesins, their track, the microtubule, and the optical tweezers apparatus.

2.1. Microtubules

The cytoskeleton is an important cellular organelle that helps the cell to maintain
its shape by supporting the membrane from the inside. The cytoskeleton is also
involved in important processes like cell division and provides tracks on which
motor proteins move on [1, 2].

The cytoskeletal filaments, that were of interest in this work, were micro-
tubules (MTs). Microtubules are macromolecular structures that are build of
the protein tubulin. Tubulin itself is a heterodimer, built of - and -tubulin
(Fig. 2.TA). It forms elongated chains that are called protofilaments (Fig. 2.1B).
Those protofilaments bind laterally to each other with a small axial mismatch
between each protofilament (indicated by a red asterisk in Fig.[2.1C). The pro-
tofilaments form a cylindrical tube, the microtubule, with a diameter of about
25nm [1]. The axial mismatch between the protofilaments causes a helical
structure of neighbouring tubulin subunits that is broken at the so-called seam,
where the summed up axial mismatch corresponds to half the size of a tubulin
dimer (Fig.[2.1ID, [8]). Microtubules usually have 13 protofilaments in vivo [9].
In contrast, microtubules that were grown in vitro can have a broad range of
protofilament numbers from 8-19 [1} [10]. The number of protofilaments can
vary between different microtubules [1, [11] but also within one microtubule
[12]. Protofilaments in a microtubule with 13 protofilaments are parallel to the
overall MT axis. In microtubules with other protofilaments numbers, the pro-
tofilaments form a helix around the MT axis; the overall microtubule structure
is called supertwisted [1]. According to the lattice rotation model, the periodicity
length of this helix, called supertwist pitch P, depends on the protofilament
number in the microtubule [13, 14]. The composition in vitro with respect to
the protofilament numbers of microtubules highly depends on the preparation
conditions [11].

Due to the dimeric nature of the tubulin, the microtubule has a polar structure.
The MT ends have different properties concerning growth dynamics. The faster
growing end is called plus end, the slower growing end is called minus end
(Fig. 2.ID). Microtubules are rigid but highly dynamic structures. The bonds
between the tubulin subunits are dependent on guanosine-5"-triphosphate (GTP)
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Microtubule seam 4’|

Figure 2.1: lllustration of the microtubule structure. (A) Tubulin subunits, made of
the «- and -tubulin dimer, form (B) protofilaments. (C) Protofilaments bind laterally to
another with a small axial mismatch (* in inset) forming a hollow cylinder. Due to the
mismatch (*), the tubulin subunits wind helically around the microtubule axis with this
symmetry broken at the seam. The (3-monomer is directed to the so-called plus end
(+), the x-monomer to the minus end (-).

that is bound to 3-tubulin [1]: After hydrolysis of the bound GTP to guanosine-
5’-diphosphate (GDP), the inter-tubulin bonds get strained and the MT struc-
ture becomes unstable [2]. Thus, MT polymerisation is an energy-dependent
process. Microtubules can only grow as long as the tubulins at the ends are
in the GTP state; otherwise, rapid phases of depolymerisation, called cata-
strophes, occur. The equilibrium between these two phases of growth and
shrinkage is called dynamic instability. There are many microtubule-associated
proteins (MAPs) known that polymerise [15], stabilise 17], or depolymer-
ise microtubules [18-22]. Such proteins are thought to regulate the MT length
in the living cell. For in vitro experiments, microtubules can be stabilised by
using the slowly hydrolysable GTP analogue guanosine-5’-(«,[3-methyleno)-
triphosphate (GMPCPP) [23]], or drugs like taxol [24-26] that inhibit the MT
dynamics. The way of MT stabilisation defines the MT composition with re-
spect to the protofilament number: MT polymerisation in presence of GTP with
subsequent adding of taxol provides microtubules with a broad variety of the
protofilament number that highly depends on the buffer conditions [11]. In
contrast, MT polymerisation in the presence of GMPCPP gives microtubules
that have almost exclusively 14 protofilaments 28].

2.2. Motor Proteins

Microtubules serve as tracks for the motor protein superfamilies of kinesins
and dyneins. Both move on microtubules, converting energy from adenosine-
5’-triphosphate (ATP) hydrolysis into force and velocity [1} 2]. Kinesins form
a broad superfamily of proteins having a common, highly conserved catalytic
motor domain, called head, that binds to the MT lattice and generates force by
hydrolysing ATP. Most kinesins like conventional kinesin-1 are homodimers.
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Figure 2.2: Kinesin
structure and motil-

A Neck linker ity. (A) Basic structural
Tail with cargo — features of conven-
binding site <— Head (motor domain) tional kinesin. (B)

Simplified  schematic
Coiled coil —1 of kinesin’s motility

on a microtubule. (C)
Protein sequence of
Kip3-eGFP-hiss  with
respect to the number
of amino acids (aa):
Motor domain (blue,
435aa), neck linker
(red, 17 aa), coiled coil
(blue, 28aa), tail (or-

B '
C ange, 325aa), eGFP

Neck linker  Tail His tag (green, 227aa),

I and his tag (magenta,

Coiled coil eGFP 6aa).

The tails of two monomers form a coiled coil, holding the dimer together. At
the end of the tail, "cargo transporters" like kinesin-1 have a cargo binding
site. The coiled coil is connected with the motor domains via short, flexible
neck linkers. The basic kinesin structure is illustrated in Fig. [2.2A. Most kin-
esins translocate along microtubules towards the plus end by a walking-like
mechanism, where the two heads bind to the tubulin subunits sequentially
(Fig.[2.2B). When one head binds to the microtubule, it hydrolyses ATP which
causes a conformational change in the head and neck linker structure. This con-
formational change pulls the rear, unbound head forward to the next binding
site on the MT lattice where it can bind [29]. The result is a hand-over-hand
walk 31]]. Because, one of the two heads is always bound to the microtu-
bule, the kinesin can make many steps before dissociating from the microtubule
[32], i.e. it moves processively. For every forward step, one ATP molecule is
hydrolysed [33-35]. The step size of about 8 nm coincides with the distance
between the tubulins along the protofilament [6]. The kinesin stepping mech-
anism, e.g. the velocity, is highly dependent on the ATP concentration 34].
Using the non-hydrolysable ATP analog adenosine-5"-(f3,y-imido)-triphosphate
(AMPPNP) stalls the kinesin cycle in the MT-bound state and thus binds kines-
ins very tightly to microtubules [36]. The kinesins, I investigated in this thesis
are members of two different kinesin families, kinesin-1 and kinesin-8.
Kinesin-1 is a cargo transporter and involved in anterograde intracellular
transport. Thus, itis strong and can generate a force of about 5-6 pN. Compared
to other kinesins it is also fast with 800 nm/s at saturated ATP concentration [7].
The run length, the mean distance kinesin walks without dissociating, is about
1 um [37-39]. I used the kinesin construct rkin430, a mutant of rat kinesin-1 that
is truncated at amino acid 430 and has an additional hexahistidine (his¢) and an
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enhanced green fluorescent protein (eGFP) tags. The first tag is for purification
purposes, the second a fluorescent label.

The second kinesin, I studied, is the kinesin-8 Kip3 from budding yeast, which
is very different from kinesin-1: It is relatively weak, generating a force of about
1.1 pN [40] and slow with 40-50 nm/s [19, 41]. These properties make a trans-
porter function in vivo unlikel Also, with a mean run length of 10-12 um
[41], it is much more processive than kinesin-1 and every other known kinesin.
Kip3 has been shown to depolymerise the microtubule plus ends in a collective,
MT length-dependent manner [19, 41]. It is thought that this depolymerisa-
tion is part of a MT length control mechanism which plays a role during cell
division and defines the biological function of Kip3 [42]. Consistent with this
hypothesis, yeast mutants that lacked functional Kip3 showed unnaturally long
microtubules during cell division which caused a mispositioning of the mitotic
spindle [20, 43]. There are different Kip3 analogues in other organisms with
similar properties [40, 44, 45]. The human kinesin-8 KifI8A is known to be
linked to colorectal cancer [46]. Thus, a better understanding of Kip3 may be
relevant for cancer research. It was shown that Kip3’s high processivity rises
from (i) an additional weakly bound state in its catalytic stepping cycle [40] and
(ii) an additional MT binding site at Kip3’s tail domain [47]. This MT binding
site enables Kip3 to cross-link and slide microtubules against each other what
is thought to be part of Kip3’s role during cell division [48]. As the depolymer-
isation occurs at the microtubule plus end [41], it is crucial that Kip3 reaches
it. Thus, Kip3 must be able to (i) walk long enough on the microtubules and
(ii) bypass obstacles on the MT lattice. The high processivity of Kip3 fulfils the
first condition. It was also shown that Kip3-driven microtubules rotated in a
left-handed manner [49, 50] implying protofilament switching. This sideward
motion would meet the second requirement. However, the exact details of
Kip3’s trajectory on the microtubule were unknown and it was the aim of this
thesis to investigate the trajectory in more detail.

Previous left-handed rotation by Kip3 was detected under multiple-molecule
conditions [50]. However, the characteristics of single Kip3 molecules are of
interests. Thus, I performed assays under single-molecule conditions to invest-
igate Kip3’s path of motion on the microtubule. These assays are explained in
detail in the following part of this thesis. I used Kip3 mutants with eGFP and
his tags, similar to kinesin-1. The structure is depicted in Fig. based on the
structural data in the UniProtKB database (ID code: P53086) and predictions
by Bormuth et al. [50]. I followed two different experimental approaches:

First, to detect Kip3 protofilament switching and to investigate its force de-
pendence, I applied alternating sideward forces on single Kip3 that walked
on immobilised microtubules. Second, I used microtubules that were suspen-
ded on topographic surface structures. On these microtubules, kinesins could
move freely along and around them. The motion of Kip3 on such microtubules
was tracked in three dimensions without applying any force. As kinesin-1 is
generally accepted to follow the protofilament axis [11], I performed analog-
ous experiments with rkin430 as control. However, there is a scientific debate

1So far, no transport activity of Kip3 has been observed in vivo.
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about kinesin-1. It is known that the neck linker of Kip3 is longer than that
of kinesin-1 [50] which is thought to be the reason that Kip3 can make side-
ward steps on the MT lattice in contrast to kinesin-1. A longer neck linker
enables Kip3 to reach a binding site on a neighbouring protofilament which is
impossible with a shorter neck linker. Consequently, prolonging the kinesin-1
neck linker by mutation significantly increased the probability of protofilament
switches [51]. However, also for kinesin-1 with normal neck linger length,
protofilament switches have been observed. As no asymmetry between left
and right was measured [51], this was still consistent with kinesin-1 follow-
ing the protofilament on average [11]. Other studies observed the possibility
of kinesin-1 to bypass artificial, permanent "road blocks" on the microtubule,
though it is less likely compared to detaching [52-55]. The obvious explanation
for being able to bypass obstacles would be protofilament switching. Therefore,
three-dimensional high resolution tracking experiments with kinesin-1 could
contribute to a better understanding of kinesin-1, as well.

2.3. Optical Tweezers as Tool to Probe Motor
Protein Mechanics

Since their discovery in 1986 by Ashkin et al. [56], optical tweezers have evolved
into a versatile tool to investigate living cells as well as micro- and nanoscopic
objects and even single molecules [57, 58]. With optical tweezers, dielectric
objects of the size in the micrometre range down to the size of atoms can
be trapped [57]. The objects” displacement inside the optical trap and the
corresponding force can be measured. Common objects are microspheres that
are called "beads". The so-called optical trap consists of a tightly focused laser
beam. In the focus, objects are trapped.

For small objects (typical object size < wavelength of light 1), the trapping is
explained by electric dipoles that are induced in the object by the light’s electric
field. These dipoles are attracted towards the point of maximal electric field,
which is the focus’ centre. Because the resulting force is oriented along the
electric field gradient, it is called "gradient force". This approach is valid for
objects that are small enough to be considered as single dipoles [59].

For bigger objects (typical object size > wavelength of light 1), the trapping
effect is explained by geometric optics [59]. The incident light is refracted twice
according to Snell’s law by the object, here a microsphere. The Compton effect
proved that an electromagnetic wave carries a momentum p [60]. Hence, the
refraction of the light’s path causes a change of the light’s momentum Ap which
results in a force that is transferred to the microsphere, following Newton’s 3rd
law as illustrated in Fig. The intensity gradient of the focused light leads
also to a gradient force that pulls the microsphere back to the focus centre when
it is displaced relative to it. According to the microsphere material and the
corresponding ratio of transmissivity and reflectivity, some part of the light is
not refracted by the microsphere but reflected or scattered. The same effect of
momentum transfer accounts for reflected light resulting in a "scattering force"
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Figure 2.3: Trapping of a microsphere in a focused laser beam. An axial (left)
or lateral (right) displacement cause refractions of incoming light, whose change of
momentum Ap (red) leads to a summed up gradient force (blue) that drives the micro-
sphere back to the focus centre. The reflected (scattered) light causes a summed up
scattering force (green), that is opposite to the gradient force.

that points along the propagation direction of the laser (Fig.[2.3). Thus, optical
trapping is a balance between refraction and reflection. It has been shown that
minimising the share of reflection by the microspheres increases the reachable
trapping force [61]. Due to the scattering force, the axial equilibrium position of
the microsphere is above the focus centre in an inverted microscope geometry.
Besides refraction and reflection, the microsphere also absorbs some of the laser
light. This share does not result in any force but reduces the effective trapping
force per laser power.

Trapping of objects of intermediate size (typical object size ~ wavelength of
light A) is explained by the so-called Mie theory [59, 62].

All theories result in a gradient force that pulls trapped objects back to the
trap centre when displaced. Over a certain range, this force is proportional to
the displacement, i.e. the optical trap can be described as a Hookean spring.
The spring constant « is called trap stiffness and defines the restoring force F by
F; = x;-Ax;, where Ax; is the displacement and the index i = x,y,z refers to the axes
in a Cartesian coordinate system. The displacement Ax is often measured by a
quadrant photodiode (QPD) [63], also employed in the setup used here. A QPD
is an array of 4 photodiodes. The three-dimensional displacements of a trapped
microsphere in a laser focus can be measured by projecting the outgoing laser
beam onto the QPD. Lateral displacements shift the projected laser spot on the
QPD resulting in different voltages in the different photodiodes as illustrated
in Fig. The differences of the voltages in the quadrants, here called QPD
signal QPD, can be used to calculate the corresponding displacement. Axial
displacements of the microsphere inside the trap cause a change of the overall
sum of the voltage, resulting in an analogous relation. Typically, the QPD
signal has a non-zero offset QPD? for trapped microspheres in the absence of
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an applied force. For the axial direction, an offset is always present. The
corresponding voltage difference signal is then AU; = QDP; — QPD?, where
QPD; is the QPD signal for direction i. The relation between displacement Ax
and AU is linear for small displacements, resulting in Ax; = f; - AU;, where
the factor § is called displacement sensitivity. Both factors x and f must be
determined. To quantify force and displacement shall be measured, the optical
trap needs to be calibrated. Usually, both parameters depend on laser power,
the microsphere material, and diameter. There are different methods in use,
with different advantages and disadvantages [64] 65]. The trap stiffness can
be determined by measuring the position variance of the Brownian motion
of a trapped microsphere. The displacement sensitivity can be measured by
scanning with a microsphere through the optical trap. A very elegant way is to
analyse the Brownian motion of a trapped microsphere by calculating the power
spectral density (PSD) of the displacement x;(t). The PSD is the mean square
of the Fourier transform of x;(t). For a trapped microsphere, there is a balance
between trapping, drag, and thermal forces. Without inertia, the PSD that
corresponds to the solved equation of motion, is then described by a Lorentzian
function. A Lorentzian is characterised by two parameters: an amplitude and a
characteristic frequency. To measure both calibration factors x and g, one has to
know the drag coefficient y. Thus, the problem is underdetermined. One can
measure the third by oscillating the sample stage with a sinusoidal wave [67].

Figure 2.5: Power spectral density
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Figure 2.6: Schematic of the used optical tweezers setup. The laser light is fo-
cused and projected on the sample via a system of lenses and mirror, including a
steering piezo-tilt mirror (PM) and a piezo-translation stage. The outgoing laser light
is then reflected on the QPD. The sample is illuminated by a LED and imaged by a
CCD camera. A shutter enables activation and deactivation of optical trapping. With
permission from Mohammed Mahamdeh [69].

The oscillation causes a discrete peak in the PSD at the oscillation frequency. The
peak power depends on the system parameters. Figure [2.5 shows exemplary
PSDs for all three dimensions with the oscillation in the x-direction. As the drag
coefficient depends on the distance between microsphere and sample surface,
a distance-dependent calibration can account for this [68].

For optical trapping, I used a single-beam optical tweezers setup (Fig.
which is described in detail in [69-71]. Briefly, the setup was equipped with a
5 W infrared laser (A = 1064 nm) and a millikelvin-precision temperature control
system, which provides high stability and thus a high spatial resolution. All
experiments were performed at a temperature of 29.2°C [70]. The laser is
focused by an objective with high numerical aperture (CFI S Fluor 100x/0.7—-
1.3 oil objective, Nikon, Japan). A piezo-tilt mirror can be used to deflect
the laser beam and so move the optical trap laterally inside the sample. A
piezo-translation stage can move the whole sample in all three dimensions.
Visualisation of the sample is provided by illumination with a blue light emitting
diode (LED) using differential interference contrast (DIC) [72] in an inverted
microscope. For light detection, a CCD camera (Lul35M, Lumenera, Ottawa,
Canada) with a maximal frame rate of 26 Hz and a pixel size of 44.6 nm was
used.

Optical tweezers are a perfect tool to investigate motor proteins like kinesins
in in vitro experiments [6, 37]. The ability to measure forces in the pN range
and displacements in the nm range makes it possible to determine mechanical
parameters like the stall force of motor proteins, i.e. the maximal force, a mo-
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tor protein can hold, or the discrete 8 nm step size of kinesin [6, [7]. However,
velocities at a constant force cannot be determined in a static trap, as the force
increases with every step. The velocity of motor proteins typically depends on
the force, applied to the protein. In this context, this force is often called load
[7]. An opposing load slows down the motor protein, whereas an assisting load
might speed it up. Hence, the motor protein gets slower inside a static trap
until the motor stalls or detaches. Methods to measure the velocity are optical
tracking of freely walking, microsphere-coupled or fluorescently labelled kin-
esins [37, 38]. However, an optical trap can be used in an active mode, where
focus and sample are moved against each other to keep the displacement of
the microsphere inside the trap constant. The relative motion between sample
and focus corresponds to the motion of the kinesin. This active mode is called
force clamp and requires suitable feedback hardware and software which are in-
troduced in the next chapter. Optical tweezers force-clamps have been widely
used to investigate the mechanical properties of kinesins [73, [74] and other
motor proteins like myosins [75,[76] and dyneins [77].

The kinesin Kip3 has already been subjected to forces using a two-dimensional
(2D) force clamp with and against its walking directions [40]. This measure-
ments observed a speed-up and slow-down due to hindering and assisting
loads, respectively and revealed the weakly bound slip state. I used the two-
dimensional force clamp to apply alternating sideward loads on walking kines-
ins and measure sideward motion on the microtubule and its force-dependence.
Subsequently, I extended the force clamp to three dimensions (3D) and used it to
track the three-dimensional motion of kinesins on microtubules freely accessible
from all sides.

For different control measurements, I also performed stepping assays, using
total internal reflection fluorescence (TIRF) microscopy as described in [19,
41]]. In TIRF, fluorophores close to the sample surface are excited exclusively
by the evanescent field of total internal reflection. The light emitted by the
fluorophores, situated in the evanescent field can be then detected. TIRF assays
can be performed as gliding assay, in which a floating microtubule is driven by
multiple immobilised kinesins [11], or as stepping assay, in which free single
kinesin motors can walk on immobilised microtubules [38]. In TIRF assays, one
can measure basic motility parameters like velocity and processivity.
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Part I.

Implementation of 3D Optical
Tweezers Assays with Kinesins
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3. Implementation of a 3D Force
Clamp

An optical tweezers force-clamp keeps the displacement of a microsphere relat-
ive to the trap centre and the applied force constant. The force clamp is able to
track the motion of microsphere-coupled motor proteins under zero and non-
zero loads and thus to measure the load-dependence of parameters like velocity
and run length. Keeping the displacement constant requires a feedback system
that measures and compensates for deviation from a constant displacement.

In this chapter, a brief introduction into feedback and control is given and the
implementation of 3D-force-clamp assays is explained. The following sections
on feedback control and the expansion of an optical tweezers force-clamp from
2D to 3D have been published as book chapter in Optical Tweezers: Methods and
Protocols [66] and are quoted here.

3.1. Practical Principle of 3D Feedback

3.1.1. Basic Principle of PID Control

Feedback measures the difference between a process variable, here the micro-
sphere displacement inside the trap or the corresponding force F, respectively,
and a desired setpoint, here a load Fi that is applied to the microsphere. This
difference is defined as the error e:

e = F — Fo. 3.1)

The feedback system calculates a response to this error that should minimise it.
A very commonly used feedback loop control mechanism is the proportional-
integrative-differential (PID) controller. There are many articles, reviews and
books on the topic (see e.g. [78-82]). Once the process variable is known, the
PID controller response is calculated as a sum of three components:

Proportional The proportional response ”(t) is proportional to the error
P(t) = K" - e(t), (3.2)

where K is the coefficient for the proportional gain. If K” is too small, the error
is only slowly compensated. If K” is too large, the error is overcompensated.
In the subsequent feedback cycle, the error will have changed its sign and the
controller will overcompensate the error in the opposite direction and so on.
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In this manner, the system will start to oscillate. Using solely a proportional
controller, even with an optimal value of K, the desired setpoint is never
reached because otherwise the controller response would result in a zero force
F(e = 0) = 0 # Fs. Thus, the measured force can never reach the desired non-
zero setpoint force. The remaining error is called the steady-state error—here it
would be 1/(1 + K”)—and can be eliminated by adding an integral gain.

Integral For the integral response 7/(t), all errors are summed up from the
beginning until the time ¢

() =K f e(t))dt’, (3.3)

fo

where K is the coefficient for the integral gain. For a positive error, this error
sum response increases with time unless the error becomes zero. Therefore,
this response is able to eliminate the steady-state error. If K’ is too small, the
elimination is slow, reducing the overall response time of the feedback loop.
If K! is too large, an overshoot and/or oscillations develop. Large overshoots
and/or output limitations of the controller can cause a long relaxation time
before the setpoint is reached. In particular for situations that cause a large
error, for example a large setpoint change or a large and fast movement of the
microsphere, the integral error may wind up to such a large integral response
value that even when the error has switched sign it will take a long time until
the overshoot is compensated by the controller. This phenomenon is called
integral windup. It can be avoided by anti-windup filters [81].

Derivative For the derivative response r°(t), the time derivative of the error
is calculated according to

de(t)

Dy — wD .
r'(t) =K T

(3.4)

where KP is the coefficient for the derivative gain. The derivative response gives
information on how fast the error changes and can therefore be used for an
extrapolation of how the error will change. Because this extrapolation predicts
the state of the system for the next cycles of the feedback loop, a correctly
tuned KP value can speed up the response of the controller by reducing the
amplitude of both the overshoot and subsequent oscillations that occur after a
step response. However, since derivatives are susceptible to noise, a large K
value can amplify the system noise or even destabilise the controller. Thus, in
particular for single-molecule assays, for which Brownian motion is a dominant
noise source, derivative control needs to be carefully used. Moreover, it may
not be useful for every feedback system.

The working principle of a force-clamp experiment with microsphere-coupled
kinesin is illustrated in Fig. The overall response of a PID controller is cal-
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Figure 3.1: Schematic of a force-clamp feedback loop for a kinesin experiment.
The kinesin motor generates a force Fyin, which displaces the microsphere from the
trap centre. This displacement Ax causes the detector to generate a voltage AUgetector
proportional to the displacement with a displacement sensitivity g. In this manner, the
trapping force F = xAx is sensed, where « is the trap stiffness. Based on the error e,
the feedback response @' is calculated by a PID controller (see text for details). Finally,
any change in the desired force or displacement is compensated by moving the trap
and microsphere relative to each other according to 3! by actuating a piezo-tilt mirror
in x and y, and by a piezo-translation stage in z. Modified from [66].

culated by summing up:
Al = 7P + () + P @)
t
=K -e(t) + K- f e(t')dt’ + KP

to

de(t)
—. 3.5

T (3.5)
For a good feedback performance, all three feedback coefficients K”, K!, and K”
must be optimised according to the system’s properties. How to set "good"
values for them is explained in Sec. Prior to this, the implementation of the
controller and the choice of the optimal feedback rate are discussed.
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3.1.2. Hardware Requirements

An optical tweezers force-clamp requires, besides a suitable optical trap, sys-
tem hardware that can move the sample and/or the trap focus. In the setup
I used, relative movement is provided by a piezo-tilt mirror that deflects the
laser laterally (i.e. x and y in Fig. and a piezo-translation stage that moves
the sample in all three dimensions (x,y,z). These pieces of hardware act as actu-
ators, that accomplish the response r*!! (Eq. . Both options have advantages
and disadvantages: Piezo mirrors usually react faster. However, compared to
stages, their working range is usually smaller and the optical trap’s properties
depend on the tilt angle. Nonetheless, as the disadvantages are negligible here
as discussed below, the piezo mirror was used as actuator in x and y. The piezo
stage was used to tune the force clamp in x- and y-direction, as discussed in
Section For axial feedback, either a 3D piezo-translation stage, a piezo-
driven objective mount, or a deformable mirror [83] can be used as an actuator.
Since our setup was only equipped with a piezo stage, this stage was used as
the actuator for the z-direction.

3.2. Implementation

3.2.1. Programming

A digital PID controller can be implemented in a software that can commu-
nicate with the required hardware. We used the software LabVIEW (National
Instruments, Austin, Texas, USA). Figure illustrates the basic flow chart for
a force clamp.

There are several system parameters that need to be provided such as the
sampling and feedback rates and the volts-to-nm converting factors C for the
actuators. Other parameters that are specific to the trapped particle and exper-
iment, are necessary too: the trap stiffness «;, the displacement sensitivity f;,

the PID parameters Kf, the setpoint force F;, and the offsets QPD? of the pos-
ition detector, here a QPD. By choosing different values for F,, F,, and F, one
can apply loads in the three-dimensional space with arbitrary angles. Once all
parameters are given, the force clamp can be activated. During one cycle of the
closed-loop operation, first, the process variable—here the QPD signal QPD;—
is read in. Whether the error is calculated in units of voltage, displacement, or
force is arbitrary. In contrast to the former notation (Eq. , I chose to calcu-
late it in displacement units of nm, because the interesting information is the
displacement that the kinesin generates under a constant force. To this end, the
QPD offset voltage is subtracted from the current QPD value and this difference
multiplied by the respective displacement sensitivity to convert the voltage to
a displacement. The force setpoint is converted to a displacement setpoint by
dividing it by the trap stiffness. The difference between the displacement set-
point and the current QPD displacement reading is the error in nanometres. In
addition to the current error, the cumulative error is calculated by an addition
to the previous sum of errors that was passed on from the previous feedback
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Figure 3.2: Program flow chart for one feedback cycle. The chart includes input
parameters and calculations for a digital controller. The colour coding is the same as
in Fig. Here, a piezo-tilt mirror was used as actuator for the x- and y-direction
and a quadrant photodiode (QPD) as a position detector. For the z-direction, a piezo
stage was used. The index i stands for the directions (x,y,z), the index j for the partial
response (P,I,D). Modified from [66].

cycle. Similarly, the current error is cached for the next cycle. The response of
the PID controller is calculated as outlined in Section Finally, the response
is converted to a voltage which is sent as output to control the actuator, here to
adjust the mirror and stage positions. The loop usually repeats until the motor
protein, the kinesin, detaches, the actuator reaches its maximal range, or the
user terminates the clamp. After termination, trap and/or stage automatically
return to their starting position by a user-defined speed that is small enough
that the drag force does not cause a loss of the trapped particle.

For the subsequent data analysis, the actual microsphere positions for all
directions in nm must be known. For x and y, where a piezo mirror is used as
actuator, it is calculated by:

microsphere position, = mirror position, — displacement, i=xy
= C; - mirror;"™" — ;- (QPD; — QPDY)), (3.6)

i

where mirror;**” is the mirror position in volts provided by a sensor, C; the

mirror’s volts-to-nm conversion factor, and QPD? the offsets on the QPD. The
displacement term should on average be a constant. When large deviations
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Figure 3.3: lllustration of the focal shift. (A) An axial displacement Az of the sample
causes a displacement (1 — 6)Az of the focus, resulting in relative trap—surface dis-
placement 6,Az. Drawn to scale. (B) Determination of the focal shift 6, by measuring
the height-dependent axial displacement sensitivity ..

occur, such as a large step, the applied force is not constant. During these times,
care must be taken as motor displacements may be attenuated if length changes
of the compliant motor-microsphere linkage occur. However, the microsphere
position is always accurately known according to the above equation and sharp
steps and transitions can be observed even for slow feedback loops. For the axial
direction z, this calculation is very similar, though the stage position instead
of the mirror position must be used. Yet, there is a crucial difference: When
using oil immersion objectives as in our setup, the focal shift 6 caused by
spherical aberrations [84] needs to be accounted for. If the sample surface is
moved relative to the trapping objective by an amount Az, the microsphere
centre-surface distance changes only by 67Az as illustrated in Fig. 3.3A. The
focal shift can be determined by measuring the height dependence of the axial
displacement sensitivity f8,(z) as described in [68, 85]. Between the microsphere
and sample surface, a standing wave forms whose intensity is height dependent
and oscillating. This dependence is visible in the §. data [86]. The periodicity
can be used to determine 6f, when the refractive index of the sample fluid,
usually that of water, and the wavelength of the used laser are known. An
example is given in Fig.[3.3B. I measured 6 with the used microspheres (590 nm
diameter, polystyrene) at different laser powers and found that the focal shift
of this setup was constant at 0.78 + 0.06 (SEM, N = 23). I used a value of 0.8
for all further calculations. The axial microsphere position was calculated by

microsphere position, = focal shift - stage position, — displacement,
= 05 - C; - stage™ — B. - (QPD, — QPDY)),  (37)

where stage’*™*°" is the axial stage position in volts provided by a sensor.

As the three-dimensional motion of kinesin takes place along and presumably
around the microtubule, it is useful to define three coordinates to describe the
motion: the x-position along the microtubule (with positive x towards the plus
end), the angular position ¢ on a circle with the microtubule as a centre, and
the radial position p of the microsphere centre with respect to the microtubule
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centre. The x-position can be read out directly from the force-clamp position
data (Eq.[3.6). This geometry is illustrated in Fig. Often, the microtubule
was not perfectly aligned with the setup’s x-axis. In this case, the x- and y-
position of the microsphere were rotated in a coordinate transformation such
that the MT axis was aligned parallel to the new x-axis. If necessary, I performed
the same transformation for the MT axis in the xz-plane.

The angle ¢ was determined by fitting the data in the yz-plane with a circle.
The angle was then calculated from the centre of that circle by

qb:atan(z_zc), (3.8)
Y=Y
where (y.,z.) are the circle’s centre coordinates. This calculation assumes that
the microtubule is not bent. Therefore, bent microtubules were not used for
experiments or analysis. Finally, the angle ¢ was adjusted such that positive
angle changes refer to a left-handed rotation around the MT axis. The zero
¢-position were defined to be at the microtubule’s side. For convenience, all
angles are given in units of degrees (deg). The measured radius of the circle
should be the sum of the microsphere radius, the MT radius, and the length
of kinesin and the linker between the motor and the microsphere. Angular
traces might not cover an angular range that was large enough for a reasonable
circular fit. In those cases, an expected or mean value for the circle radius from
successful fits were used to determine the centre position manually.

The radial position p with respect to this centre position can be calculated
according to

P = \/(Z - Zc)2 + (y - :l/c)2 (39)

as given in Fig. The mean of this position should be approximately equal
to the corresponding circle radius. The position signals ¢ and p from force-
clamp assays which were recorded with 4 kHz where smoothed with a running
median filter over 500 data points. The smoothed data was used for all further
analysis.

Apart from the position calculation, there are several additional issues con-

Microsphere

Figure 3.4: Definition of the 3D assay’s geo-
metry. Schematic (not to scale) of a 3D stepping
assay with microsphere-coupled kinesins (green)
on freely accessible microtubules (red). The an-
/ Kinesin /& \ gular and radial position ¢ and p of the micro-
\ sphere centre are calculated from the microtu-
. bule centre coordinates (y.,z.) that are gained
from a circular fit to the curved path of the mi-
Microtubule crosphere centre around the microtubule (blue
dashed). Note that this definition does not ac-

4 Ve * count for 2D assays on immobilised microtubules.
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cerning axial feedback that must be considered. Since optical tweezers are
three-dimensional position and force transducers, force clamps can also be ex-
tended to three dimensions [87]. As already noted, the axial information, here
the z-direction (Fig. , is extracted from the sum signal of the QPD after
subtracting the offset voltage [63, 68]. After this subtraction, the z-position is
linearly proportional to the power on the QPD. Since the offset for the z-direction
is large compared to the signal, it is essential that the laser power has low power
fluctuations [68]. Fluctuations of the laser intensity cause additional noise in
the QPD sum signal and thus apparent displacements in z that are not related
to actual displacements. Our setup was equipped with a laser stabilisation sys-
tem that was able to keep fluctuations of the laser intensity below 0.003 % over
long times [70]. For a typical experiment, the sum signal was 126 mV with an
axial displacement sensitivity of 23 nm/mV at the surface. A laser fluctuation of
0.003 % would then result in an apparent axial displacement of Az = 0.09 nm.
This value was very small and negligible. The temperature control of the setup
keeps the temperature constant within 1 mK [70]. Changes in the temperature
of 1mK correspond to an axial displacement of 1nm. Thus, the temperature
stability was the limiting source of noise.

For 3D experiments close to the surface, the input parameters (trap stiffness,
displacement sensitivity, and QPD offset) might depend on the microsphere-
surface distance, in particular when using an oil immersion objective for trap-
ping [68]. This dependence may have to be measured prior to and corrected for
during a 3D-force-clamp experiment. This issue is discussed in Section

3.2.2. Setting the Feedback Rate

For an optimal feedback performance, the choice of the feedback rate f; or
the loop time At = 1/f; at which the actuator is updated is important. If the
teedback rate is too low, the force clamp may be too slow to follow the motion of
the motor protein, leading to a deviation from the force setpoint. If the feedback
rate is too fast, the force clamp tracks the Brownian motion of the microsphere.
Even though the force fluctuations are still reduced if the Brownian motion is
tracked, the reduction occurs at the cost of larger positional fluctuations of the
actuator [88], resulting in an overall higher noise on the experimental readout
(Egs.[3.6|and [3.7). Thus, there must be an optimal feedback rate.

The optimal rate is primarily determined by the response time of the mi-
crosphere. If the molecular motor performs a step, the drag on the micro-
sphere prevents an instantaneous response. The response of the microsphere
and, therefore, of the feedback is limited by the auto-correlation time constant
T. = y/x = 1/(271f.) of the trapped and filament-tethered microsphere, where y
is the drag coefficient of the microsphere, f. the corner frequency of the micro-
sphere’s Lorentzian-like power spectral density [67], and « the effective spring
constant—approximately the sum of the trap stiffness and inverse linker-motor
compliance [89, 90]. If the motor takes a step, the microsphere has reached
1—-1/e = 63 % of its new equilibrium position after one auto-correlation time.
The user needs to decide how aggressive the feedback should run. Generally, a
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Figure 3.5: Power spectral density
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conservative feedback loop is operated with At ~ 107, amoderate with At ~ 7,
and an aggressive one with At ~ 0.1, [91]. For single-molecule assays, feed-
back is usually desired to track the molecules as fast as possible with the lowest
amount of noise. For lowest-noise performance, the feedback should be oper-
ated with a rate about equal to the corner frequency f; ~ f. [88] whichis between
moderate and conservative feedback tuning. For the kinesin-microsphere link-
age used here, microsphere size, and trap stiffness (details on the assay and
microsphere preparation are given in Chapters 4 and [5), I measured the corner
frequency f. by analysing the PSD of the position of a trapped kinesin-coated
microsphere that was bound to a microtubule using AMPPNP as described
before [92]. Figure 3.5 shows a representative measurement. The PSDs were
titted with Lorentzian functions to extract the corner frequencies, here around
160 Hz. The corresponding auto-correlation time was 1 ms and the correspond-
ing feedback rate fr was 1kHz. This rate was about six-fold higher than the
corner frequency and thus represented rather aggressive running. However,
using this tuning enabled the force clamp to also follow faster motion. Hence,
I performed all force-clamp experiments with a feedback rate of 1kHz. The
sampling rate of the used setup was 4kHz. After the optimal feedback rate is
determined, one can proceed with the tuning of the PID parameters.

3.2.3. PID Parameter Tuning

There are many ways to tune and choose PID parameters and the best choice
usually depends on the application. For most single-molecule assays, a fast
response is often desired. However, a fast response typically implies a larger
overshoot and less stability against disturbances or nonlinearities that may be
caused by changes in the setpoint. Initial tuning and testing of the force clamp
can be done by tracking the motion of surface-immobilised microspheres. Fine
tuning should be done under conditions that mimic the experiment by using,
for example, kinesin-coated microspheres that were immobilised to the micro-
tubule. The linker that connects the motor to the microsphere adds compliance
to the system and increases the overall response time. The motion of the bound
kinesin can then be mimicked by computer-controlled movements of the sample
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Figure 3.6: Tuning of PID parameters. The feedback response to 50 nm steps of a
590 nm-diameter microspheres is plotted for different PID parameters. The steps (grey
lines) with a rise time of 15ms (time between 10-90 % of the step amplitude) were
generated by the sample stage. Relative to the optimal parameters (response in black),
parameters were decreased (red lines) or increased (green lines). Parameter values
are indicated below the graphs. (A) K?, (B) K!, and (C) KP. The optimal parameters
are depicted in black. Inset in (A): Response for a too small K” value on a longer time
scale.

using, for example, a piezo-translation stage with nanometre precision. If such
a stage is unavailable or used as actuator, the feedback loop can be tested by
stepwise changes of the setpoint. The latter case applied for the axial feedback
in our setup.

For the tuning of the PID loop, I used the Ziegler-Nichols tuning method [93]
which is a heuristic method and one of the most frequently used methods of
tuning PID controllers, supplemented by trial-and-error fine-tuning. Because
the response times of optical tweezers force-clamps are typically on the milli-
second time scale, this fine-tuning is a fast way to achieve the desired feedback
behaviour. In the Ziegler-Nichols method, the parameters K and KP are set to
zero and K7 is increased until a critical value K. is reached for which the sys-
tem maintains an oscillation with a constant amplitude after a step response.
Subsequently, optimal PID parameter values are calculated from the critical
proportional gain and the period of the oscillation. In the literature, different
improvements and expansions of the Ziegler-Nichols method can be found
[80,94]. For systems that have relatively large dead times, i.e. the time a control
system needs to react on changes in the process variable, other methods like the
Cohen-Coon method [91,95] are in use.

In an initial approach [66] 92], polystyrene microspheres with a diameter
of 590nm were immobilised unspecifically to the surface in a high-molarity
buffer (100 mM KCl). Before immobilisation, the calibration factors and offsets
were measured using the optical trap. Lateral steps of 50 nm were applied by
moving the sample stage. The PID parameters were tuned to resolve this step-
wise motion of the microsphere following the Ziegler-Nichols method. Figure
illustrates the effect of fine-tuning the parameters. When the proportional
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gain K? was too high, the system oscillated. When the value was too small,
the response was very slow (Fig.[3.6/A). The oscillation period was comparable
to the oscillation period with the critical gain. For the data shown, the critical
gain was K. ~ 1.5 with an oscillation period of t. = 0.01s. With these values,
the optimal parameters according to the Ziegler-Nichols method were: K ~ 1,
K' ~ 150s7!, and KP ~ 0.001s. The integral control eliminated the steady-
state error. The optimal K! value according to the Ziegler-Nichols method
caused an overshoot (Fig.[3.6B). Because the feedback performance was stable
over a broad range of K' values with only a small compromise with respect
to the response time, I typically reduced the integral gain significantly until
the overshoot disappears. As pointed out in Section the derivative gain
reduces an oscillatory response (Fig.[3.6[C). If the derivative gain was too high,
noise and oscillations were amplified.

The choice of the optimal parameters depended on the experiment. Like
the optimal feedback rate, the PID parameters depend on the linkage between
microsphere and motor and its compliance. A stiffer linkage facilitates the mo-
tion between microsphere and motor faster, i.e. the response time is smaller.
Such a system requires a faster response of the feedback system with different
PID parameters. Thus, the found PID values for surface-immobilised micro-
spheres were not optimal for microspheres that were bound to microtubules
by a motor. Nevertheless, the general step response resembles the one for
surface-immobilised microspheres if parameters were to small or large.

To adjust the force clamp for motor experiments, the PID parameters were
tuned using kinesin-coated microspheres. The microspheres were bound to
microtubules with AMPPNP as noted above and the force clamp was tuned
as described in [66, 92]. The expected motion of the kinesin was simulated by
moving the sample stage laterally in steps of 8 nm with a stepping rate of 5Hz
which corresponds to Kip3's step size and velocity [19,40]. The values for K’ and
KP were setto zero and gradually K" increased until the system became unstable.
While increasing K”, the overdamped response to the step first became faster.
Then, an overshoot developed until the response eventually started to oscillate.
The corresponding K” value is called the critical gain K. The oscillation period
for K' = K. was determined and the optimal parameters according to the
Ziegler-Nichols method were calculated. However, all parameter were finally
adjusted for the actual requirements of the system:

For example, in some experiments, alternating sideward loads were applied
on walking kinesins. To change the direction of a sideward load, the load needs
tobe changed quickly over a large distance compared to the molecular stepping
distance. The large movement was necessary because the microsphere and the
linker between it and the kinesin act as a lever amplifying the motion. Large
sudden changes in the setpoint require different PID parameters compared to
a concatenation of small steps. For a fast response, a higher proportional gain
is necessary. Thus, the proportional gain was increased from 0.1 to 0.3 while
still avoiding oscillations as shown in Fig. The increased proportional gain
resulted in small overshoots to responses on small steps. Nevertheless, the
steps were still resolvable. The optimal K’ value caused an overshoot. Because
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Figure 3.7: Alternating sideward load tuning experiment mimicking experimental
conditions. (A) Force and (B) position versus time of a kinesin-bound microsphere in
the presence of AMPPNP. A square wave of 10 nm amplitude and 1 Hz was applied to
the stage. The sideward load of +2 pN switched the direction every 2s. The propor-
tional gain K was increased at 7.5s and 17.5s. lts value and the rise time 7 (time for
10-90 % rise) are given. K! = 0.1s7! and KP = 0. Modified from [66] [92)].

the feedback performance was stable over a broad range of K! values with only
a small compromise with respect to the response time, I reduced the integral
gain significantly until the overshoot disappeared. For the described system,
I found that any non-zero value for the derivative part K only increased the
noise or even destabilised the feedback. Thus, KP was consequently put to zero.
All axes of the force clamp were tuned separately.

The values for the integral and derivative gain depend on the feedback rate.
Thus, if, for example, a different microsphere size was used or a different amount
of tension was applied such that the corner frequency and optimal feedback
rate changed, K' and KP were adapted. In the discrete calculation of Fig.
the integral and derivative gain are proportional and inverse proportional,
respectively, to the loop time At. If K] and KP were optimised for the feedback
rate fr; as described in Section new values K} and K2 can be calculated
for a new rate f;, according to

{& and KZD = K? &
fra fro

For example, if the feedback rate is increased two-fold, the parameters K! and
KP should be increased and decreased two-fold, respectively, to have a well
tuned force clamp.

Kl =K (3.10)

I found that steps applied with the stage were only resolved clearly with non-
zero loads on the microsphere. For a better resolution, the applied force can be
increased to decrease the compliance, i.e. increase the stiffness, of the linker. The
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Figure 3.8: Spatial resolution improvement with loads. (A) Standard deviation of
the applied load (1) as a function of the force setpoint with binned data (@). Data
were obtained by applying constant loads on kinesin-bound microspheres (N = 277
from 34 data sets, trap stiffness was 0.02—0.03 pN/nm) in the presence of ATP. The line
connecting the binned data is a guide to the eye. Error bars are standard deviations. (B)
Force and position of a kinesin-bound microsphere as a function of time. A square wave
of 20 nm amplitude and 1 Hz was applied to the stage. Steps could only be resolved
with an applied load, here about 1.85pN (light-blue: 4 kHz, dark-blue: median-filtered
to 8Hz, red: steps of the stage (the signal was offset for clarity), x = 0.024 pN/nm).
Data were acquired in the presence of AMPPNP. Modified from [66].

compliant linker between the microtubule-bound kinesin motor heads and the
microsphere increases the auto-correlation time and, thus, the response time of
the trapped microsphere. Therefore, compliance reduces the overall feedback
rate. However, since the linker is an entropic spring, the compliance decreases
with load which in turn reduces the response time and fluctuations both on
force and position. Thus, the resolution of the force clamp improves with load.
This behaviour is demonstrated in Fig. As the setpoint force was increased,
the fluctuations of the force setpoint decreased (Fig. [3.8A). With loads up to
4.5 pN, the standard deviation of the fluctuations was reduced by more than 10-
fold compared to the zero-force value. The reduction in the force fluctuations is
correlated with a reduction in positional fluctuations such that steps—invisible
at low force—are resolved at a higher force (Fig. [3.8B). The higher positional
resolution is due to the increased linker stiffness.

The above described protocol only accounts for a 2D force clamp. Tuning
the axial feedback in the z-direction requires a different method, because the
setup was not equipped with hardware to move an immobilised microsphere
and the laser independently in the axial direction. Also, no loads were applied
in the 3D force-clamp experiments which required different PID parameters
compared to the 2D experiments with alternating loads. Thus, for 3D force
clamping, the axial feedback was tuned by adjusting the PID parameters to sud-
den manual changes in the setpoint F,, following a simplified Ziegler-Nichols
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Table 3.1: PID parameters of the force clamp. Respective values for K”, K!, and
KP for 2D and 3D-force-clamp experiments are given. Both experimental approaches
used different program.
Force-clamp mode | direction | K K'(s™!) KP (s)
2D X,y 0.25 0.1 0
X,y 1 667 0
3D z 0.09 667 0

method, where I set good values for K, K!, and KP manually.

The final PID parameter values are given in Table Note that—Dbesides the
different requirements and approaches—for each the 2D and 3D-force-clamp
experiments, two different LabVIEW feedback programs were used. The pro-
gram for the 3D force clamp was a newer version, performing faster and more
efficiently. Therefore, the optimal PID parameters differed a lot. For both
programs, there was a broad range of stable feedback performance for the
parameter K' as shown in Fig.[3.6/and [66].

3.3. Testing of Optical Tweezers Force-Clamping
and Tracking

To test the feedback performance, the 2D force clamp was finally tested by
simulating the Kip3 stepping motion. Figure shows an example, in which
the force clamp followed simulated steps of 8nm and a random direction at a
stepping rate of 5 Hz as described in [66,92]. The steps could be resolved under
a load of 1.1 pN using an unbiased step detector [96]. The average detected
step size was 8.2 + 0.3nm (SEM, N = 47). The standard deviation (SD) of
the applied load was 0.1 pN, providing sub-piconewton resolution for applied
loads. The K” value was increased to the value in Tab. providing faster
transitions between alternating loads [66, 92].

The 3D feedback was tested without any loads, as this is not intended in
the experiments. Also, any off-axis load, i.e. a load that is not parallel to the
MT axis, would require the feedback to account for the cylindrical geometry of
the motion. Similar to the 2D experiment, a kinesin-coated microsphere was
immobilised on a microtubule. Here, AMPPNDP was not used to bind kinesin-
coated microspheres to the microtubules. Instead, I used phases of kinesin
pausing between phases of motility in the presence of ATP. The microtubule
itself was not immobilised on a plane surface but suspended on a topographic
structure that enabled complete access of the microsphere to the microtubule.
Appropriate structures are described in Chapter[6] Figure illustrates the
spatial and force resolution of a 3D force clamp with zero-loads. The 3D traject-
ory of the microsphere centre resulting from the Brownian motion was curved
around the MT axis consistent with similar measurements by Jeney et al. in a
static trap [97]. The average root mean squared (rms) noise of 12 such meas-
urements in x, y, and z were 13nm, 18 nm, and 18 nm, respectively, too high to
resolve any forward steps of 8 nm (Fig.[3.10/A). These values were similar to the
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Figure 3.9: Force-clamp test experiment mimicking experimental conditions. The
force clamp successfully followed a microsphere—anchored to a surface-bound micro-
tubule via a kinesin motor in the presence of AMPPNP—that was moved in 8 nm steps
in a random direction by the sample stage with a stepping rate of 5Hz. (A) Force as
a function of time (light-blue: 4kHz, filtered by a running median filter to 8 Hz). The
setpoint was 1.1 pN. (B) Applied motion of the stage (red, top trace) and actuator re-
sponse of the mirror added to the positional signal from the QPD (Eq. blue, bottom
trace) overlayed with the detected steps (magenta line). The traces are depicted with
an offset for clarity and displayed with a 4kHz and 8 Hz bandwidth. PID values were
KP =0.1,K' =0.1s7!, and KP = 0. Modified from [92].

corresponding rms noise 0,,,s = VkgT/x of an unbound microsphere in a static
trap. The experimental values describe the measurement precision and not the
localisation precision. In the here described test measurement, the microsphere
swivelled freely around the microtubule. This motion was tracked by the force
clamp whose localisation precision of a few nanometres or even less was much
better as shown in [66, 70, 92]. However, this tethered Brownian motion of the
microsphere was not related to kinesin-initiated motion and limited the spatial
resolution which is called measurement precision.

In 3D assays, we planned to resolve angular steps between neighbouring
protofilaments. The angular step size A¢s equals the full circle angle divided by
the number of protofilaments in the microtubule, i.e. 360 deg/13 ~ 28 deg. The
average rms noise of the angle ¢ was 3.4 deg (Fig.[3.10B). With this resolution,
angular steps of A¢y¢ that correspond to protofilaments switching could be
resolved with a signal-to-noise ratio of =9, well above the Rose criterion of 5
for visibility of steps [98]. The average rms noise of the radial position p was
16 nm. The average rms noise of the forces were about 0.27 pN (x, y) and 0.13 pN
(z, Fig.[3.10C) providing sub-piconewton resolution even for zero-loads. The
values for the x- and y-direction were consistent with those in Fig. [3.8A.

During the feedback operation, mirror and/or stage positions were changed
over a range of several micrometres. It is important to ensure that parameters
like the calibration factors do not change significantly over that range. Con-
sequently, I measured the displacement sensitivity  and trap stiffness x for
varying (i) lateral and (ii) axial trap positions. The former was varied by steer-
ing the laser focus with the piezo mirror, the latter one by moving the sample
with the piezo stage. This control measurement was done in a sample with
topographic structures around a height z, where the 3D experiments have been
performed. The dependence on the lateral trap position was relevant for both
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Figure 3.10: Spatial resolution of a 3D kinesin assay with optical tweezers. (A)
Three-dimensional plot of x,y, and z-position, with xy, yz, and xz-projections of a
kinesin-bound 590 nm polystyrene microsphere that was pausing on a microtubule.
Standard deviations o(x,y,z) are given. The sampling rate was 4 kHz, median-filtered
down to 8 Hz, the feedback rate 1kHz. The data in the yz-projection were fitted with
a circle (green line) to extract the angular position ¢. (B) Angle (left axis) and radial
position (right axis) ¢ and p as function of time with given standard deviation o(¢) and
o(p), respectively. (C) Force as a function of time (not filtered) with given standard
deviations o(F;). The trap stiffnesses were: x, = x, = 0.036 pN/nm, %, = 0.006 pN/nm.

2D and 3D assays, whereas the dependence on the axial trap position was
relevant for 3D assays, only.

The dependence of the calibration factors on the lateral trap position is shown
in Fig. Interestingly, the displacement sensitivity and trap stiffness in the
lateral directions x and y had a minimum and maximum approximately at
the non-steered zero position, respectively. The extrema were determined by
parabolic fits. For the z-direction, the extremum of 8, deviated from the zero
position. These extrema could be used to align the piezo mirrors with high
precision. The corresponding relative deviations in units of %/pum are given in
Fig.[3.11] They were calculated as deviations of the boundary values from the
extremal values at the zero position. The absolute values were <1 %/um. Thus,
even if the laser focus was moved over a range of 5 um, the overall deviations
were <5 %.

The dependence of the calibration factors on the axial trap position is shown
in Fig. As expected and already described by Schiffer et al. [68], the
calibration factors depend sensitively on the height of the microsphere above
the surface, especially very close to the surface. However, the 3D experiments
were performed further away from the surface. The relevant range was about
700nm, two-fold the expected radius of the microsphere position around the
microtubule. The MT height was defined as the zero position. Here, it was
1.5 um above the surface. The relative deviations were calculated from linear
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Figure 3.11: Dependence of the calibration factors on the lateral trap position. (A)
Displacement sensitivity and (B) trap stiffness for a 590 nm polystyrene microsphere as
a function of the lateral trap position for the x (m), y (®), and z (#) direction. The lateral
trap position was controlled by changing the beam steering angle using a tilt mirror.
The solid lines are parabolic fits. The relative deviations for x, y, and z (based on the
fits) in percent per um in absolute values are given below the graphs.

tits as explained before. The variation of parameters was larger than for the
lateral trap positions. For the lateral directions, the deviations were <4 %/um
and for the axial direction <13 %/um. I did not correct for this variation.

Another parameter that depended on the lateral and axial trap position was
the QPD offset QPD?. Measurements of the position dependence were hard
to reproduce, especially with respect to the QPD alignment. The reason was
that a well aligned QPD should have lateral offsets of close to zero. Deviations
from zero would produce large relative deviations explaining the irreprodu-
cibility. I measured relative deviations of the QPD offsets of <6 %/um for the
lateral trap position dependence and relative deviation of <1 %j/um for the axial
trap position. These values were small enough that I did not correct for their
variation.

An important limitation of an optical tweezers force-clamp is the linear range
of the optical trap for which the basic calculations of displacement and force are
valid. The limitation of the displacement calculation Ax = - AU arises from the
limited linear detection range of the QPD, i.e. for higher displacements from
the trap centre, the detected voltage signal deviates from a linear response.
The limitation of the force calculation F = x - Ax comes from the fundamental
non-harmonic nature of an optical trap [99] that also starts to affect large dis-
placements. The linear range for the optical trap is usually larger compared to
the one of the position sensor [100]. Thus, the linear range of the QPD detection
is the limiting factor. For the lateral directions, the linear range was symmet-
ric relative to the focus centre. This was not the case for the axial direction
because the equilibrium position of the microsphere was shifted vertically re-
lative to the laser focus by the scattering force. Thus, maximum upward and
downward loads differed. To calculate upper and lower boundaries correctly,
the equilibrium height inside the trap must be determined. Moving a trapped
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Figure 3.12: Dependence of the calibration factors on the axial trap position. (A)
Displacement sensitivity and (B) trap stiffness for a 590 nm polystyrene microsphere
as a function of the axial trap position for the x (m), y (®) and z (#) direction. The axial
trap position was controlled by changing the sample height using a piezo stage. The
solid lines are linear fits. The relative deviations for x, y, and z (based on the fits) in
percent per um in absolute values are given below the graphs.

microsphere towards the sample surface using the piezo stage resulted in an
immobilised microsphere if repulsive electrostatic interactions were screened
using a high salt concentration buffer, here 100 mM KCl. From the QPD sum
signal, one can read off the contact position of the microsphere with the surface.
The linear range was estimated by a linear fit to the QPD signal versus the stage
position. The range for which the QPD signal changed proportional to the stage
position was the linear range; the inverse of the proportionality factor was the
displacement sensitivity. I defined that range linear, in which the fitted data
deviated less than 5% from the linear fit. The linear range of the lateral dir-
ections was measured similarly by laterally scanning through the immobilised
microsphere. Figure shows the lateral QPD signal as a function of the
stage position. The QPD signal changed proportional with the position for a
relatively small range of about 150 nm, corresponding to a maximum force of
~7 pN. The displacement sensitivity 1.83 nm/mV that corresponds to the inverse
slope of the linear fit agreed well with the one from a calibration of 1.73 nm/mV.
The overall change in the QPD signal was symmetric. The axial scanning with
a free and then immobilised microsphere revealed that the equilibrium position
of the microsphere inside the optical trap was significantly shifted to a higher
value. The measured contact point was much closer to the lower boundary of
the estimated linear range than to the upper one. Thus, the range of applic-
able upward loads was higher than for downward loads. Here, I measured an
upward range of 480 nm (corresponding to a force of ~3 pN) and a downward
range of 70nm (0.4 pN). The asymmetry in the linear range also affects the
maximal force, the clamp can apply to the microsphere. Therefore, I measured
maximal achievable upward loads of 3-4 pN and downward loads of <1 pN.
Beyond these values, the force clamp failed. The forces could be increased
by choosing a higher trap stiffness. Still, the asymmetry remained. This axial
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Figure 3.13: Linear range of the optical trap. (A) The ranges for the lateral direc-
tions, here x, were determined by scanning with the laser focus through an immobilised
microsphere (polystyrene, 590 nm diameter) and detecting the QPD signal (red line) in
x. The estimated linear range was fitted (green line) and indicated by a purple box. The
trap stiffness was 0.048 pN/nm. (B) The range for the axial direction z was determined
by trapping a microsphere and bringing it closer to the surface until it was immobilised.
The QPD sum signal is plotted as red line. Afterwards, the focus was scanned through
the immobilised microsphere (black line). The estimated linear range was fitted (green
line) and indicated by a purple box. The estimated contact point of the microsphere
with the surface (vertical blue dashed line) was where red and black QPD signal split
up and could be calculated as a crossing point of the linear fit line and a linear fit to the
QPD signal prior to sticking (thick red line). The trap stiffness was 0.006 pN/nm.

asymmetry must be considered, when axial loads are applied to microspheres.

3.4. Three-Dimensional Video Tracking of
Microspheres

In my project, I wanted to observe the three-dimensional motion of kinesin
motors. In respective motility assays, kinesin-coated microspheres moved in
all three dimensions and must be tracked to analyse this motion. In the optical
tweezers assay, I obtained the trajectory using the 3D force clamp. As a control,
I used 3D video tracking with the trap turned off. There exist many routines
to track the lateral motion of objects in videos, e.g. different plugins for Image]
(MTrack2, Manual Tracking, Mosaic Particle Tracker). Also, different methods
exist to optically track the axial position of microspheres [101, 102]. Here, I
developed a simple method to determine the axial position of a microsphere
using defocussing microscopy. When a microsphere moves in the axial direc-
tion, i.e. above or below the focal plane of the microscope, its image defocuses
and the intensity distribution of the image changes. These changes can be used
to determine the axial displacement as it was done by Can et al. [103]. As a
test, I used microspheres (590 nm, polystyrene) that were immobilised on the
surface and recorded an image sequence of them while the sample stage was
moving up and down with a constant speed (Fig. [3.14A). I used a triangular
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Figure 3.14: Axial scanning through an immobilised microsphere to analyse its
height-dependent images. (A) The axial tracking is calibrated by scanning vertically
through an immobilised microsphere of 590 nm size, using the sample stage. The
height z = 0 is defined as height, where microsphere and surface are focused. For
negative heights, the sample is below the focal plane of the microscope. (B) Different
images of a microsphere as a function of height. The size of the region of interest was
95 pixels, the pixel size was 44.6 nm.

wave with an amplitude (peak-to-peak) of 5 um, a frequency of 0.1 Hz, and an
imaging rate of 13 frames per second. The zero height position was defined
as height for which the microsphere and surface were in focus. I analysed
an area of 95x95 pixel® around the microsphere centre. Exemplary images are
shown in Fig. [3.14B. Images of the microspheres were recorded with the setup’s
camera. I analysed the images in Image] and found that the mean intensity
depended on the sample height as shown in Fig. 3.I5A. This dependence was
not monotonous. The mean intensity had a maximum. Still, there was a certain,
asymmetric linear range around the zero height. This range could be fitted with
a linear function and the slope and intercept used to calculate the position from
the mean intensity. I found that the linear range depended on the used area of
the region of interest: For smaller areas, the maximum was shifted to higher z
values, decreasing the linear range. However, a smaller area also resulted in
higher mean intensities and larger gradients. Thus, the contrast was better for
smaller areas. I chose a compromise that provides a large enough range as well
as a good sensitivity.

The calibration procedure was improved by a background subtraction, e.g.
when other objects, e.g. dirt on the surface, appeared in the region of interest
and compromised the intensity measurement. The height-dependent mean
intensity of the background was subtracted from the mean intensity of the
microsphere to get a corrected intensity signal (Fig. 3.15/A). I tested this axial
tracking after a calibration by applying an axial square wave with amplitude
sizes of 20, 50, 100, and 200nm. Figure shows an example with an
amplitude of 200nm. The background subtraction resulted in more noise on
the height signal but was crucial to obtain the correct step size. The smallest step
size that could be resolved was 100 nm. Thus, the resolution of video tracking
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Figure 3.15: Axial calibration by analysing the height-dependent intensity. (A)
Mean intensity in a region of interest around an immobilised microsphere (red circles)
and mean intensity without the microsphere (background, blue circles) for different
heights. The background intensity was subtracted from the microsphere intensity
(green circles) to get a calibration (linear fit, red line). The size of the region of in-
terest was 70 pixels. (B) Calculated height of the same microsphere that was moved
axially by a 200 nm square wave by a calibration with (red line) and without (black line)
background subtraction.

was much worse compared to optical tweezers.

Tracking of actual motile microspheres was performed by image analysis
in Image]. A self-written algorithm used the lateral position data that was
obtained by the Mosaic Particle Tracker [104] to draw a square with user-
defined size around it. The mean intensity in this square, the region of interest,
was than measured for every frame. The same measurement was performed
on the surface without the microsphere as a background measurement. The
mean intensity data of the motility measurement and background were then
analysed further as described. The used frame rate was 5.2 frames per second.
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4. Kinesin Assay

In this chapter, the details of the kinesin stepping assay, microtubule and sample
preparation are given. The original Kip3 optical tweezers assay was developed
by Volker Bormuth [49]. The Kip3 TIRF stepping assay based on standard pro-
tocols by Varga et al. [19]. Both protocols are reliable and provide reproducible
results. The protocols could be easily adapted to other kinesins like kinesin-1.

4.1. Purification of Kinesins

The motor proteins budding yeast Kip3 (hise-Kip3-eGFP) and rat kinesin-1 (hise-
rkin430-eGFP, abbreviated as rkin430) were expressed and purified according
to a standard protocol described in [40, [105]. Briefly, after two intermediate
purification steps, including a cation and a buffer exchange, the his-tagged
protein was specifically bound to a nickel column and eluted with a high-
molarity imidazole buffer. Both constructs had the his tag at the N-terminus of
the protein chain, i.e. the motor domain, and the eGFP tag at the C-terminus,
i.e. the tail domain. The kinesin-1 rkin430 is a truncated construct with only the
tirst 430 amino acids of the wild type plus the tags. Protein concentrations were
measured in Bradford assays. The yield of the Kip3 purification, performed
by Aniruddha Mitra, Frederic Schiemann, and me in the lab of Stefan Diez,
MPI-CBG, Dresden, Germany, was tested with a SDS-PAGE gel showing high
purity (Fig. [.I). This Kip3 construct was used for 2D Kip3 optical tweezers
assays and TIRF assays.

For the 3D optical tweezers assays, I used different Kip3 constructs. In the
tirst 3D assays, I used Kip3 with his tag and an additional SNAP tag at the tail
(Kip3-eGFP-hiss-SNAP, denoted as Kip3-S). SNAP is a multifunctional tag that
can be used to bind tagged proteins to various targets [106]. I did not use this
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tag in my assays. To avoid potential non-specific interactions of the his tag with
the microtubules as shown for the microtubule-associated protein EB1 [107], I
subsequently used a Kip3 construct with the his tag at the tail (Kip3-eGFP-hisg,
denoted as Kip3-H). These three constructs have been tested in standard TIRF
and optical tweezers stepping assays with respect to velocity, stall force and
MT depolymerisation. The results did not depend on the constructs. Previous
studies also found no differences in the motility of Kip3 with respect to the
location of the his tag [40]. Also, in my experiments I observed no qualitative
nor quantitative difference between both constructs used for 3D assays. Thus,
3D data of Kip3-S and Kip3-H have been analysed together. These constructs
were expressed and purified in our lab by the same protocol with the help and
under the supervision of Naghmeh Azadfar.

4.2. Microtubule Preparation

Porcine tubulin was polymerised in BRB80 (Brinkley resuspension buffer 1980,
containing 80 mM piperazine-N,N’-bis-(2-ethanesulfonic acid (PIPES), 1mM
ethylene glycol tetraacetic acid (EGTA), 1 mM MgCl,, pH=6.9 adjusted with
KOH) with 5 % dimethyl sulfoxide (DMSO), 4 mM MgCl, and 1 mM GTP for 1 h
at 37 °C. Afterwards, microtubules were diluted with BRB80 containing 10 uM
taxol (BRB80T), spun down in a Beckmann airfuge and resuspended in BRBSOT.
Microtubules were visualised with differential interference contrast employing
alight emitting diode (LED-DIC) [72]. Tubulin was purified from porcine brains
following the protocol in [108]. I decided to use taxol-stabilised microtubules in-
stead of GMPCPP-stabilised ones because the microtubules grew faster, longer,
and the protocol turned out to be more reliable. If not noted otherwise, all
chemicals were from Sigma Aldrich, St. Louis, MO, USA.

For 3D assays, microtubules were grown for 1.5-2h to get longer microtu-
bules. This was advantageous for suspending them on surface structures.

4.3. Motility Assays with Kinesins

Optical Tweezers Assays The motility buffer for Kip3 stepping assays was
BRB80 with 1mM ATP, 0.16 mg/ml casein, 10 uM taxol, 112.5mM KCl, and an
anti-fading mix (20 mM glucose, 20 pg/ml glucose oxidase, 8 pg/ml, 1vol% f3-
mercaptoethaol) to prevent photo-oxidation[40]. Motility buffer for assays with
non-motile Kip3 contained 1 mM AMPPNP (Jena Bioscience, Jena, Germany)
instead of ATP; motility buffers for rkin430 assays had 1-2 uM ATP and no KCL
The ATP concentration was decreased in kinesin-1 assays such that kinesin-1
speeds were comparable to the ones of Kip3.

The motility buffer for 3D Kip3 stepping assays were the same as for 2D
assays but contained 10 mM dithiothreitol (DTT) instead of 3-mercaptoethanol
and additionally 0.1vol% Tween-20. The detergent Tween-20 was added to
inhibit unspecific binding of microspheres to the surface structures. Motility
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buffers for 3D assays with rkin430 were identical to Kip3 assays except for the
lack of KCIl and the reduced ATP concentrations of 5 and 10 uM.

For all optical tweezers assays, 2 pl of functionalised microspheres (20x di-
luted in motility buffer, prepared as described in Chapter [5) were mixed with
2 ul of kinesins that were diluted in motility buffer. The mix was gently mixed
40 times by pipetting, incubated for 7 min at room temperature, and finally
diluted 20-25x with motility buffer.

Single-molecule conditions were achieved when at most one out of three
tested microspheres showed motility. In addition to the microsphere statistics,
I performed a test for single-molecule conditions using the known stall forces
of the used kinesins [7, 40]. Microspheres that reached significantly higher
forces compared to the stall force (>1.8 pN for Kip3, >6 pN for rkin430) were
not used for experiments nor data analysis. The statistics about single-molecule
conditions are discussed in Chapter

TIRF Assays Measurements were performed in the TIRF setup in the former
lab of Stefan Diez and Jonathon Howard (MPI-CBG, Dresden, Germany) [41] at
a temperature of 29°C using frame rates of 0.2 Hz for Kip3 and 0.25-9 Hz for
rkin430. The speeds of single kinesins walking along immobilised microtubules
were determined from analysing the kymographs along the microtubules using
the image analysis software Image] (NIH, Bethesda, MD, USA). A kymograph
is a concatenation of intensity profiles over all frames. A motor, translocating
with constant speed, is then depicted as a line with an angle a as exemplarily
shown in Figll.2l The speed v of the motor can then be calculated from that
angle which is obtained from a manually drawn line by

pixel size
U= - . 4.1)
frame time - tan o

The motility solution contained ATP with concentrations of 0.5-2000 uM and
10mM DTT. As microtubules, GMPCPP-stabilised ones were used (0.5 mg/ml
tubulin, 1 mM GMPCPP (Jena Bioscience), 1 mM MgCl, in BRB80, incubated
for 2h at 37 °C). The pixel size was 100 nm.

Figure 4.2: Determination of kinesin
speeds using TIRF microscopy. Exemplary
kymograph of Kip3 at 100 uM ATP with drawn
line (yellow, with vertical offset for clarity) to
determine the angle a and speed v by Eq.
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4.4. Sample Preparation

Kinesin motility assays were performed in flow cells that were constructed as
described in [40,92,[109]. Briefly, they were built of glass cover slips (18x18 mm?
from Menzel-Gldser, Braunschweig, Germany and 22x22 mm? from Corning
Inc., Corning, NY, USA) and stripes of parafilm (PM-996, Bemis Company,
Neenah, Wisconsin, USA) as illustrated in Fig. The glass cover slips were
made hydrophobic before by silanisation. For this purpose, slips were washed
in aceton, ethanol, piranha solution and KOH, and silanised in trichlorethyl-
ene containing dichlorodimethylsilane as described before [92]. Alternatively,
silanisation was performed by placing glass slides with 100 ul of perfluoro-
decyltrichlorosilane (FDTS from abcr, Karlsruhe, Germany) in a desiccator at
a pressure of about 25 mbar for about 10 min. The channels, formed with par-
afilm, were filled with the sample solutions using a small vacuum pump and
stripes of filter paper.

Microtubules were immobilised on the hydrophobic sample surface by f3-
tubulin antibodies (monoclonal from mice, Sigma-Aldrich, order number T7816).
The rest of the surface was blocked by Pluronic F-127. F-127 is a triblock copoly-
mer with both hydrophobic and hydrophilic domains. It binds to and blocks
hydrophobic surfaces very efficiently from further attachment [68]. Thus, the
channels were thoroughly washed with BRB80 and filled and incubated with
anti-tubulin for 20 min. After another washing steps the channels were filled
and incubated with F-127 (1 wt% in BRB80) for 20 min and washed again with
BRB80. Afterwards, microtubules were flushed in and incubated for several
minutes. Finally, kinesin-coated microspheres or diluted kinesins were flushed
into the channel, respectively. In optical tweezers assays, a trapped micro-
sphere was placed on top of a microtubule to await kinesin-initiated motility.
For motile microspheres, the force clamp was activated and the measurement
started.
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5. Functionalisation of
Microspheres

In optical tweezers assays with motor proteins, the protein must be coupled
to a microsphere. Corresponding protocols must fulfil several conditions: (i)
The protocol should be simple and reproducible. (ii) The motor-to-microsphere
ratio must be tunable to reach single-molecule conditions. (iii) The coupling
procedure must not influence the functionality of the protein.

The first motor protein-coated surface protocols with kinesin-1 were based on
non-specific adsorption of kinesin on casein-coated glass slides or microspheres
[37, [110]. While the C-terminal tail domain of kinesin-1 naturally binds glass
surfaces and the stalk is thought to be in a compact form not bound to the surface
[111], casein helps to reduce non-specific interactions. Since truncated kinesin-1
or other kinesins have different C-termini, the non-specific casein assay may not
work. To achieve specific binding, microspheres are often coated with antibod-
ies which then bind to the complementary epitope of the motor protein. Those
protocols differ with respect to the coupling of the antibody to the microspheres
(e.g. biotinylated his antibodies bound to streptavidin-coated microspheres [30];
flag antibodies bound to amino microspheres with glutaraldehyde and protein
G [112]; myc antibodies covalently [113] or GFP antibodies unspecifically [114]
bound to carboxylated polystyrene microspheres). Another option is to couple
kinesins tagged with biotinylated DNA to streptavidin-coated microspheres
[115,116]. Common problems of coupling protocols are microsphere clustering
or adhesion to the sample surface. Furthermore, some coupling protocols are
time-consuming and may require more attempts for successful coupling [117].

Here, co-workers and me developed, optimised, and extended a versatile and
reproducible protocol that can be used for many kinesins and other proteins.
The protocol has been published in the Journal of Biological Methods [118] and
is quoted in this chapter. I used the protocol in all my optical tweezers assays
with kinesins.

5.1. Functionalisation Protocol

5.1.1. Principle of Coupling

The protocol uses a polyethylene glycol (PEG) linker to covalently bind an an-
tibody to the microspheres. The coupling uses the well-established NHS/EDC
activation of carboxyl groups. In addition, to prevent microsphere aggrega-
tion, the microspheres were simultaneously covered with a dense monolayer
of covalently attached PEG molecules which do not have any further reactive
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Figure 5.1: Schematic of the PEG-mediated, protein-coupling procedure. The
monofunctional MPEG and heterobifunctional hPEG (ratio =9:1) are covalently bound
to the activated (indicated by an asterisk), carboxylated microsphere. The mPEG forms
a non-reactive polymer brush on the microsphere’s surface suppressing non-specific
interactions. The antibodies (e.g. against GFP) are covalently bound in a random ori-
entation to the activated carboxyl groups of the hPEG. Finally, the GFP-tagged protein
binds to the GFP antibody. Not drawn to scale. Modified from [118].

groups at the free end. PEGylation, i.e. covalent covering with a PEG layer, is
widely used to efficiently passivate microspheres for in vivo [119-122] and in
vitro [123H126] experiments and for different kinds of surfaces [127-129]. Also,
there are other protocols that use PEG for functionalisation [130, 131]. Our
combined approach uses PEG both as a blocking agent and linker. We used
GFP antibodies to couple GFP-tagged proteins to the microsphere. Figure
illustrates the principle. The protocol consists of different substeps that are
described in the following.

5.1.2. Microsphere Preparation

Below, a standard protocol for 590 nm-diameter polystyrene microspheres,
coated with a monofunctional, 2kDa a-methoxy-w-amino PEG (called mPEG)
and a heterobifunctional, 3 kDa x-amino-w-carboxyl PEG (called hPEG) in a 9:1
ratio, bound to GFP antibodies, is described.

Activation of carboxylated polystyrene microspheres Carboxyl-function-
alised polystyrene (PS) microspheres (25 ul) of the stock solution (Bangs Labor-
atories, order number PC0O3N/6487, diameter =590nm, 10 % solids, surface
charge 28.5 peq/g) were washed twice in 1000 pl 2-(N-morpholino) ethanes-
ulfonic acid buffer (MES, 50 mM, pH = 6.0 adjusted with NaOH, filtered). To
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wash the microspheres, the aliquot was centrifuged 3 min at 14,000 g and the
supernatant was removed. Fresh buffer was added and the pellet was resuspen-
ded. To ensure that the pellet was resuspended well, the solution was vortexed
for 10 s and sonicated in a bath sonicater (Isonic CD-7810A) for 90s. Finally, the
microsphere pellet was resuspended in 250 pul MES buffer. Immediately before
usage, 6.8 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, mo-
lecular weight 191.7 g/mol) and 7.7 mg of N-hydroxysulfosuccinimide sodium
salt (sulfo-NHS, molecular weight 217.1 g/mol) were each dissolved in 100 ul
MES buffer. Usually, different masses of EDC and sulfo-NHS were weighted
and dissolved in 100 ul MES. In this case, the added volume was adapted for
these values. The same accounts for the next step. The final EDC and sulfo-
NHS concentrations were a hundred-fold higher than the total concentration
of carboxyl groups on the microspheres (71 nmol). First, 20 ul of the sulfo-NHS
solution, then 20 ul of the EDC solution were added to the washed microspheres
and mixed well. The suspension was incubated for 15 min at 37 °C and mixed
at 600 rpm in an Eppendorf ThermoMixer C. It is critical for the activation step
that EDC and sulfo-NHS are freshly dissolved in MES buffer and added within
2min to the microspheres. The protocol also worked for ten to thousand-fold
higher concentrations of EDC and sulfo-NHS compared to the effective COOH
concentration from the microspheres. After incubation with EDC and sulfo-
NHS, the activated microspheres were washed twice in 500 ul MES. Finally,
the microsphere pellet was resuspended in 250 ul borate buffer (BB, 130 mM
boric acid, 18 mM sodium tetraborate, pH =8.5, filtered). EDC reacts with the
carboxyl group and forms an amino-reactive O-acylisourea intermediate. This
intermediate is susceptible to hydrolysis and short-lived in aqueous solutions.
The addition of sulfo-NHS stabilises the amino-reactive intermediate by con-
verting it to an amino-reactive sulfo-NHS ester. The sulfo-NHS ester increases
the efficiency of EDC-mediated coupling reactions [132]. The amino-reactive
sulfo-NHS ester intermediate is only semi-stable. Washing and adding the
PEGs should not take longer than 20 min.

PEG Coupling 7.8mg of the heterobifunctional hPEG (NH,-PEG-O-C;Hg-
COOH x HCl, 3kDa, Rapp Polymere, Tiibingen, Germany, order number 133000-
20-32) were dissolved in 100 pul BB. 9.4 mg of the monofunctional mPEG (CH;30O-
PEG-NH;, 2kDa, Rapp Polymere, order number 122000-2) were dissolved in
20 ul BB. 20 ul of the hPEG-borate solution were mixed with the 20 ul mPEG-
borate solution. The mixed PEG-borate solution was then added to the activ-
ated microspheres in 250 pul BB and mixed well (vortexed for 5-10s). The total
amount of the functional group R-NH, should be ten to a hundred-fold higher
than the amount of carboxyl groups on the microspheres. The coupling reaction
was allowed to proceed for 90 min at 37°C and mixed at 600 rpm in the ther-
momixer. To remove remaining PEG after the incubation, coated microspheres
were washed five times in 500 ul BB by spinning them down and resuspending
them. Finally, the microsphere pellet was resuspended in 250 pul MES bulffer.
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Antibody Coupling The PEGylated microspheres were activated in a proced-
ure identical to the first activation. The same amount of EDC and sulfo-NHS
were used here. In the second activation step, only 1 out of 10 PEGs should
have a carboxyl group. All carboxyl groups on the microspheres should have
either reacted or be inaccessible for further reactions. Therefore, the amount of
EDC and sulfo-NHS should be a thousand-fold higher than the carboxyl group
concentration of the activated hPEGs. After the activation, the microspheres
were washed and then resuspended in 250 pl phosphate-buffered saline (PBS,
pH=7.0, filtered) containing 10 ul GFP antibody (monoclonal from mice, anti-
body facility of MPI-CBG, Dresden, Germany, 3 mg/ml in PBS). The suspension
was incubated for 90 min at 37 °C and mixed with 600 rpm in the thermomixer.
Because of the large size of the antibodies (150 kDa), many amino groups are
exposed on their surface. Therefore, a random orientation of the covalently
coupled antibodies can be expected. Finally, the microspheres were washed 3
times in PBS, resuspended in 250 ul PBS and stored at 4 °C. The microspheres
were functional for up to three weeks.

Determination of the Microsphere Concentration The microsphere concen-
tration was needed to correctly calculate the motor-to-microsphere ratio. Be-
cause of buffer exchanges and surface adsorption, usually an unknown number
of microspheres was lost during the preparation. Therefore, I determined the
final microsphere concentration by measuring the extinction of visible and near-
ultraviolet light (220-750 nm) by the functionalised polystyrene-PEG-anti-GFP
microspheres at a specific wavelength (Fig.[5.2]A) in a Nanodrop 1000 spectro-
photometer. As a reference, the extinction at the same wavelength by uncoated
microspheres of known concentration was measured. Extinction includes both
absorption and scattering of the light by the microspheres. The extinction peak
height scaled linearly with the microsphere concentration (Fig. 5.2B) and was
used as a calibration. According to my measurements, a loss of 50-60 % of
the microspheres was typical during a preparation. The wavelength of the ex-
tinction peak depended on the microsphere diameter which is consistent with
the literature [59, [133]. Figures and D show extinction spectra and peak
wavelengths for different microsphere diameters. The peak wavelength in-
creased with increasing diameters and could be used to determine the size of
unknown microspheres.

Sample Preparation and Kinesin Assay Samples with immobilised micro-
tubules were built and prepared as described in the previous Chapter @ Ac-
cordingly, kinesins were bound to the microspheres, to measure motility with
optical tweezers.

The protocol is described for the kinesin-8 Kip3 [40, 49] but can be easily
adapted for other GFP-tagged kinesins.
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Figure 5.2: Determination of the Microsphere Concentration. (A) Extinction spec-
tra for different stock microsphere (590 nm PS-COOH) dilutions (2000, 2500, 2700,
3000, 3500x: lines from black to light grey) and one batch of diluted anti-GFP-PEG-
coated PS microspheres (magenta dashed line, 1000). (B) Maximum extinction for
590 nm-diameter microspheres at 290 nm as function of (microsphere dilutions)~".
Symbol colours correspond to (A) with a linear fit (black dashed line). The peak height
was inversely proportional to the microsphere dilution. (C) Normalised extinction spec-
tra for different microsphere diameters (200 nm, 320 nm, 820 nm, 970 nm, 1480 nm:
lines from black to light grey; 590 nm: green dashed line). (D) Peak wavelength of the
extinction spectra as function of the microsphere diameter with a linear fit (dashed line)
for diameters >590 nm. Symbol colours refer to (C). Modified from [118].

5.1.3. Tests and Results

The protocol was efficient The protocol turned out to be reproducible, as
nearly all preparations gave functional microspheres. Also, clusters of micro-
spheres appeared seldom for fresh preparations. The efficient passivation of the
microspheres can be tested by incubating them with fluorescent bovine serum
albumin (BSA) as described in [118]. I tested the functionality with both the
kinesin-1 rkin430 and the kinesin-8 Kip3, which all had eGFP tags. During this
project, I used many different Kip3-eGFP constructs. All of them turned out to
be functionally coupled to the microspheres. Figure shows the measured
forces of rkin430 and Kip3. The respective stall forces of 5-6 pN and 1.1-1.5 p
were consistent with previously reported values [7, 96] and supported the no-

'Note that the stall force of Kip3 of 1.1,pN measured in a force-clamp assay is different from
the stall force measured in a static trap of 1.5 pN as discussed before [92].
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Table 5.1: Speeds of free and microsphere-coupled kinesins. v, mean speed;
SEM, standard error of the mean; N, number of data points. The speeds of motors
coupled to microspheres were not significantly different to speeds of free motors, based
on two-tailed t-tests.

Kinesin | ATP concen- Free kinesins Microsphere-coupled
tration (mM) v+ SEM (nm/s) kinesins v + SEM (nm/s)

rkin430 | 0.1 603 + 26 (N = 98) 546 + 84 (N = 10)
Kip3 |1 41.0 £ 0.6 (N = 167) | 40.0 + 1.6 (N = 52)

tion that the functionality of the coupled proteins was preserved. To further
test if the coupling procedure affected the functionality of the kinesin motors,
we compared the average speed of free motors to the speed of motors coupled
to microspheres. The speeds of free motors were measured by tracking single
fluorescently labelled kinesins moving along immobilised microtubules in a
TIRF microscope (Section [7.2). The speeds of the motor-coated microspheres
were determined by video-tracking them in DIC time-lapse images. The res-
ults for the two different kinesins are shown in Tab. Within error margins,
the speeds were consistent with the TIRF measurements and literature values
[7, 19], confirming the functionality of the kinesins when coupled to a micro-
sphere. The functionality was also tested successfully with other proteins by
Anita Jannasch and Anastasiya Trushko [118]].

Single kinesin steps were resolved Single-molecule conditions, i.e. the in-
teraction of only one motor protein per microsphere with the microtubule, can
be reached by controlling the density of motors on the microsphere surface via
the fraction of microspheres that show motility. A statistical analysis of the
interaction probability of motor-coated microspheres with immobilised micro-
tubules [7,37] shows that this fraction is a function of the motor-to-microsphere
ratio and follows Poisson statistics.

Assuming that at least one motor shows always interaction with the micro-
tubule, this probability can be described by

Por(n) =1-e™", (5.1)

where 1 is the motor-to-microsphere ratio in the solution and I'is a scaling factor
that relates the motor-to-microsphere ratio on the microsphere to the ratio in the
solution. In case that all motors that were pipetted have bound to microspheres
and no losses occurred, an ideal I of 1 is expected.

When assuming that at least two motors interact with the microtubule, the
probability is described by

Psy(n) =1—e " —Tne™™. (5.2)

If the assay can achieve single-molecule conditions, Eq. 5.1 described the data
better than Eq. Single-molecule conditions with at least 95 % confidence
are then achieved for a low motor-to-microsphere ratio if only one out of three
microspheres shows motility. In Figure[5.3B, the fraction of motile microspheres
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Figure 5.3: Motility measurements with preserved functionality. (A) Force meas-
urements of single Kip3-eGFP (magenta) and rkin430-eGFP (green) motor proteins.
Sampling rate: 10 kHz, box car filtered to 50 Hz (except rkin430: 4 kHz, median filtered
to 8 Hz). Microsphere displacement for rkin430, only (right axis, green scale and grid).
(B) Fraction of motile microspheres P as a function of Kip3-to-microsphere ratio n.
Plotted are data from 590 nm-diameter polystyrene microspheres, coated with 2kDa
mPEG and 3kDa hPEG (m: anti-GFP, mPEG:hPEG =9:1, O: anti-GFP antigen-binding
fragments (Fab), MPEG:hPEG =1:1). The data points (number of tested microspheres
each >21) are fitted with Eq. [5.1] for at least one functional molecule per microsphere
(black line for the anti-GFP microspheres, magenta dashed line for Fab) and Eq.
for two or more molecules per microsphere (green line for anti-GFP microspheres).
(C) Fraction of motile microspheres as a function of Kip3-to-microsphere ratio for pre-
parations with different mPEG:hPEG ratios. Lines are guides to the eye. (D) Force
measurements of single Kip3-eGFP, using microspheres with anti-GFP and without
hPEG (magenta), antigen-binding fragments of anti-GFP (black), antigen-binding frag-
ments and without hPEG (blue), and NeutrAvidin and biotinylated anti-GFP (green).

Sampling rate: 4 kHz, median filtered to 8 Hz. Modified from [118].

decreased with lower motor-to-microsphere ratios and could be fitted very well
with Eq.[5.1} amounting toT' = (4.4 + 0.3)-10 and x%, = 0.6. Equation[5.2
did not fit the data well (' = (13 + 1) - 107 and x2, = 2.7). Therefore,
single-molecule conditions could be achieved with this protocol.

For single-molecule trajectories and subsequent analysis of kinesin experi-
ments, it is desirable to resolve the 8 nm steps that are typical for kinesins [6]. I
could observe clear steps for rkin430 (Fig.[5.3A, green scale and grid) for higher
loads. For Kip3, it had been shown that steps can be resolved when a load
of about 1pN is applied [40]. This report is consistent with my observations

(Fig.B.8).
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5.2. Variation of the Protocol

We varied the parameters of the described standard protocol to prove its ver-
satility and general use for the optical tweezers and kinesin community.

5.2.1. Varying the PEG Ratio

To reach single-molecule conditions, either the kinesin-to-microsphere ratio or
the density of antibodies on the microspheres can be tuned. To achieve the
latter, I varied the mPEG (2 kDa)-to-hPEG (3 kDa) ratio from 9:1 to 9999:1 in
the preparation. Subsequently, I tested the microspheres with Kip3. I observed
motility at ratios of 9:1 (ratio of motile to total number of tested microspheres,
34/35 = 97%), 99:1 (9/20 = 45%) and 999:1 (2/17 = 12%) at saturating
Kip3 concentrations during the final coupling step. At 9999:1, there was no
motility (0/20 = 0%). Thus, with a 999:1 ratio, single-molecule conditions
were given. I also measured the fraction of motile microspheres as function
of the kinesin-to-microsphere ratio. The results are shown in Fig. 5.3C. The
motility of microspheres decreased with increasing mPEG:hPEG ratio. These
experiments showed that the protocol worked with various mPEG:hPEG ratios,
but a minimal hPEG fraction was required for motility. The advantage of a
reduced antibody surface density is that, irrespective of the motor concentration
used for coupling, single-molecule conditions are always achieved.

5.2.2. Functionalisation without hPEG

The spatial signal-to-noise ratio of a trapped microsphere in an optical trap
and thus the accessible spatial resolution is, among other factors, influenced
by the linker stiffness and the probe size, i.e. the microsphere diameter [89].
A small microsphere and a short linker are desirable for highest resolution.
However, if the linker is too short or the protein is directly coupled to a surface,
the functionality of the proteins may be influenced. Anita Jannasch tested
different combinations of PEG lengths (1-10 kDa for hPEG, 0.5-5 kDa for mPEG)
and microsphere diameters (320-820nm) in Kip3 assays. She showed that
the protocol worked for a broad range of PEG lengths and microsphere sizes
with low clustering [118]. To reduce the linker length as much as possible, I
tested 590 nm microspheres without any hPEG. The antibodies, together with
mPEG, were coupled directly to the carboxyl groups on the microsphere surface
requiring only one activation step. In a Kip3 assay, I found that an antibody-
to-mPEG ratio of about 1:23,000 yielded functional microspheres (Fig. [5.3D,
magenta line). For this ratio, I also observed a low number of clusters. Using
less mPEG led to increased cluster formation. Clustering may be caused by
multiple amine groups on the antibodies that could lead to cross-linking of
several microspheres if the repulsive effect of the PEG brush is compromised.
The fraction of motile microspheres and thus single-molecule conditions could
be further tuned by varying the kinesin-to-microsphere number (see above). For
the direct-antibody-coated microspheres, this fraction was generally smaller at
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comparable kinesin concentrations than for microspheres with the spacer hPEG.
The smaller fraction indicates that using hPEG as a linker between the antibody
and the microsphere helped to preserve the kinesin’s functionality.

5.2.3. Preparations with Antigen-Binding Fragments,
NeutrAvidin, and Anti-Tubulin

To test the versatility of the protocol, I coupled proteins via different binding
proteins and tags to the microspheres. Because antibodies have more than
one antigen binding site, one or more motor proteins could bind to the same
antibody (disregarding steric constraints), potentially compromising single-
molecule conditions. As shown above, using the protocol with GFP antibodies,
single-molecule conditions were achievable (Fig. [5.3B). Thus, binding of two
motors to a single antibody appears to be unlikely. Nevertheless, to rule out
the possibility completely, I tested the protocol with purified antigen-binding
fragments (Fab) of GFP antibodies that have only one GFP-binding site per
molecule. Fab were purified from the above-mentioned GFP antibodies using
the Fab generation kit from Thermo Scientific (order number 44885) in the
antibody facility of MPI-CBG, Dresden, Germany. Such microspheres showed
motility with Kip3, followed Poisson statistics, and could be tuned to single-
molecule conditions (Figs.[5.3B, purple circles and D, black line). The fraction of
motile Fab-based microspheres for a mPEG:hPEG ratio of 1:1 was within error
bars comparable to the antibody-coated microspheres. It could be fitted well
with Eq.and I' = (33 +0.3)-107 (x2, = 0.2). For Fab-based microspheres
with the same mPEG:hPEG ratio as the standard GFP antibody preparation,
the fraction of motile microspheres was generally smaller. This smaller fraction
may originate from carboxyl groups binding to the antigen binding site of the
Fab fragment blocking motor coupling. In case of an antibody, another free
binding site would still be left increasing the total number of motor binding
sites per microsphere. Additionally, I tested microspheres with antigen-binding
fragments directly bound to the microspheres, i.e. without hPEG, together with
2kDa mPEG in a 1:2300 ratio, higher than the previously used ratio for the
direct antibody coupling. These microspheres were also functional (Fig.[5.3D,
blue line).

Besides the coupling of GFP-tagged proteins to the corresponding antibodies
or antigen-binding fragments, I tested other tags. NeutrAvidin is a protein
that binds the molecule biotin very tightly and is often used as coupling agent.
I bound NeutrAvidin together with mPEG to the microsphere surface in a
1:10,000 ratio. Less mPEG led to cluster formation. These microspheres were
subsequently incubated with biotinylated GFP antibodies and tested success-
fully with Kip3 (Fig.5.3]D, green line). The NeutrAvidin-coated microspheres
could also be bound to biotinylated giant unilamellar vesicles for membrane-
tether-pulling experiments, performed by Gero Hermsdorf, Biotec, TU Dresden,
Germany [134].

Furthermore, I coupled tubulin antibodies instead of GFP antibodies to mi-
crospheres. The tubulin antibody was the same antibody that was used for
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Figure 5.4: Specific binding of polystyrene-PEG-anti-tubulin microspheres to mi-
crotubules. Binding was shown on (A) completely and (B) incompletely immobilised
microtubules. Images were recorded in differential interference contrast and averaged
10x. Scale bars are 5 um.

microtubule immobilisation on the surface. I trapped such coated microspheres
with optical tweezers, put them on immobilised microtubules, and observed
a strong, specific interaction as shown in Fig. All 24 tested microspheres
immediately bound to the microtubule after they had been put on it. Some mi-
crotubules were only partly bound to the surface. Fortunately, this incomplete
immobilisation enabled to check whether the binding of the microspheres to
the microtubules was really specific. As the microspheres also bound to parts
of microtubules that were partially free in solution (Fig. 5.4B), any unspecific
surface interaction of the microspheres could be excluded.

Thus, our microsphere preparation potentially allows for specific interactions
using various tags while preserving the functionality of the coupled proteins.
As many kinesins and other proteins have a his tag for purification purposes, a
his antibody would be a promising candidate.

As alternative to antibodies and Fab fragments, so-called nanobodies might
be of use in the future. Nanobodies are the smallest domain of antibodies that
can still recognise and bind their epitope [135, [136]. Recently, nanobodies for
GFP have been developed [137] and could replace the GFP antibodies in our
protocol.
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6. Topographic Surface Treatment
to Suspend Microtubules

For three-dimensional experiments with kinesins, the microtubules must be
arranged in a suitable manner such that the kinesin can freely walk around
the whole microtubule. In in vitro assays, immobilisation of microtubules on
surfaces makes the lower half inaccessible. Free access can be provided by
either placing the microtubule upright with one end bound to the surface or
suspending the microtubule on a three-dimensional structure like a bridge
over a canyon. A variant of the second option is to hold microtubules via
bound microspheres using multiple optical traps [112}, [113]. The first option,
though having some principle advantages, e.g. for the height calibration of the
evanescent field in TIRF [111) [138]], seems impracticable for many reasons. A
stable immobilisation of the microtubules was difficult and in a motility assay,
the axial position would vary significantly and cause non-negligible changes of
the calibration factors. Thus, I did not investigated this idea further. Holding
microtubules with multiple traps was also not possible, as our setup only had
a single trap. Consequently, I tested different experimental approaches to place
microtubules on topographic structures. Such microtubules are denoted as
suspended microtubules in the following text, whereas microtubules on a planar
surface are denoted as immobilised ones.

In optical tweezers motor assays, the motors are attached to microspheres.
Thus, the height of the topographic structures must be large enough to ac-
commodate the microspheres’ movement. The microspheres had a diameter
of 590nm. Therefore, a suitable depth under the suspended microtubule in-
cluding a reasonable safety margin would be 1-2 um. The height should not
be too large, as stable optical trapping was only possible close to the surface.
Further away, spherical aberrations increase. In our setup, optical trapping was
possible up to a height of about 10 pm.

The following chapter explains the details and results of the different ap-
proaches I tested. I found that topographic surface structures that were made
by lithography to be best suited to suspend microtubules.

6.1. Suspending Microtubules on Immobilised
Microspheres
In this approach, I used the microsphere functionalisation protocol, described

in Chapter[5| As anti-tubulin-coated microspheres bound well to microtubules,
I functionalised larger microspheres, immobilised them on the surface, and let
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Microtubule
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Figure 6.1: Suspending microtubules with antibody-coated microspheres. (A)
Principle of suspending microtubules using anti-tubulin-coated microspheres. Not
to scale. (B) Two examples of microtubules, suspended on microspheres (dia-
meter =2 um, polystyrene), imaged by differential interference contrast. White arrows
point to suspended microtubules. Scale bar is 5 um.

microtubules bind to them. A similar approach was used by Can et al. [103]
and Oguchi et al. [113]. I coated 2 um carboxylated polystyrene microspheres
with tubulin antibody, but without any PEG. The prepared microspheres were
diluted in PBS buffer and incubated in a hydrophobic flow cell for 10 min. The
microspheres stick to the surface unspecifically due to attractive van der Waals
interactions [139]. Afterwards, I incubated 1 wt% F-127 for 10 min to prevent the
microtubules from binding of the surface. After a washing step, microtubules
were flushed in and incubated for 10 min, followed by another washing step,
and a final incubation for 10 min. The channels were sealed with nail polish
and the sample imaged using DIC. I found many microtubules bound with one
end to a microsphere, but only few microtubules were bound with both ends
to different microspheres (Fig.[6.I). The suspended length was about 7-9 um.
Suspending microtubules in this manner was possible, though the yield was
very small. Furthermore, this approach had a fundamental disadvantage: There
was no control over the orientation of the suspended microtubule. Microtubules
were randomly tilted relative to the bottom surface, making experiments more
difficult. For these reasons, I did not continue with this approach.

6.2. Suspending Microtubules on Carbon Grids

In another approach, that was originally suggested by Ernst-Ludwig Florin
(Center for Nonlinear Dynamics, University of Austin, Texas, USA, personal
communication), microtubules were suspended on transmission electron micro-
scopy (TEM) grids. I used TEM copper grids, coated with amorphous carbon
(Quantifoil S7/2, S117-1 via Plano GmbH, Wetzlar, Germany). The copper grids
were about 12-15 um thick and had quadratic holes with a width of 90 um. They
were coated with a 20nm thin carbon film with quadratic holes. These holes
had a width of 7 um; the carbon bars between the holes had a width of 2 um. I
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Figure 6.2: Suspending microtubules with carbon grids. (A) Principle of suspend-
ing microtubules using a carbon film with holes. Not to scale. (B) Two exemplary
images of suspended microtubules, imaged by differential interference contrast. The
right image is an average of 10 single images for better contrast. The scale bar is 5 um.

glued those grids on a glass slide using vacuum grease from Beckman Coulter
and built a flow chamber around it using parafilm. First, I filled the sample with
1wt% F-127 in BRB80, as it improved the wetting of the grid. Subsequently,
I incubated the sample with anti-tubulin in BRB80 and again with F-127 for
20 min each. Finally, I flushed in microtubules and incubated them for 10 min
before a final washing step. I found microtubules suspended over the grid
(Fig.[6.2) but not very well fixed, i.e. microtubules fluctuated a lot. Apparently,
the immobilisation by anti-tubulin did not work well on the carbon.

Furthermore, this approach had other crucial disadvantages: The height of
the suspended microtubule above the surface was significantly higher than
the axial trapping range, i.e. a microsphere assay with optical tweezers was
impossible. I shifted the optimal trapping height above the surface to higher
values by using an immersion oil with a higher refractive index of 1.53 instead
of the standard 1.518 as described by Reihani et al. [140]. However, trapping
did not work well with these small microspheres. I tried to invert the assay
by placing the grid upside down on top of 3 um silica microspheres that were
immobilised on the surface before. Unfortunately, the grid was not suspended
by the microspheres. Besides these problems, there were often air bubbles
in the corners of the grid and between the grid and the glass slides. The air
bubbles made reproducible assays practically impossible. These issues could be
reduced by adding F-127 as detergent to the buffer as described above. Because
of these problems and the complicated sample design, I decided against the use
of those grids for further experiments.

Interestingly, I discovered a novel trapping effect: With the laser shutter
open, microspheres were attracted by the carbon grid. Once the laser shutter
was closed, microspheres were released again. I investigated this trapping
effect in more detail. The results are described in Chapter 9}
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Figure 6.3: Suspending microtubules with topographic structures. (A) Principle
of suspending microtubules on topographic surface structures. The structures consist
of successive ridges and canyons on a residual layer of material. Not to scale. (B)
Example of suspended microtubules, imaged by differential interference contrast. The
image is an average of 10 single images. The scale bar is 5 um.

6.3. Suspending Microtubules on Topographic
Structures Made by Lithography

Topographic surface structuring with lithographic methods is an elaborate but
reliable approach to suspend cytoskeletal filaments for motor protein assays.
Different variants were successfully used, e.g. using pits in a silica layer on
top of the sample slide [141] or elevated structures made of silica [111], poly-
dimethylsiloxane (PDMS) [142], or polymethyl methacrylate (PMMA) [143].
Here, I used structures made of perfluoropolyether (PFPE) that were fabric-
ated using ultraviolet nanoimprint lithography (UV-NIL) [144, [145]. PFPE is
a polymer that is liquid at room temperature but photochemically cross-links
and solidifies under UV light [146]]. Its chemical and physical properties make
it ideal for 3D assays: It is hydrophobic that antibodies against tubulin can be
immobilised on to it to bind microtubules. PFPE is transparent, also for the trap-
ping laser. Its refractive index is 1.341 [147], close to that of water (1.333). The
small difference was important for the optical tweezers performance, because
spherical aberrations were minimised. On the other hand, the difference of the
refractive index turned out to be large enough to visualise the structures in the
refractive index-sensitive imaging of DIC. Those structures were manufactured
and provided by Salvatore Girardo in the BIOTEC/CRTD Microstructure Facil-
ity, TU Dresden, Dresden, Germany, using UV-NIL. A micro-patterned cover
slip was fabricated by spin-coating a standard glass cover slip (22x22 mm?)
with KBM primer to improve the adhesion of the PFPE layer on its surface. A
droplet of liquid PFPE was placed on the so-called master, a silicon wafer that
carried the negative of the desired structure. The master template were also
made of PFPE by photolithography and coated with an anti-sticking layer. The
cover slip was then pressed into the droplet on the master with a pressure of
1bar and exposed to UV light. The pressure determined the thickness of the
surface pattern. After the cross-linking of the PFPE, the master was removed
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Figure 6.4: Dependence of optical tweezers parameters on the lateral position
above the topographic structure. (A) A trapped 590 nm PS microsphere was moved
with the sample stage to different positions, 1 um above the topographic structure.
The middle of the canyon was defined as the zero position. (B) Trap stiffness, (C)
Displacement sensitivity, and (D) QPD offsets for x, y, and z.

and the patterned cover slip finished. I washed micro-patterned cover slips in
an ultrasonic bath (USC-THD, VWR, Darmstadt, Germany) in desalted water
and ethanol for each 10 min.

The final structures consisted of a repetitive pattern of linear ridges and
canyons as illustrated in Fig. [6.3A. The width of the canyons was 10 um, the
widths of the ridges was 5 um in one half of the slide and 2 pm in the other.
The canyons were approximately 1.4 um deep. Ridges and canyons lay on a
residual layer with a thickness of 3.4 um. Such structured slides were built into
a flow cell similar to the standard design (Fig. [4.3). Microtubules were suspen-
ded after successive incubation at room temperature with tubulin antibodies
(20 min), F-127 (45 min), and microtubules (5 min). Between and afterwards, the
channels were washed with BRB80 buffer. Figure[6.3B shows that the binding of
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Figure 6.5: Bending of suspended microtubules by increasing sideward loads.
(A) Applied force in the y-direction on the microtubule-bound microsphere (left) and
stage position in the y-direction relative to the static optical trap (right). The zero po-
sition was defined as the position of the unbent microtubule. The trap stiffness was
0.026 pN/nm. (B) Schematic (not to scale) of bending the microtubule by applying
loads on microtubule-bound microspheres.

microtubules to ridges suspending the canyons was successful. Furthermore,
the assay was very efficient, as many microtubules were suspended over the
multiple ridges. Also, it was reproducible. The microtubules were initially im-
mobilised rigidly but started to detach from the structure after a few hours. For
motility assays, I only used areas with 5 pm wide ridges, as the immobilisation
of microtubules was better.

To test how the structures actually effected the optical tweezers performance,
I measured the calibration factors and the QPD offsets 1 um above the ridge
surface on different positions of the structure, including the edges, the ridge,
and the canyon (Fig. [6.4A). Note that the microsphere-surface distance was
larger above the canyon. I found that all parameters changed significantly at
the edges of the structure (Figs.[6.4B-D). Apparently, the structure’s additional
refraction did have an effect on the optical trap. As long as optical tweezers
experiments were performed in the canyon or on the ridge, this effect should
not disturb the experiments.

To test how rigid the microtubules were bound to the surface, I bound a
microsphere-attached kinesin to a suspended microtubule and laterally moved
the sample stage with a constant speed relative to the static optical trap as shown
in Fig.[6.5A. Loads increased from negative to positive values. The microtubules
were not to remove from the structures but were bent by the increasing load
as illustrated in Fig. [6.5B. This bending was visible by eye in the microscope
and could also be seen in the QPD force signal that showed increasing values
until the microsphere was pull beyond the linear range of the trap (at ~0.65s
in Fig.[6.5A, also compare with Fig.[3.I3]A). Bending was not a problem, as no
loads were applied in the 3D assays.
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Results of 2D & 3D Optical
Tweezers Assays with Kinesins
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7. 2D Optical Tweezers Tracking of
Kinesin-1 and Kinesin-8

The kinesin-8 Kip3 has been shown to shorten the microtubule at its plus end
[19, 41]. To reach the end, Kip3 must walk far enough and be able to bypass
obstacles on the MT track. The high processivity of Kip3 has been shown in
TIRF stepping assays [41]. Gliding assays suggested an on average left-handed
protofilament switching of Kip3. However, the exact manner of how Kip3
switches between protofilaments was unclear. Here, I tracked the motion of
Kip3 with high precision under alternating sideward loads, similar to previous
2D force-clamping assays with forward and backward loads [40]. I found that
Kip3 switched between protofilaments in both directions. This switching was
asymmetrically biased by force. A simulation of the Kip3 stepping account-
ing for the assay’s geometry suggested a diffusive sideward motion that was
symmetric in the absence of force. A diffusive sideward stepping provides
an effective mechanism to bypass obstacles. Control measurements with the
kinesin-1 rkin430 revealed no effective sideward motion.

In the following chapter, the details and results of 2D-force-clamp assays
with alternating sideward loads on Kip3 and rkin430 are explained. These
results have been published in the Biophysical Journal [148] and are quoted in
this chapter.

7.1. 2D-Force-Clamp Assays with Kinesins

Kinesin-coated microspheres were trapped and calibrated by analysis of the
height-dependent power spectrum density as described in [67, 68]. The mi-
crosphere was then put on an immobilised microtubule to await motility as
illustrated in Fig. [7.T]A. On motile microspheres, sideward loads of 0.5 pN were
applied with a trap stiffness of 0.02-0.03 pN/nm and alternated every 1.75-20s.
No load was applied along the microtubule axis. Additionally, sideward loads
of 0.25, 1, and 2.1 pN were applied for an alternating time of 5s (Fig. [7.IB).
To distinguish this kind of experiment from stepping assays without applied
loads, it is denoted as "side-stepping assay" in the following. The range of the
force feedback was 3.5 um in every direction, limiting the ability to determine
the run length of the motor as a function of sideward load force. Data for
forces and microsphere positions were smoothed with a running median filter
for visualisation. No data points from transients between the alternating loads
were used for the analysis. As a measure for the overall sideward motion dur-
ing alternating times, the y-position was fitted by a line; the difference between
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Figure 7.1: Schematic of the 2D-force-clamp assay. (A) Side view: A Kip3-coated
microsphere is trapped with optical tweezers and placed on an immobilised microtu-
bule. (B) Top view of a motor translocating toward the microtubule plus end (x-axis,
black path) with no force applied in the direction of the microtubule axis. The motor
is subjected to alternating, constant sideward loads of F, = x,Ayap perpendicular to
the microtubule axis (in the y-direction), where Ayyqp is the microsphere displacement
from the trap centre and «,, is the trap stiffness in the y-direction. Schematics are not
to scale. Modified from [148].

end and starting point of this fit has been taken as "sideward displacement” Ay.
Sideward motion in the y-axis to the left is defined as positive change and vice
versa. Means and variances were calculated; variances were averaged between
different experiments. I preferentially used microtubules that were parallel to
the flow cell channel coinciding with the x-axis of the detector and DIC camera
image. The mean angle relative to this axis of all microtubules used in this work
was -2 + 7deg (SD, N = 808). The microtubule angle was determined via im-
age analysis with a precision of better than 1 deg. Note that the force feedback
automatically tracked the microtubule axis. The recorded data were rotated
by this measured angle. Occasionally, this rotation angle was fine-adjusted in
the MATLAB (MathWorks, Natick, Massachusetts, USA) analysis to minimise
any overall trend in the y-position signal. I determined the zero-position of the
y-axis with a precision of ~10 nm corresponding approximately to the rms noise
on the position traces. For a typical 50s long trace, this precision resulted in a
systematic deviation of (10/50 = 0.2) nm/s. For an alternating time of 20s, the
systematic deviation would be about 20's - 0.2 nm/s =4 nm. Because I averaged
data obtained from many different microtubules, the mean of the systematic
deviations should be zero. The error on the rotation angle increased the vari-
ance of Ay—for the 20s example it would be 16 nm?, which is approximately
equal to the measurement precision. For shorter alternating times, the effect
was even smaller. The measurement precision was estimated by determining
Ay of non-motile Kip3-coated microspheres in the presence of AMPPNP for
alternating times of 5s and various sideward loads of 0.3-2.2 pN.

To ensure the functionality of the motors, I measured the speed of Kip3-
coated microspheres by video tracking [72] with the optical trap turned off. I
determined the speed by linear fits to the tracked x-position.
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7.2. TIRF Measurements Revealed ATP
Dependence of Kinesin Speeds

In addition to the basic control measurements of kinesin speeds using TIRF
microscopy described in Chapter |5, I measured the speeds of the kinesins Kip3
and rkin430 for a broad range of ATP concentrations. The results are plotted
in Fig. Both the speeds of Kip3 and rkin430 depended sensitively on the
ATP concentration. The speeds at saturating ATP concentrations (>200 uM)
were about 40 nm/s for Kip3 and 800 nm/s for rkin430. These data were already
used as control in Chapter The results for rkin430 were consistent with
previous studies on other kinesin-1s [33} 34,74, [110]. I fitted both data sets with
a generalised Michaelis-Menten equation:

U = Umax[ATP]*/(Ky + [ATP]). (7.1)

Here, v,y is the maximal speed at saturating ATP concentration, Ky the so-
called Michaelis-Menten constant, and C the Hill coefficient. The fitting para-
meters are given in Table[/.1

7.3. Kip3 Slowed Down Under Off-Axis Loads

The speed of free Kip3-coated microspheres was 40 + 2nm/s (N = 52, SEM if
not noted otherwise), consistent with previous reports [19,40,96] and my own
control measurements. This results has already been given in Table With
the trap turned on and no load applied in any direction (zero-force feedback),
the speed was 39 + 2nm/s (N = 90, zero-force data point in Fig.[7.3B), ensuring

Table 7.1: Fitting results of kinesin speed, dependent on ATP concentration.
Umax, Maximal speed at saturating ATP concentrations; Ky, Michaelis-Menten con-
stant; ¢, Hill coefficient for Kip3 and rkin430 with standard errors.

Kinesin | Umax (nm/s) | Ky (UM©) | C
Kip3 40.2 + 0.5 24 + 2 1.21 £ 0.04
rkin430 | 923 + 40 34 + 2 0.89 + 0.02
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Figure 7.3: Off-axis loads slowed down Kip3 motors. (A) Upper Plot: Loads on
a Kip3-coated microsphere, applied with a 2D force clamp in the forward direction x
(green line) and to the right side (black line). Lower plot: Forward position x over time.
The microsphere detached at around 29s. (B) Forward speed as a function of the
absolute value of sideward (O and @ for left and right, bottom axis) and upward (<,
top axis) load. Linear fits to the data are indicated by the lines. Dashed and solid
black lines: sideward loads with slopes of —-8.6 + 0.6nms~!'pN~! (SE, N = 10) and
-7.3 + 0.6nms~'pN~! (N = 9) for leftward and rightward loads, respectively; red
dotted line: upward loads with a slope of —4.1 + 1.2nms~!pN~! (N = 5). The vertical
blue line indicates the mean detachment force and the blue shaded region a range of
two standard deviations around the mean. Modified from [148].

that the trap and feedback did not affect the motor. This speed was in agreement
with the measurements using TIRF microscopy as already stated in Chapter
In single Kip3 runs with alternating sideward loads, the forward speed was
only 31.5 £ 0.6nm/s (N = 400), corresponding to a forward stepping rate of
ki ~ 4 s7! for 8 nm steps [40]. To test whether the forward speed decreased with
the sideward load, I applied a sideward load only to one side and increased it
stepwise. I did not apply a load along the microtubule axis (Fig. [7.3A). This
experiment has been already used to measure the standard deviation of the load
as a function of the load (Fig.[3.8A). I found that the motor slowed down and
eventually detached at a mean force of 2.9 + 0.2pN (N = 31), averaged over
left and right (Fig. [/.3B). Detachment forces and slopes did not significantly
depend on the pulling direction. Based on the extrapolated fits, motors stalled
at a sideward load of about 4.5-5pN. Due to the geometry, the sideward load
(F,) also causes an upward load (F,) on the motor. I will address the issue
of the geometry in Section The above results show that sideward loads
moderately slowed down Kip3 compared to its 1.1 pN stall force on backward
loads [40]. However, in contrast to kinesin-1 [74], no significant asymmetry was
observed with respect to the sideward pulling direction.

I also applied upward loads of 0.5-3 pN on motile microsphere-bound Kip3,
using the 3D force clamp. Measurements were done within the linear range of
the optical trap (discussed in Section8.3). I observed a decrease of the forward
velocity as plotted in Fig.[7.3B.
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Figure 7.4: Kip3-coated microspheres moved sidewards with and against loads.
(A) Sideward load force as a function of time (grey line: raw data with 4 kHz, black
line: median filtered to 8 Hz). Zero-load was applied along the microtubule axis (light
green line: raw data with 4 kHz, dark green line: median filtered to 8 Hz). (B) Sideward
position y perpendicular to the microtubule axis as a function of time. Ay, indicates
the mean distance between the leftward- and rightward-pulled microsphere. Insets:
Linear fits (red lines) to the sideward motion resulted in the sideward displacement Ay
indicated below the insets. Modified from [148].

7.4. Single Kip3 Motors Switched Protofilaments
in Both Directions

To precisely measure the sideward motion of Kip3, I applied sideward loads
of 0.5 pN perpendicular to the microtubule axis in the y-direction with no load
along the microtubule axis (Fig. [7.1B, Fig.[7.4/A). I regularly changed the direc-
tion of the load from left to right with different alternating times and recorded
the x and y-position of the trapped microsphere as a function of time. In the side-
ward direction, there were large transient displacements Ay; upon changing the
load direction (Fig. ), which I attribute to the lever of the microsphere, motor
and linker length. After the transient, small sideward displacements occurred
during the constant-load time. I observed discrete sideward steps (Fig. [7.5A).
The used step finder [96] detected a broad distribution of steps with and against
load down to *3nm and as large as 30nm (see histogram in Fig. [7.5B) with a
mean dwell time of ~1s (Fig.[7.5C). I observed a significant over-shoot of steps
that followed the load. To check for an asymmetry in the mean dwell times
in analogy to "limping" [30], I calculated the dwell times before steps with or
against load for left and right, respectively. I did not find a significant difference
between the means and the overall mean of ~1s in Fig. . Surprisingly, the
largest detected step sizes are larger than the largest projected distance between
protofilaments of ~6 nm and even larger than the *25nm diameter of a micro-
tubule. I attribute those large microsphere steps to (i) the geometry (Section
[7.6), (ii) the possibility of two fast subsequent steps, and (iii) the intrinsic rms
noise on the traces.
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Figure 7.5: Discrete sideward steps of Kip3. (A) Representative traces for leftward
(positive y) and rightward (negative y) loads, plotted together with detected steps (red
lines). Traces are offset for clarity. (B) Histogram of detected step sizes from 95 plat-
eaus of 28 traces for steps in the direction of or against the applied sideward load. (C)
Histogram of experimental sideward step dwell times. An exponential (black line) was
fitted to the experimental data. The mean, standard deviation (SD), and fitting result
are given. Modified from [148].

Because it was impossible to detect all steps and the ones I could detect
had a large, continuous variation in step sizes, I further analysed the sideward
displacement Ay during the alternating time between the transients (insets in
Fig.[74). For this fit-based sideward displacement, I also measured a broad
distribution of both positive and negative sideward displacements independent
of the loading direction with displacements again exceeding the microtubule
diameter (red distributions in Fig. [7.6). Interestingly, the mean values of the
distribution significantly differed from zero: with a leftward and rightward
load, there was a small mean displacement to the left and right, respectively,
whereby the absolute value of the rightward displacement was larger. Together,
these results suggest that Kip3 switched protofilaments in both directions and
that the switching was asymmetrically biased by the loading force.



7.4. Single Kip3 Motors Switched Protofilaments in Both Directions 65

¢t 1.75s 2.5s 5s 75s 10s
alt —
j 1.0+ 0.8 nm N=67 1.4+07 nm7 N=242 3.6+1.0nm N=268 24+1.5nm N=129 4.8+2.1nm N=93
\g AMPPNP rkin430 7
Left: @
[
>
(@]
(@] H
_
>S5 |-26+1.1nm N=67 -44+06nm| N=239 -6.4+1.0nm N=243 -59+1.2nm N=144 —-6.5+19nm| N=118
3 £ N
S . ~
Right: &
C
>
[e]
(@] |

40 0 40 40 0 40 40 0 40 -40 0 40 40 0 40
Sideward displacement (nm)

Figure 7.6: Histograms of sideward displacements of Kip3. Histograms and Gaus-
sian fits (red lines) of sideward displacements Ay of motile Kip3 for a sideward load of
0.5pN and alternating times t; of 1.75—10s. The number N of measured Ay’s and the
mean + SEM are given. For comparison, Gaussian fits of AMPPNP-bound Kip3 (blue
line) for 5s and rkin430 (black line) for 7.5s, normalised to the same amplitude are
plotted (see Figs.[7.9and[7.10|for the corresponding data). Modified from [148].

7.4.1. The Mean and Variance of the Sideward Displacement
of Kip3 Increased with Time

To determine whether protofilament switching was due to a directed or a ran-
dom process, I varied the alternating time f,; (Fig. and determined the
mean and variance of the sideward displacement distribution. The absolute
mean sideward displacements for left and right (open and closed red circles in
Fig.[7.7A, respectively) first increased for alternating times less than about 10s
and then, within error bars, levelled off or slightly decreased.

Thus for Kip3, the increase in the mean sideward displacement supports
the notion that the applied force biased the sideward stepping motion in the
direction of the applied load. The variances of the distributions increased
with time while also levelling off for longer times (Fig. [7.7B). The initial linear
increase of the variance is reminiscent of a diffusive process. A linear fit of
2Dt + 2€2 (dashed grey line in Fig. [7.7B) resulted in a sideward diffusion
coefficient of D = 20 + 1nm?/s and € = 3.2 + 0.6nm. One can use this
diffusion coefficient to estimate the average sideward stepping rate. To this end,
I estimated the average projected distance between protofilaments on the top
half of the microtubule to be (Ay,) ~ 3.8nm (Fig.[7.8). The underlying values
of the projected distances were calculated from the geometry of a tridecagon,
the arc length As between two protofilaments, and the MT radius r. With
this estimate, the sideward stepping rate was ky,, = 2D/(Ay,)* ~ 2.8s7".
Taken together, the variance data for short alternating times is consistent with a
random sideward walk. Yet, this simple analysis cannot account for the data at
long alternating times and does not explain the broad distribution in sideward
displacements and step sizes.
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Figure 7.7: Mean sideward displacements and variances for different alternating
times and sideward loads. (A) Mean sideward displacement and (B) variance as a
function of alternating time with a sideward load of 0.5pN for Kip3 (O left and @ right),
AMPPNP-bound Kip3 (m) and rkin430 (< left and  right). Dashed and solid lines are
the best-fit simulations for left and right, respectively (red: Kip3, black: rkin430). A
linear fit (grey dashed) to the first four variance data points including both directions for
Kip3. (C) Mean sideward displacement and (D) sideward variance as a function of the
applied sideward load for Kip3 (O left and @ right) and a constant alternating time of 5s.
Dashed and solid lines are the best-fit simulations for and left and right, respectively.
Error bars are SEMs. Modified from [148].

7.4.2. The Mean Sideward Displacement of Kip3 Increased
with Sideward Loads

In addition to the alternating time, I varied the sideward load for an alternating
time of 5s. The measurement revealed an increasing absolute mean sideward
displacement with higher loads in both directions (Fig. [7.7[C). The sideward
variance showed no significant change as shown in Fig. with an overall
mean and SEM of 314 £ 29nm?. Based on video images, I attribute this large
variance to insufficiently immobilised microtubules. In extreme cases, which
were not used for data analysis, microtubules were visibly displaced in the
lateral direction for forces exceeding 0.5 pN.
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Figure 7.8: Projected
As =6 nm 2r=25nm protofilament distances.
Upper half of a microtubule
with a total of 13 protofila-
ments (red) in two angular
orientations (left and right)
with projected distances
Ay, between protofila-
ments per sideward step
to the left (red arrow).
The average value is

(Ayp) = 3.8nm. Modified

from [148].

7.4.3. Immotile Kip3 Showed no Effective Sideward Motion

To determine the measurement precision, I applied sideward loads on immotile
Kip3 either in assay buffer containing AMPPNP (Fig.[7.9A) or to pausing kin-
esins in the presence of ATP (Fig.[7.9B). Histograms of the sidewards displace-
ments are plotted in Figs. [7.9C-H.

For AMPPNP assays, loads were applied both parallel and perpendicular to
the microtubule axis. Sideward displacements Ay were taken from 4 different
microspheres (>6 data points for several different forces in both directions).
Since the lateral direction with respect to the MT plus end was unknown, I
defined Ay to be positive in the direction of load. T-tests ensured that the
means for every force and direction were not significantly different from zero
on the 95 % confidence level and thus consistent with each otherf!] Therefore,
all sideward displacements were plotted in one histogram for each direction
(Figs. and D, corresponding Gaussian fit in Fig.[7.6)). The mean values were
less than 1 nm and not significantly different from zero. The weighted mean and
SEM for both directions were 0.2 + 0.2nm. If not noted otherwise, weighted
means were weighted by the reciprocal squared standard error. Because motors
were not moving, I plotted the mean and variance of Fig. in Figs. and
B, respectively at an effective alternating time of zero. The variances of the
distributions of Ay were significantly smaller than in measurements using Kip3
in the presence of ATP.

Also, for pausing kinesin motors the means were not significantly different
from zero (Figs. [/.9E-H). The rare pausing events seemed to be related to the
tubulin batch. They occurred in Kip3 as well as in rkin430 assays but less often
with other tubulin preparations. The variances for AMPPNP-bound Kip3 and
pausing kinesins were all of similar sizes (Fig. [7.9). The average was 17 nm?
which was in reasonable agreement with the offset 2¢> = 20nm? for the Kip3
variance data in Fig. [7.7B.

'For one perpendicular force, the individual mean was significantly different from zero but
did not hold a Bonferroni correction.
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Figure 7.9: Histograms of sideward displacements of immotile kinesins. (A)
Force (top) and microsphere position (bottom) as a function of time of stationary Kip3
in the presence of AMPPNP under loads of ~0.8pN and an alternating time of 5s
including linear fits (red lines). (B) Phase of pausing for a non-trapped microsphere
pulled by Kip3 and tracked via video microscopy. (C—H) Histograms with Gaussian
fits of sideward displacements for (C) AMPPNP-bound Kip3, perpendicular to the mi-
crotubule axis and (D) parallel to the microtubule axis, (E) pausing Kip3 with left and
(F) right sideward loads of 0.5 pN, pooled for various alternating times (1.75-20s), (G)
pausing rkin430 with left and (H) right sideward loads of 0.5pN. Sample numbers N,
means + SEMs, and variances o2 are given. Modified from [148].

7.5. rkin430 Showed no Effective Sideward Motion

To slow down rkin430 to speeds comparable to Kip3, I reduced the ATP con-
centration in the buffer to 1-2 uM. With the reduced ATP concentrations in four
different experiments, the mean speeds were 21 + 1nm/s (N = 45), 28 £ 2nm/s
(N = 58),37 £ Inm/s (N = 36), and 51 + 2nm/s (N = 106). The sideward
load of 0.5 pN was alternated every 1.5-6s. Longer alternating times were not
feasible, as rkin430-coated microspheres detached on average before the end of
the alternating time, consistent with kinesin-1’s lower processivity compared
to Kip3. I measured no decrease in the velocity due to the sideward loads. To
compare the measured sideward displacements with those of Kip3, the altern-
ating time f,; was converted into an effective alternating time peft based on

rkin430”
an equal number of forward steps on the microtubule lattice, i.e. equal distance:
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Figure 7.10: Histograms of sideward displacements of rkin430. Histograms and
Gaussian fits (black lines) of sideward displacements Ay of motile rkin430 for a side-
ward load of 0.5pN and different effective alternating times tﬁj{n 430+ Sample numbers
N and means + SEMs are given. Modified from [148].

te a0 = falt - Urkinso/Ukips. The effective alternating time of 0s for AMPPNP-

bound Kip3 in the previous section and Fig. [7.7 was calculated the same way.

For rkin430, the mean sideward displacements showed no significant increase
over time for left nor right (Fig.[7.7]A, Gaussian fits in Fig.[7.6] histograms shown
in Fig.[7.10). This was additionally confirmed by Pearson correlation tests: The
correlation coefficients were 0.04 for left and 0.22 for right.

All means were statistically consistent with zero, confirmed by a x? (chi-
square) test. The weighted mean and standard error of all alternating times
and pulling directions were —0.1 + 0.2nm, indicating that kinesin-1 did not
show any net sideward motion. The sideward variances of rkin430 increased
less over time, compared to the increase of the variance of Kip3 (Fig. [7.7B). If
rkin430 switched between protofilaments with a low probability and without
being biased in the direction by the load, a diffusion constant for rkin430’s
sideward motion can be calculated from the variance data, similarly to Kip3. A
linear fit (not shown) resulted in a diffusion constant of D = 4.4 + 0.8nm?/s
which was an order of magnitude smaller than the estimated value for Kip3.
The offset 2¢? was 19 + 4nm? and consistent with the fitted value for the Kip3
data. The corresponding sideward stepping rate, based on the same average
projected distance between protofilaments, was kx, ~ 0.6s™!. At an effective
forward stepping rate of ~4s7!, every 8th step or 12.5% of all steps would to
the side. Stepping assays with quantum-dot-labelled kinesin-1 by Yildiz et al.
revealed a probability for sideward steps of 13 % at similar ATP concentrations
and speeds [51]. These values would be in good agreement to the results of my
side-stepping assays. However, as already noted above, this simple model of
projected sideward steps cannot account for the underlying geometry in this
assay. Furthermore, it is not clear how the applied sideward loads influence the
stepping behaviour. The absence of an asymmetry between left and right seems
contradictory to other studies with kinesin-1 by Block et al. [74], who observed
an asymmetric slow down of the forward speed due to high sideward loads of
up to 8 pN.
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Assuming that rkin430 did not switch between protofilaments at all, its time-
dependent variance data can be used as a measurement of the time-dependent
measurement precision. This precision was limited by experimental noise, e.g.
microtubule fluctuations and the diffusion of the microsphere in the optical
trap. This time dependence was an important complement to the precision
measurement with immotile kinesins which only accounted for an effective
alternating time of zero. This "background measurement” of the sideward
variance was used for the quantitative analysis in the next section.

7.6. A Simulation Accounting for the Geometry
Supported Asymmetrically Biased Diffusion
of Kip3

7.6.1. Geometry of the 2D Side-Stepping Assay

To gain a deeper understanding of the observed data, I considered the experi-
mental geometry. In the above estimate for the sideward stepping rate, it was
tacitly assumed that the projected distance between protofilaments corresponds
to the microsphere displacements that was measured. This assumption does
not hold on close inspection of the geometry drawn to scale in Fig. [7.ITA. The
microsphere with radius R was held by the optical trap which pulled the linker
of length L between the microtubule of radius r and the microsphere taut.

I assume that the microsphere did not change its distance & to the surface
during the stepping motion of the motors but was kept on a constant height
by the force clamp and the repulsive surface potential. This assumption is
supported by surface force measurements [68] and the vertical displacements
during the alternating time which on average did not significantly differ from
zero (lower inset in Fig. [7.1T]A). With this geometry, the lateral microsphere
centre position y can be calculated from the angular motor position ¢ on the
microtubule by

() = \/(L +R)2 = R+ — (1 + sin ))? + rcos . (7.2)

Equation[7.2lhas a maximum at ¢max = arcsin[(R + 1 —r)/(R + L +r)]. If a motor
moves sideward beyond two critical angles ¢} and ¢, the linker between the
microtubule and microsphere starts to coil around the microtubule. In this
case, the microsphere position was calculated based on a reduced linker length:
L(¢)=L~-r- |qb — @7, for |(j)| > |¢7 |- Note that the exact angular position of ¢7 ,
during coiling is not constant. However, the deviation from the initial value is
negligible. The critical angles are given by:

X . |AR+L)+rVB2-A?| =
¢, = arcsin B F o

(7.3)
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Figure 7.11: Geometry of the 2D side-stepping assay. (A) Geometry of microsphere
(grey), linker and microtubule (red) drawn to scale. The different colours (black, green,
blue) correspond to different angular motor positions. Upper inset: Magnification of
microsphere centre position. Lower inset: Histogram of vertical displacements Az for
alternating times of 2.5s (black) and 10s (red). Means + SEMs were 0.2 + 0.4nm
(N = 146) and 0.1 + 0.8nm (N = 138), respectively. (B) Microsphere position y as a
function of angular motor position ¢ with a 28 deg-grid to illustrate the various sideward
step sizes between protofilaments. Coloured points (black, green, blue) indicate the
angular positions sketched in (A). (C) Plot of the tangential (red) and normal force
(green dashed) acting on Kip3 as a function of angular position ¢ relative to the applied
sideward load (ocher dotted). (D) Schematic drawn to scale, illustrating the critical
angles and coiling of the linker if the motor moved sideward beyond the critical angles
(brown: ¢ = ¢7, green and red, respectively: ¢ > ¢3). (E) Schematic of the tangential,
linker, normal, and sideward load forces. Modified from [148].

where A = R+ h —r and B> = (R + L)*> + r. The microsphere radius was
R = 295nm, the linker length L = 34nm. The height was & = 20nm, based on
surface potential measurements with optical tweezers, described in [68], and
the MT radius was r = 12.5nm. The critical angles are: ¢] = —-21.0deg and
¢, = 154.6 deg with the maximum angle being ¢ = 62.4 deg.

Accounting for coiling, the microsphere centre position y(¢) as a function of
the angular motor position ¢ is given by

\JC2—D? +rcos ¢} for ¢ < ¢2

y(p) = (L+R)y?-E>+rcos¢ for ¢ € [¢],05] (7.4)

\JC2 — D2 + rcos ¢} for ¢ > ¢,
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where

Ci=R+L-r|p—¢;
D;=R+h—-r(1+sin¢;)
E=R+h—r(1+sin¢) (7.5)

with i = 1,2. The coiling correction is a small correction for the microsphere
displacements. Figure shows this non-linear relation. Based on the
geometry and the orientation of the microtubule protofilaments in Fig. one
can use Eq.[7.4 to estimate the mean sideward step size Ay, as measured by the
microsphere. For the assumed MT orientations in Fig. the mean sideward
stepping distance of the microsphere centre is (Ay;) ~ 8.9 nm. Using this value,
one can re-estimate the sideward stepping rate. Based on the mean sideward
stepping distance of the microsphere centre, the rate is ky, = 2D/ (Ays>2 =0.5s7!
for Kip3 and 0.11s™ for rkin430 which is each about 5x lower compared to the
estimated values based on the projected filament distance. Thus, the geometry
leads to counter-intuitive movement of the microsphere and does not allow
for an analytical solution to describe the data. In addition to the estimated
mean sideward stepping distance of the microsphere, Fig. shows Ay, as
a continuous function of angle ¢ for discrete sideward steps A¢,. Here, the
microsphere sideward step size was calculated by Ay, = y(¢) — y(¢ + Adyy),

using Eq.[7.4|for y(¢).

Overall, Eq.[7.4and the corresponding microsphere displacements upon side-
ward stepping are consistent with the large sideward displacements seen in the
experiment (Figs. [7.5/and [7.6)). For the angular range shown in Fig. [7.11B, the
difference between the maximum and minimum positionis Ay = 60nm. Thus,
sideward microsphere displacements of up to 60 nm are possible even though
the motor has only moved roughly the projected distance corresponding to the
microtubule diameter of 25nm. The geometry results in an amplified micro-
sphere displacement compared to the motor displacement. For single steps, the
microsphere displacements can continuously vary between —30 nm and +40 nm
(Fig.[7.12), consistent with the measured broad step size distribution (Fig.[7.5C).

As already noted, Eq.[7.4]is non-monotonic but has a maximum. This max-
imum results in a counterintuitive phenomenon: If in a gedanken experiment
the motor starts at an angular position close to the maximum (green lines and

40 ¢
20
€

Figure 7.12: Microsphere displacement = 0
between neighbouring protofilaments. a
Plot of Ay, over a wide range of angular po- —20 1
sitions ¢, calculated by Ays = y(¢) — y(¢ +
Agpr), using Eq. [7-4]for y(¢) and Adpr = 400 0 100 200

27.7 deg. ¢ (deg)
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position in Figs. and B, respectively) and takes two clockwise angular
steps to the right (blue lines and position in Figs. and B), the microsphere
centre position also moves to the right (upper inset in Fig. [/.ITA). However,
if the motor takes two counter-clockwise angular steps to the left (black lines
and position in Figs. and B), the microsphere centre position does not
move to the left but also to the right. Thus, the microsphere movement may
not reflect the angular directionality of the motor nor the projected distance
between protofilaments. For the same reason, the directionality and magnitude
of the force acting on the motor may differ from the applied load (Fig. [7.11[C).
Based on the geometry, I defined the following forces: Fi.ng was tangential to
the MT cross section, Fiinker pointed from the motor to the microsphere centre,
and Fporm was normal to the MT cross section as illustrated in Fig. . In the
angular range without coiling of the linker, the tangential force on the motor
is given by Fung = Flinker Sin(¢ — 1). The force in the direction of the linker is
Fiinker = F,/ cos, where F, is the constant sideward load and v is the angle
between linker and surface calculated according to

D:/Cy for ¢ < ¢} in radians
Y(¢p) = arcsin{E/(R+ L) for ¢ € [¢p],0}] (7.6)
Dz/Cz fOI'(P > (P;

For angles beyond the critical ones, the tangential force equals the linker force
with reduced linker length. Thus, the tangential force is calculated by:

—1/ cos () for ¢ < ¢}
Fiang(9) = Fy sin(¢ = ¢(¢))/ cos P(¢)  for ¢ & [¢],3] (7.7)
+1/ cos Y(¢h) for ¢ > 3.

Without coiling, the normal force on Kip3 is calculated by Frorm = Flinker cOS(¢ —
Y) and with coiling, the normal force is zero (see Fig. ):

0 for ¢ < ¢}
Fromm(¢) = Fy {cos(¢p — (¢))/ cos ()  for ¢ € [¢],¢5] (7.8)
0 for ¢ > ¢; .

Depending on the angular position of the motor, the tangential force, corres-
ponding to the sideward force in the reference frame of the motor (red solid line
in Fig.[7.1T[C), can be more than twice the sideward load applied with the optical
tweezers (ocher dotted line in Fig.[7.11[C) and of opposite direction. Note that at
the maximal displacement of the microsphere, the tangential force is zero and
the normal force (green dashed line in Fig. [7.11[C) reaches a maximum. Thus,
all forces that act on the motor in a side-stepping assay are not constant but
change non-linearly with the motor position.

The geometry of the assay can also be used to estimate the mean linker
length L. Based on the measured large, transient sideward displacements Ay,
(Fig. and using the angular-motor-position-to-microsphere-position con-
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Figure 7.13: Transient sideward displacements and linker lengths. (A) Linker

length L (red line, left axis) as a function of large, transient sideward displacements
Ayr, for a sideward load of 0.5pN. Plotted is the inverse of Eq. using ¢ = ¢Pmax-
The mean (dashed line) of the Ay;, histogram (right axis) intersects the red line at the
linker length | used for all calculations. (B) Mean transient displacements (Ay;) (m) and
corresponding linker length L as a function of the applied sideward load (®). Lines are
guides to the eye. Modified from [148].

version (Eq.[7.2), one can determine the linker length L under 0.5 pN load by

Ayp =2 \/(L + R — (R +h — (1 + sin )2 (7.9)

I assumed that after sideward pulling, the motor has reached on average the
angular position @max. For this angle, I plotted the linker length L as a function
of Ay (red line in Fig. [7.13]A). Also plotted in Fig. is the histogram of
the large, transient displacements with a mean of (Ay;) = 305 + 2nm (SEM,
N = 509). Graphically, the intersection of the mean with the red line resulted
in the linker value of L = 34 + 1nm at 0.5 pN which I used in all calculations.
An estimation of the linker length can be made from the known structure
of Kip3: The short coiled coil region of about 28 amino acids (Fig. 2.2C) is
about 4 nm long when considered a regular coiled coil of two parallel x-helices
[149]. According to the crystal structure of the very similar human kinesin-8
Kif18A, the motor domain is about 4 nm thick (protein data bank code: 3LRE,
[150]). As the tail region including the eGFP is of similar size as the motor
domain, I estimated the size to be 4nm as well. The length of the unstretched
PEG linker is less than 1nm, according to force-extension measurements by
Kienberger et al. [151]. Summed up, the relaxed Kip3/PEG linker is about 12—
14nm. The measured linker length under loads was larger than this value and
thus consistent. Only for very small loads (0.25pN) the length of 8 nm was
smaller than the contour length indicating that the linker may had additional
folded regions. Analogously, the linker length for rkin430 for a sideward loads
of 0.5pN was L = 52 + 1nm based on (Ay,) = 376 + 4nm (N = 466).
This indicated that rkin430 was significantly longer and/or less stiff than Kip3.
The mean transient displacement (Ay;) and linker length L as a function of
the sideward load are plotted in Fig. [.I3B. The increase of Ay; indicates a
stretching of the protein/PEG linker. This stretching is in agreement with my
previous measurement of Kip3 stretching in the presence of AMPPNP [92].
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Table 7.2: Microtubule composition. Protofilament numbers, supertwist pitches, re-
ciprocal pitches and abundances for microtubules, grown in BRB80, MgCl,, GTP and
DMSO. Left-handed supertwist pitches are denoted as positive and vice versa. The

last line contains the average values, weighted according to the abundances.

Protofilament | Supertwist pitch | Reciprocal supertwist | Abundance
number P (um) [1},14] pitch 7P (um™) (%) [11]

12 -4.5 —-0.222 0

13 00 0 14

14 +5.8 +0.172 72

15 +3.3 +0.303 11

16 -5.5 —-0.181 3

weighted mean +6.58 +0.152

7.6.2. Simulation of Sideward Motion

To quantitatively describe all the data, we simulated the sideward motion of
the kinesin motors accounting for the geometry. Therefore, we programmed a
simulation routine in Java (Oracle Corporation, Redwood City, CA, USA) and
analysed it in MATLAB. The simulation was based on the following model:
Kip3 steps to the left, right, or forward with the zero-force stepping rates k,
k%, and k¢, respectively. The side-stepping rates are influenced by an applied
tangential load in an Arrhenius-type, exponential manner [152]:

kl,r(Ftang) = kgr exp(iptang : xzr/kBT)/ (7.10)
where xl are the distances to the transition states for the respective directions,
Fiang is the tangential force acting on the motor, kg the Boltzmann constant,
and T the absolute temperature. A positive tangential force Fi.ng > 0 to the
left increases the stepping rate to the left and decreases the rate to the right.
To account for the dependence of the Kip3 velocity on the sideward load, we
used a forward stepping rate of 31.5nms™! /8 nm = 3.9s™! corresponding to the
measured mean forward velocity. In the simulation, Kip3 performed a random
walk on a cylinder with angular steps of A¢ys = +27.7 deg, where A¢, is the
angle between neighbouring protofilaments in a 13 protofilament microtubule.
Forward steps were 6, = 8nm large—the distance between kinesin binding
sites on a protofilament. The control experiment with rkin430 was simulated
without sideward steps and a constant forward stepping rate. Additionally, we
accounted for the microtubule supertwist.

Taxol-stabilised microtubules (grown in BRB80, MgCl,, GTP and DMSO) are
supposed to be built of 13-16 protofilaments with 14 occurring most often [11].
The distribution of the number of microtubule protofilaments is given in Table
We assumed the same distribution in our microtubules. The tubulin origin,
porcine instead of bovine, was the only difference in the preparation of the mi-
crotubules compared to [11]. Based on this distribution, we calculated a mean
reciprocal pitch by weighting the reciprocal pitches in Table [7.2| according to
their abundances. Thus, the mean reciprocal pitch was 0.152 um™! correspond-
ing to a mean pitch of 6.58 um. On a 13 protofilament microtubule, such a pitch
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Table 7.3: Numbers of used microtubules and load switches. Average number of
alternating times Ny, i.e. switches of load direction, per trace and number of used
microtubules (Nyr) for different alternating times t,; and different sideward loads F,
for all kinesin side-stepping assays. The effective alternating times for rkin430 & .
refer to different forward speeds. The total number of different microtubules used is

indicated. The same microtubules have been used for multiple alternating times.

Kip3 rkin430
F,=05pN tar=5s F,=05pN
tait (S) Nsw NMT Fy (PN) Nsw NMT talt (S) tfgn430 (S) Nsw NMT
1.75 18 15 ] 0.25 10 13 1.6 14 16 12
2.5 14 38105 12 61 1.5 2.4 14 26
5 12 61 |1 16 8 4.0 2.6 14 14
7.5 10 39 |21 8 6 49 3.2 12 20
10 6 50 Total: 88 2.5 4.1 12 22
15 4 53 7.0 6.2 8 8
20 2 44 5.3 6.2 6 2
Total: 164 4.7 7.5 6 10
Total: 57

would correspond to one sideward step to the left for 63 forward steps or a net
leftward stepping rate of 0.06s™!, assuming a forward stepping rate of 4s™! at
F, = 0.5pN. Since the measured sideward stepping rate of about 1s™!, based
on the mean sideward dwell time, was much higher, we do not expect that the
supertwist had a significant influence on our measurements.

Nonetheless, we considered the supertwist by coupling a forward step with a
small angular displacement of 276, - rP, where rP is the reciprocal pitch. Simil-
arly, a sideward step was coupled to a small forward displacement of +£0.96 nm,
corresponding to the geometry of a microtubule with a supertwist pitch P [50]
and forward step size 6, = 8nm. Furthermore, because the distance to the
directly adjacent tubulin dimers is shortest [1,150], we assumed that a sideward
step is to one of the neighbouring tubulin dimers and not diagonally to the
front left or front right. Backward steps were not considered. Phases of pausing
were also not included into the simulation, as the experimentally measured
pausing events were not included into the side-stepping analysis. First, we
simulated the forward stepping motion with an exponential distribution for
the step duration with a mean of k}l [40] assuming that forward and sideward
stepping are uncorrelated. Subsequently, we simulated and superimposed the
sideward stepping motion. The probability of stepping to the left and right was
calculated by the ratio of the corresponding rate to the sum of rates

kl,r
kl + kr '

P, = (7.11)
The duration of sideward steps were chosen to be also exponentially distributed
with a mean dwell time of (k;+k,)™'. An exponential distribution was consistent
with my measurements (Fig.[7.5C). The angular starting position on the micro-
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Figure 7.14: Simulated forward and sideward traces. (A) Simulated forward and
(B) sideward (red line, left axis) motion of a Kip3-coupled microsphere along with the
angular motor position (green line, right axis) and as a function of time. Inset: Magni-
fication of forward steps showing small forward displacement at the times of sideward
steps. Modified from [148].

tubule was chosen randomly between 0 and 180 deg. The number of alternating
times per trace were chosen to be the same as in the experiments (Table [/.3).
For alternating times between the experimental ones, interpolated even values
were used. After a switch, i.e. a change in sideward loading direction, the
last angular position was set as the new starting position. Since the angular
position ¢ changed for every step, we calculated and updated the microsphere
displacement y(¢), the tangential force Fiang(¢p), the force dependent rates, the
corresponding sideward stepping probabilities and step durations. Because the
number of alternating times were equal to the experimental ones, the simulated
traces also had the same overall durations accordingly. Additionally, we added
normally distributed noise with a standard deviation of 3nm corresponding to
the experimental value of 12 nm, filtered down to the simulated sampling rate
of 20Hz. For each experimental alternating time, we simulated and analysed
200 traces. Sideward displacements Ay and their means and variances were
calculated from these traces in the same manner as for the experimental data.
We accounted for additional experimental noise—e.g. due to remnant mobility
of microtubules which showed up in the variance data—by a global linear fit to
the difference between the experimental variance and the simulated variance
using both Kip3 and rkin430 data. The best linear fit was added to the simulated
variance data of both motor types.

Examples for simulated forward and angular traces are shown in Fig.
The simulated trace shows the counterintuitive effect that the sideward dis-
placement y may be positive, close to zero, or negative even though the angular
position always changes in the same direction with the same magnitude (see
angular steps at ~2s, 3s, and 5s in Fig. [/.14B). Without the linear fit para-
meters, the simulation had 5 free parameters: k), k7, x/,x{, and the supertwist
pitch P. For the simulations, we used the reciprocal of the pitch rP, which we
limited to a reasonable range (Table for different protofilament numbers.
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Figure 7.15: Parameter sets for free supertwist pitch. Plots of parameter sets
for k7, k7, x],xf and rP as a free parameter, plotted against each other. Red: best
parameter set, black: best 100, blue: best 500, yellow: best 2500 parameter sets.
Histograms with means (red bars) of the best 100 parameter sets are shown in the
diagonal. Modified from [148].

The side-stepping rates were randomly chosen with increments of 0.05s7!, the
distance to the transition states with 0.1 nm increments, and the reciprocal su-
pertwist pitch with 0.01 pm™ increments. Each simulation set included more
than 100,000 different parameters sets. To find the best-fitting set of parameters,
we calculated for each parameter set the reduced y*-value ()(fe 4), based on the
difference between experimental and simulated mean sideward displacements
and sideward variances of Kip3, weighted by the experimental error bars. In
the first set of simulations, we varied all 5 parameters randomly. For this set,
we found that the value of 7P did not converge to a best-fit value of x2 ,, i..
the value of the supertwist had little influence on the overall best-fit (Fig.[7.15).
Also, the amplitude of the mean sideward displacement for the kinesin-1 simu-
lation was always less than a nanometre for all values of the supertwist. These
small values indicate that even for the protofilament tracker kinesin-1 the super-
twist did not lead to any mean sideward displacements that should be detected
by the experiment. Therefore, for the second set of simulations, we fixed the
rP-value to the expected weighted mean Valueﬂ Using one weighted average
rP-value for all simulated traces is justified as a sufficiently high number of
microtubules have been used in the experiments (Table [7.3). The simulation
results are shown in Fig. We used the corresponding best parameter set
to also simulate the force-dependent measurement. For this simulation, we

used the load-dependent linker lengths L, given in Fig.[7.13B. For both sets, the

ZDue to wrong values for some of the supertwist pitches, a weighted mean value of 0.126 pm™!
instead of 0.152 um™! has been used for the simulation. However, this small error had no
influence on the outcome of the simulation.
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best-fit parameters are shown in Table Because the simulations correspond
to independent experiments, we calculated the weighted means and SDs of the
parameters. Within error bars, the zero-force sideward stepping rates towards
the left and right of k* ~ 0.3s™! did not differ. The distance to the transition
states of 3.6 £ 0.8 nm and 2.5 + 1.0nm (SD, N = 95) for left and right, respect-
ively, depended on the direction. Thus, in the absence of force, the simulation
results support a purely diffusive sideward motion with a sideward stepping
time of T = (2k°)™' ~ 1.7s. A directed process, i.e. with one of the rates being
zero, does not describe the data well (Figs. @ and @) The mean and vari-
ance of the simulated sideward displacements as a function of alternating time
using the best-fit parameters are plotted in Figs. and B as dotted and solid
lines. Mean and variance of simulated sideward displacements as a function
of sideward load are plotted in Figs. and D, using the same parameter set.
Overall, the simulation fits the experimental data very well, supporting our
diffusive, asymmetrically force-biased stepping model. The sideward variance
as a function of sideward load, however, was not fitted well by the simulation.
I measured roughly a constant value. The simulation predicted a monoton-
ous decrease (Fig.[7.7D). This discrepancy may rise from the simulation: Also
for the time-dependent sideward variance, the original simulated values were
significantly lower than the experimental ones. Therefore, a linear function
that accounted for the increasing experimental noise in the data, based on the
"background measurement” with rkin430, was added to the variance to fit the
data well. This could not be done for the force-dependent variance data, as no
such a background measurement with rkin430 was performed. However, it can
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Table 7.4: Simulation results of Kip3 motion. Best-fit results with standard devi-
ations (SDs) of kinetic parameters and reduced y2-values for simulations with fixed
and free reciprocal supertwist pitch rP. The bottom line contains weighted means and
SDs of the two parameters sets. )(fed includes only Kip3 data. The SD reflects the
spread in parameters of simulations with a )(fed-value range that contains 97 % of the
probability distribution of the parameters. The number of simulations that were used for
the SD calculations were 18 and 77 with 22 and 23 degrees of freedom, respectively.

Parameter X! (nm) xt (nm) K (s7) Ko (s71)
Free 37 +1.2 27 +14 0.25 + 0.06 0.30 + 0.05
Fixed 3.6 £+ 1.0 22+ 1.6 0.35 + 0.04 0.25 + 0.07
Weighted 3.6 £ 0.8 25+ 1.0 0.31 +£ 0.03 0.28 + 0.04
Parameter | Slope (nm?/s) Intercept (nm?) Xog

Free 58 + 0.2 21.6 £ 0.3 1.48

Fixed 56 + 0.3 219 + 0.3 1.43
Weighted 5.7 £ 0.2 21.7 £ 0.2

be expected that the noise also increase with higher loads and including this
into a simulation would fit the data better. As discussed above, I attribute this
increase to force-induced lateral fluctuations of the microtubule.

7.7. Discussion

My experiments have shown that (i) Kip3 motor-coated microspheres moved
on average sidewards in the direction of load, (ii) the variance of the sideward
displacement distribution increased with increasing sidewards pulling time,
and (iii) detected individual sidewards steps had a broad distribution both in
the direction of applied load and against it. While the latter two points are in-
dicative of a diffusive process, the geometry may also be the cause for apparent
bidirectional microsphere steps for a unidirectional, i.e. directed angular motion
of the motors. However, such unidirectional motion is inconsistent with the
load-induced sideward motion and steric hindrance. For a unidirectional angu-
lar motion, the motor would have to pass through underneath the microtubule,
which is sterically impossible in this assay, due to the attached microsphere.
Why do the mean and variance of the sideward displacement distributions
saturate or even decrease for long alternating times? The geometry of the
experiment explained the broad distribution in sideward step sizes and side-
ward distances. Moreover, because of the geometry, in addition to the force-
dependent sideward stepping rates, I expect that for long alternating times the
motor should on average localise to the protofilament oriented at the angle ¢may,
for which the tangential force is zero (Fig.[7.3B). For deviations away from this
angular position, the tangential force exponentially increases the counter-acting
sideward stepping rate while exponentially decreasing the rate in the direction
pointing away from ¢n,«. Therefore, after a transient, the microsphere position
should fluctuate around the position ¥(¢max). For long alternating times, the
transient displacement to reach ¢max contributes little to the linear-fit based
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sideward displacement (as defined in Fig. [7.4B) resulting in an overall mean
sideward displacement Ay approaching zero. Since the force dependence of the
leftward rate is larger, we expect that the mean angular position ¢max is reached
faster compared to the right. Therefore, the transient is shorter and contributes
less to the mean sideward displacement. The smaller contribution results in
an overall smaller absolute mean sideward displacement to the left compared
to the right. Thus, the dynamics of the system causes a larger mean displace-
ment to the right, even though the leftward stepping rate is more sensitive to
force. For long alternating times, we expect the variance to approach a constant
value resulting from the fluctuations around the mean angular position. Taken
together, our model is consistent with all of our experimental observations.

We assumed that the normal force did not affect the sideward stepping. Yet,
I observed that the sideward load slowed down the forward motion. I attribute
this slowdown to the normal force acting on the motor. To support this notion,
I measured the forward speed while pulling upward on the motor (red open
diamonds, top axis in Fig.[7.3B). I scaled the upward force axis relative to the
sideward force axis by dividing the latter by cos ¢max (according to Eq[7.8 with
P(Pmax) = Pmax), Which corresponds to the normal load force expected according
to the model under sideward pulling conditions after the transient. With such
a scaling, the data overlap: within error bars, the decrease in forward speed
upon upward loading suggests that the normal load is the key parameter that
slows down the forward motion of the motor. While I could not measure any
limping, one would expect the motor to limp with increasing sideward and
normal loads.

For a single motor, our model suggest a purely diffusive sideward motion
in the absence of loads with about every ninth step of the motor being a side-
ward step in a random direction, based on [2k° + k¢]/(2k°) = [0.6 + 5]/0.6 =~ 9.
However, microtubule rotations observed in gliding assays suggested a left-
ward bias of the steps [50]. According to our model, this leftward bias is due to
the different force dependence of the sideward stepping rates (Table [7.4). The
molecular origin of this difference may be due to the asymmetric structure of
the kinesin head with respect to the neck linker [50]. In the gliding assays,
multiple motors operate together. We developed a simple model according to
which the asymmetric bias in the force dependence is sufficient to explain the
observed rotation direction in gliding assays. The model is based on the mutual
influence that multiple motors in a gliding assay geometry have on each other.
For the gliding assays, in analogy to our loading experiments, we expect, after
a transient phase, that all motors should on average be located at an angular
position for which the tangential force for each individual motor should be
zero (see Fig. for an illustration). For simplicity, let us consider the case
of two motors. If both motors are initially in a state without tangential forces
and one of the motor takes one sideward step, this motor causes a tangential
force. The microtubule should rotate to a new angular position that distributes
the tangential loads equally on both motors in analogy to the fractional steps
observed for cargo transport driven by multiple motors [153]. Since the motor
can either step left or right with equal probability in the absence of a tangential



82 7. 2D Optical Tweezers Tracking of Kinesin-1 and Kinesin-8

A Surface B 10 20 3040 nm/s forward speed

N

Kinesins

w
i
T

Rotational pitch P (um)
- N

Microtubule

o

Fiang (PN)

Figure 7.17: Multiple-motor model. (A) Schematic of multiple motors interacting with
a gliding microtubule moving out of the image plane leading to a clockwise rotation,
i.e. the motors step on average to the left. Two motors are drawn in three different
states (magenta, cyan, grey). Magenta and cyan coloured motors symbolise the two
different cases for which the tangential force (arrows) points in opposite directions. For
grey motors, the tangential force is zero. Modified from [148]. (B) Rotational pitch
P (Eq. as a function of tangential force for different forward speeds using kK =
0.3s7! and A¢pr = 27.7deg.

force, there are two cases of loading directions illustrated by the magenta and
cyan motors in Fig.

Because of symmetry, the magnitude of the tangential forces on both motors
should be equal. However, because of the asymmetric force bias, the leftward
stepping rate should be on average larger compared to the right one, i.e. the
exponential with the largest positive exponent should dominate the system.
The force-induced difference between the left and right stepping rates should
result in a net motor movement to the left for both of the above-mentioned cases.
In the magenta case, on average, the left motor is most likely to take a step to the
left. This stepping rate is the highest compared to any other stepping rate that
either the left or the right motor have. In the cyan case, the right motor is most
likely to take a leftward step. Thus, in both cases in the geometry of Fig.[7.17A,
which we expect to occur with equal probability, the net stepping rate toward
the left should result on average in a clockwise rotation of the microtubule,
which is the observed rotation direction in gliding assays [50]. For more than
two motors acting together, the force balance is difficult because it will depend
on the individual location of all the motors. However, motors should still exert
tangential forces onto each other, on average half of the motors should be to the
left and right of the centre, respectively, and the exponential with the largest
positive exponent should dominate. Thus, also in this case we expect clockwise
microtubule rotations and a net motor bias towards the left.

To calculate the rotational pitch with this model, let us first consider the cyan
case in Fig. [7.17/A. The respective contributions of the left motor 1 and right
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motor 2 to the angular speed w of the microtubule is

@12 = Ayt [ki(FFrang) = ki(FFiang)| (7.12)

where A, is the angular displacement for a single sideward step of a single
motor. For the magenta case, the direction of forces, i.e. the signs, are inverted
in Eq. For both cases, the net angular speed is wnet = %(a)l + wy). If we
assume that the zero-force sideward stepping rates in Eq. for left and right
are equal, both cases result in the same net angular speed @y and rotational
pitch P:

et = Apik” [cosh (Fta“gx7) ~ cosh (Fta“gx: )] (7.13)
kgT kgT
2
p= ZJf(l:‘norm) : _T(/ (714)
Wnet

where k¥ ~ k! ~ k? is the zero-load sideward stepping rate, and v(Fnorm) the
forward speed which may depend on the normal load. This pitch equation
(Eq. does not account for any supertwist that would superpose with the
motor-induced rotation. Because x] > xf, the net angular speed is positive
(wnet > 0), which means that on average motors would step to the left. De-
pending on how many motors interact with the microtubule, we expect that
the average normal and tangential load per motor may vary. For example, for
many motors, which do not step in synchrony, we expect that there should
be a significant loading force caused by lagging motors in the direction of the
microtubule axis. Because the microtubule is kept at a certain distance from
the surface [111], this loading force has a component in the direction normal
to the microtubule axis and a tangential component upon sideward stepping.
The normal load should slow down the motors according to Fig. Therefore,
for many motors we expect the average normal force per motor to be larger
compared to the few-motor case resulting in a slower gliding speed. Indeed,
systematic MT gliding assays showed that the MT forward speed decreased
with higher Kip3 surface density [49]. For our range of normal loads (Fig. ,
I plotted a family of curves of Eq.[7.14| (Fig.[7.17B) for different forward speeds.
For the observed experimental pitch value of * 1 pum for Kip3-rotated micro-
tubules [50], the model would suggest that, depending on the normal load, on
average about 1.4-2.4pN of tangential load force is acting on the motors. The
magnitude of the force range is comparable to the 1.3-1.5 pN stall force [40, 92|
and falls within the range of forces tested in this work (Fig.[7.3). Thus, the force
bias may account for the rotational pitch and left-handed bias in the gliding as-
says. A similar collective effect has been observed for dynein [103], suggesting
that dynein may also have a difference in the force dependence of the sideward
stepping rates.

Kip3 has a weakly bound slip state [40]. The motor switches to this short-
lived state at a frequency comparable to the sideward stepping rate. Whether
sideward stepping is related to this state is unclear at the moment. It can
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be excluded that the discrete sideward steps of Kip3 were actually slipping
events, as the steps with and against the load had the same distribution with
respect to the range of the step size (Fig. [7.5). If Kip3 had slipped with the
load, the measured step sizes in this direction had been bigger than in the
other direction. A weakly bound state may enable the motor a longer reach to
binding sites on neighbouring protofilaments [50]. Whether sideward stepping
is coupled to ATP hydrolysis and how the sideward stepping rate depends
on the ATP concentration is also unclear. I tested stepping assays at reduced
ATP concentrations. However, a quantitative analysis of these assays turned
out to be nearly impossible due to very low motor speeds and a reduced stall
force. If sideward stepping is coupled to ATP hydrolysis, I would expect a
small zero-force asymmetry in the sideward stepping rates which I could not
determine within the error margins. Such an asymmetry should arise because
of the helical microtubule geometry and the asymmetry of the motor [50].

What biological relevance does the diffusive sideward stepping mechanism
have for Kip3? For axonemal dynein motors, off-axis movement—causing
microtubule rotations and, thus, torque—may be important for the three-
dimensional motion of the flagellar beat [154, 155]; for cytoplasmic dynein,
sideward steps may be an essential biological requirement such that heads can
pass each other, obstacles, or counterpropagating kinesin motors [103,156-158].
For kinesin motors, the ability to bypass obstacles is also an essential property
for cargo transport [53| 54, [159]. How torque generation [112,1154,[155|[160-162]
on the cargo, i.e. a rotation of the cargo around the filament axis, induced by
sideward stepping influences cargo transport remains to be seen.

Kip3 does not transport cargo but must reach the microtubule end for length
regulation. Therefore, being able to bypass obstacles on both sides seems to
be the most efficient way to do so. The asymmetric force bias may not have a
biological function for Kip3.
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8. 3D Optical Tweezers Tracking of
Kinesin-1 and Kinesin-8

To verify the simulation results of the 2D-force-clamp assays, I performed 3D-
force-clamp assays with kinesins on suspended microtubules. I tracked the
motion of the kinesin-8 Kip3 with high precision in all three dimensions in
the absence of any loads. I observed that Kip3 diffusively switched between
protofilaments in discrete angular steps without an asymmetry between left
and right. A quantitative analysis of the angular motion suggested distinct
diffusional states of Kip3. The results of Kip3's diffusive sideward stepping were
consistent with that of the 2D assays. Control measurements with the kinesin-1
rkin430 revealed protofilament tracking and no switching. This tracking was
used to determine the supertwist pitches of the used microtubules.

In the following chapter, the details and results of 3D-force-clamp assays with
zero loads on Kip3 and rkin430 are explained.

8.1. 3D-Force-Clamp Assays with Kinesins

Experiments were performed in flow cells that were constructed with topo-
graphically structured cover slips (Section [6.3), a smaller hydrophobic cover
slip on top, and parafilm, analogously to the previously described flow cells
(Fig.[8.1). The channels were washed with BRB80 and incubated with tubulin
antibodies and F-127 as before, except that the F-127 incubation was prolonged
to >45 min, as this improved the blocking of PFPE from unspecific binding. The

Optical trap i§ F-127
2 ¥ Anti-tubulin
t :y Y Anti-GFP  Figure 8.1: Schematic
x ! PEG of the 3D-force-clamp

assay. Topographic
structures on the cover
slip surface provide
free access of kinesin-
coated microspheres
to suspended micro-

tubules in an optical

Topographic surface structure made of PFPE assay. Schematics are
Glass cover slip not to scale.
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rest of the assay preparation concerning kinesin and microsphere dilution and
mixing followed the same protocol as for 2D assays (Chapter [4).

Positional and angular traces of the tracked microsphere were calculated as
described in Section [3.2| according to the geometry in Fig. The expected
radius of the microsphere centre around the microtubule is about 340-360 nm,
corresponding to the sum of the microsphere radius of 295 nm, the MT radius
of 12.5nm, and the kinesin/PEG linker length of 30-50 nmﬂ

8.2. 3D Video Tracking of Kip3

In the beginning, I used the method of three-dimensional tracking of micro-
spheres, based on defocussing microscopy as described in Section [3.4]to detect
the motion of Kip3-coated microspheres on microtubules without using op-
tical tweezers. Visually, I observed swivelling of the microspheres around the
MT axis. When the microspheres reached the edge of the ridge structures, I
observed both continuous translocation on the ridge and stalling of the mi-
crospheres when colliding with the ridge’s wall. With this tracking method, I
determined the three-dimensional position data of the microsphere and visual-
ised the data in 3D plots (Fig.[8.2). I observed no significant angular motion of
microspheres on immobilised microtubules on planar surfaces (Fig. [8.2JA) but
extended angular motion to the left and right around freely accessible microtu-
bules (Fig.[8.2B). The spatial and temporal resolution was much worse than in
an optical tweezers assay. Also, for measurements where a height calibration
was not possible and calibration data from previous measurements had to be
used, the axial position z had been not calculated correctly which was visible
by an elliptically distortion of the circular path in yz-projection of the traject-
ory. The average spatial resolution of non-motile phases of 3 traces (including
Fig.[8.2A) was 32nm (x), 46 nm (y), and 48 nm (z), the angular resolution 9 deg,
and the radial resolution 44nm. All values were larger than those that were
achieved with the 3D force clamp. Thus, as this method had a worse resolution
and the calibration was hard to reproduce, I did not follow it up any further.

IThis value might be overestimated, as the unstretched kinesin/PEG linker is certainly shorter.
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Figure 8.2: 3D video tracking of kinesins. Two 3D trajectories of Kip3-driven micro-
spheres on suspended microtubules (A) on the ridge and (B) above the canyon. Insets:
yz-projections. The microsphere in (A) stopped at the end of the microtubule.
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Figure 8.3: 3D single Kip3 stepping assays on planar surfaces. (A) An exemplary
three-dimensional trace of a Kip3-coated microsphere on an immobilised microtubule,
showing diffusional angular motion, represented by the zy-projection, the full 3D pro-
jection, and the angular trace over time. (B) Angular histogram, polar plot, and (C)
angle plot as a function of x of 22 measured traces on 15 different microtubules. An
offset, equal to the mean of maximal and minimal values of each trace, was subtracted
from the angular traces in the last plot.

8.3. 3D Stepping Assays with Kip3 on Planar
Surfaces Revealed Confined Angular Motion

As a control for the three-dimensional assays, I calculated and analysed the
traces of three-dimensionally tracked, Kip3-driven microspheres on microtu-
bules that had been immobilised on planar sample surfaces. I plotted the
angular traces as a function of the absolute forward position x instead of time.
In this manner, pausing artefacts are avoided and the motion of traces with
different forward speeds can be compared.

The recorded traces, from which 22 were long enough to be used for further
analysis, had a mean speed of 39 + 1nm/s (N = 48) that is consistent with the
measurements in Chapter [/] The mean radius and SEM of the circular fit were
262 + 18nm (N = 10) which is smaller than the expected value of 340-360 nm.
Most of the traces showed clear angular motion as shown in Fig. However,
all traces were restricted on a small angular range of +30 deg on the upper half
of the microtubule, i.e. around the 90 deg position (Figs. and C). The angu-
lar motion occurred most often (15 out of 22 traces) in both directions and not
unidirectionally which indicates angular motion in both directions. This angu-
lar motion could have been caused by protofilament switching or swivelling of
the microsphere above the microtubule. To understand the angular range of
+30 deg around 90 deg, one has to analyse the complex geometry of stepping
assays on a planar surface as done in the previous chapter. The measured angle
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in these assays, denoted as 0 in Fig.[8.3]A, is not equal to the angle ¢ at which
the motor is positioned on the microtubule as defined in Fig. This angle 0
is the angle between the surface and the connection line of microsphere and mi-
crotubule centre, respectively (Fig. and can be calculated for ¢ € [0,90 deg]
by:

sinq§+(R+L)/r-sin¢} ®.1)

0(¢) = arCtan{cosqb +(R+L)/r-cosy

where the angle 1(¢) is calculated by Eq. However, this relation cannot be
used to calculate the angular position ¢ as the original geometry model works
only when a sideward load is applied and keeps the microsphere at a constant
height with the linker stretched. Here, the force clamp worked in a zero-load
mode. Thus, the microsphere could swivel freely above the microtubule, limited
by the steric hindrance due to the surface. One cannot tell whether angular
changes in the measured traces rose from actual protofilament switching. Still,
Eq.[8.Tcan be used to calculate the possible angular range of traces and compare
it with the experimental value: The relation 6(¢) has a minimum Omin = Pmax at
the angle ¢max (Fig. inset). The maximum angular range around the 90 deg
position, the microsphere could swivel over is 180 deg — 20in = 55 deg which
is in good agreement with the measured maximal peak-to-peak variation of the
traces of 62 deg (Fig.[8.3]D.

Thus, these experiments on planar surfaces were not suited to investigate
three-dimensional motion of kinesins and therefore motivated the usage of 3D
structures.

8.4. 3D Stepping Assays Confirmed Diffusive
Protofilament Switching of Kip3

8.4.1. 3D Stepping Assays with Single Kip3 Motors

Three-dimensional stepping assays with single Kip3 on suspended microtu-
bules using the topographic structures described in Section [6.3| revealed broad
angular motion around the MT axis as shown in Fig. The angular traces were
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Figure 8.5: 3D single Kip3 stepping assays on suspended microtubules. (A) Two
exemplary three-dimensional traces of Kip3-coated microspheres around suspended
microtubules, showing diffusional angular motion. Each trace is represented by the
zy-projection, the full 3D projection, and the angular trace over time. (B) Angular his-
togram, polar plot (with different, arbitrary but constant radii), and (C) angle plot as a
function of x of 84 measured traces on 58 different microtubules. An offset, equal to the
mean of maximal and minimal values of each trace, was subtracted from the angular
traces in the last plot. The angular histogram in (B) shows data for all recorded traces
(red) and all traces except the outlier trace which is marked with a blue asterisk in (C).

located all around the microtubule with a preference for the upper half. This
preference is not unexpected, as the experiment usually started with putting
the microsphere on top of the suspended microtubule (Fig.[8.5B). The measured
mean radius + SEM of the circular fit was 375 + 9nm (N = 181 including all 3D
measurements with Kip3) which is in good agreement with the expected values
of 340-360nm. The angular traces showed unidirectional as well as bidirec-
tional angular motion. Some traces did not show much or no angular motion
at all. Interestingly, all 84 recorded traces (except one which is marked with a
blue asterisk in Fig.[8.5C) were restricted to an angular range of about 360 deg,
i.e. to one complete turn. With respect to all recorded traces, including those
presented in the next sections, this particular trace is considered an outlier, also
with respect to its very low forward speed and run length.

The average of all traces did not show a directional preference over time.
The mean angular gradient, obtained by linear fits of angle over the forward
position x, for all traces was —0.01 + 0.02deg/nm (0.0001 + 0.0154 deg/nm
excluding the outlier trace in Fig. [8.5C) and was not significantly different from
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Figure 8.6: Kip3 moved faster on
suspended microtubules. Exemplary
trace (green) with x-position as a func-
tion of time of a Kip3-coated micro-
sphere tracked with the force clamp.
The microsphere first walked on the
suspended part of a microtubule over
the canyon, followed (from ~32s) by
walking on the immobilised part on the
ridge. Values of speeds from linear
fits to x (given as magenta and blue
lines, respectively) for the different re-
gions are given.
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zero. This values imply that the microtubules were—at least on average—not
supertwisted which is in contrast to Ray et al. [11] and the estimation for the
average supertwist in the previous chapter (Table[7.2).

The measured forward speed of Kip3 in 3D assays was significantly higher,
compared to 2D assays. On suspended microtubules, the mean speed and
SEM of single Kip3-S were 58 + 3nm/s (N = 52), of Kip3-H 66 + 2nm/s
(N = 70). Both values are consistent with each other and have an overall
mean of 62 + 1 nm/s. This speed was significantly higher, compared to the one,
measured on microtubules that were immobilised on planar surfaces. Here,
the speed was about 40nm/s, tested with both constructs in TIRF stepping
assays at the same conditions, consistent with previous results [19] 40, 148].
To test whether the force clamp unintentionally applied an effective load on
the microsphere (and thus the Kip3), I measured the speed of Kip3-driven
microspheres without the force clamp but via video tracking (Section[8.2). The
mean speed was 56 + 5nm/s (N = 11, Kip3-S only) which is consistent with
the values that were measured with force clamping, excluding trap-induced
artefacts. To make a direct comparison between Kip3 walking on suspended and
immobilised microtubules, respectively, I measured the speed of microspheres
(N = 10, both Kip3 constructs) that first walked freely on suspended regions
and then on the part that was immobilised on the topographic structure, i.e.
ridge (Fig. [8.6). The corresponding means and SEMs were 55 + 6nm/s on
freely accessible microtubules and 30 + 5nm/s on immobilised microtubules.
A paired t-test showed the significant difference (p = 3 -107°) and that Kip3
was moving faster on freely accessible microtubules.

I went on analysing the recorded angular traces of Kip3 for steps, using the
same step finding algorithm as in the previous chapter. Steps of about Ady¢ ~
22-30deg were expected for a protofilament switch. The variation is due to
different protofilament numbers. Assuming the distribution of protofilament
numbers in Table the weighted mean angular step size is 25.7 deg. For a
microtubule with 13 protofilaments, the expected angular step size is 27.7 deg.
Many traces showed stepwise motion as shown in Fig.[8.7]A. Very large steps of
more than 50 deg have been detect as well; they likely arose from fast, successive
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Figure 8.7: Angular steps of Kip3 verified protofilament switching. (A) Angular
traces with detected steps (red lines). The offsets are chosen arbitrarily. Altogether,
150 steps in 30 traces were found. (B) Histogram of absolute angular step sizes with
Gaussian fit, centre, standard deviation, and number of data points. (C) Histogram of
angular step times. Inset: Cumulative distribution function (CDF) plot with exponential
fit, decay time, standard error, and number of data points.

steps that could not be distinguished by the step finder. The histogram of
measured absolute step sizes was fitted by a Gaussian (excluding data >50 deg,
Fig.[8.7). The corresponding centre and thus mean angular step size A¢sige Was
22 deg with a standard deviation of 8 deg which is smaller than the expected
value but still in acceptable agreement. The mean angular step dwell time 7gge
was 2 s, based on an exponential fit to the cumulative distribution function of
the experimental values, excluding data >8.5s (Fig. [8.7[C). The corresponding
sideward stepping rate was 0.5 + 0.1s™!. This is consistent to the sideward
stepping rate of 0.59 + 0.07s™! from the simulation of the 2D side-stepping
assays. From 150 steps, 88 were to the right and 62 to the left which did not
prove a significant preference for one direction. Also, the overall mean + SEM
of —5.0 + 2.6 deg of the steps was not different from zero.

8.4.2. 3D Stepping Assays with Multiple Kip3 Motors

To test the model for the interaction of multiple Kip3 motors in e.g. gliding
assays (Section[7.7), I performed three-dimensional Kip3 stepping assays under
multiple-molecule conditions. Interaction of multiple Kip3 on one microsphere
with the same microtubule was obtained by using 100-1000x higher Kip3-
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Figure 8.8: 3D multiple Kip3 stepping assays on suspended microtubules. (A)
Angular histogram, polar plot (with different, arbitrary but constant radii), and (B) angle
plot as a function of x of 62 measured traces on 47 different microtubules. An offset,
equal to the mean of maximal and minimal values of each trace, was subtracted from
the angular traces in the last plot.

to-microsphere ratios compared to single-molecule conditions. At these Kip3
concentrations, nearly every microsphere showed motility with stall forces in
the static trap of about 3.1 + 0.2pN (N = 41) in contrast to forces of 1.50 +
0.02pN (N = 77) under single-molecule conditions. To get more data for better
statistics, I also analysed Kip3 traces with stall forces >2 pN that rarely occurred
under single-molecule conditions, too. The forward speed without load was
57 + 2nm/s (N = 67) for Kip3-H and 53 + 3nm/s (N = 33) for Kip3-S with
an overall mean of 56 + 2nm/s. This value is slightly but significantly lower
than the mean for single-molecule conditions (p = 0.004). On the other hand,
the value was very similar to the speeds of single Kip3 measured with video
tracking.

All measured 62 angular traces had angular positions that were distributed
around the microtubules with a frequency peak close to the top position as in
the single Kip3 assays (Fig.[8.8/A). The traces were confined to an angular range
of about 360 deg as the traces of single Kip3 were (compare Figs. and [8.8B).
Also, traces did not show a directional preference over time. This was confirmed
by the mean angular gradient of —0.007 + 0.009 deg/nm. The measured radii
from the circular fit were not different and included in the mean data in the
previous section. The traces revealed unidirectional and bidirectional as well as
no angular motion as for single Kip3. The unidirectional traces were both left
and right-handed. A qualitative difference to the traces of single Kip3 was not
observed. Therefore, a collective interaction between multiple Kip3 that could
lead to a preferential left-handed angular motion of the microsphere (Section
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Figure 8.9: 3D multiple Kip3 stepping assays on suspended microtubules at re-
duced ATP concentration. (A) Angular histogram, polar plot (with different, arbitrary
but constant radii), and (B) angle plot as a function of x of 16 measured traces on 7
different microtubules. An offset, equal to the mean of maximal and minimal values of
each trace, was subtracted from the angular traces in the last plot.

could not be observed with this experiment.

8.4.3. 3D Stepping Assays with Multiple Kip3 Motors at
Reduced ATP Concentration

To investigate the ATP dependence of the protofilament switching of Kip3, I
perform analogous experiments with a reduced ATP concentration of 10 uM.
I found that the stall force of Kip3 dropped dramatically at this ATP con-
centration. Thus, all assays were done under multiple-molecule conditions,
to be able to work with the force clamp in the first place. Using the same
Kip3-to-microsphere ratio, the mean stall force in the static trap at 10 uM was
0.8 + 0.1pN (N = 20), in contrast to about 3pN at 1mM ATP. The velo-
city dropped to 20 + 2nm/s (N = 26) which is consistent with the value
17.6 £ 0.4nm/s (N = 89), measured in the TIRF stepping assay (Fig.[7.2). I ob-
served much less angular motion than at 1 mM ATP (Fig.[8.9). The positions of
the angular traces were also distributed around the used microtubules. Again,
the traces showed no directional preference over time, implied by the mean
angular gradient of 0.005 + 0.04 deg/nm.
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8.4.4. Angular Displacement Analysis Revealed Different
Diffusive States of Kip3

To characterise the angular motion of Kip3, I performed a mean squared dis-
placement (MSD) analysis. The terminus "displacement" refers to translational
motion; for rotational motion like here, the terminus "mean squared angle dis-
placement” (MSAD) is more suited. Using this type of analysis, different modes
of motion can be identified and characterised, e.g. pure diffusion or diffusion
combined with directed motion. I determined the MSAD by calculating the
squared differences in the angle for overlapping time windows 7 for all trace
and then calculating the mean of all these squared differences for each 7. The
original angular traces had a sampling rate of 4 kHz but have been averaged
down to a rate of 1 Hz for Kip3. This was necessary, as the angular data for
times 7 < 7Tgqge are highly correlated and their fluctuations do not correspond
to actual motion [163]]. For rkin430, the data were averaged down to 10 Hz, as
kinesin-1 is much less processive and the traces shorter. To calculate a MSAD
for times 7 as long as for Kip3, I combined the rkin430 traces to one long trace
and calculated the MSAD from this trace. This was valid, as for short times 7
the MSAD of all separate traces and the MSAD for one combined trace were
identical. As the speeds differed between the different experiments, the times 7
have to be adjusted if MSADs of the other experiments shall be compared quant-
itatively with the main experiment with single Kip3. This worked in complete
analogy to the definition of the effective alternating time in Section An
effective time 7. for the different experiments i were calculated based on an
equal travelled distance on the microtubule lattice by Tef; = 7; - v;/0kips. Result-
ing MSAD:s of all experiments are shown in Fig.[8.10]in a semi-logarithmic plot.
For example, the direct comparison between single Kip3 on suspended and im-
mobilised microtubules shows the confinement of angular motion on the latter
and how free accessibility enhances the possible angular motion. The MSADs
for Kip3 at single and multiple-molecule conditions were equal and completely
overlapped for not corrected 7. No difference between the outcomes of both
conditions could be observed here. However, the MSAD of the traces of Kip3
at lower ATP concentration were much smaller than the MSAD for Kip3 at full
ATP.

The MSAD of Kip3 could be fitted by a parabola (not shown in Fig. [8.10|but
discussed below). A quadratic contribution to the MSAD implies an additional
directed component in the motion, in this system e.g. by a possible effective
supertwist. However, the angular traces themselves did not confirm such
a directed component (Fig. [8.5C). A closer look at the angular traces of Kip3
shows that there were different populations of traces that showed (i) basically no
or only little angular motion, (ii) some intermediate angular diffusion, and (iii)
large angular diffusion and rotation in both directions. An averaged MSAD like
in Fig. cannot reflect the distinctness of these populations. Therefore, I did
not further analyse the MSAD but the distribution of the angular displacements

2Excluding the outlier trace in Fig. did not give quantitatively or qualitatively different
results and was thus not considered.
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Figure 8.10: Mean squared angular displacement analysis of angular motion of
kinesins. Plot of mean squared angular displacements as a function of 7.4 and dis-
tance on the microtubule with standard errors of angular motion of single Kip3 on mi-
crotubules, immobilised on planar surfaces at 1 mM ATP (blue), single Kip3 at 1 mM
ATP (black), multiple Kip3 at 1 mM ATP (red), multiple Kip3 at 10 uM ATP (magenta),
and single rkin430 at 10 uM ATP (green). The times 7 have been adjusted for differ-
ent experiments with different speeds (given in the legend) and transformed into an
effective 7o (See main text).

for each 7. The distribution’s variance is then equal to the MSAD. I analysed
the distributions by fitting multiple Gaussian functions to the histograms and
analysed their parameters as done previously by Helenius et al. for different
states in the diffusive motion of kinesin-13 [164]]. I fitted sets of 1-4 Gaussian
functions to the angle histograms of the traces of single Kip3 for 7=1-20s.
Multiple Gaussians were arranged and numbered by increasing variances. The
fits were weighted by the number of counts in each bin. Several histograms
with fits are shown in Fig. Mean angular displacements and variances
of the distributions are given in Figs. and B. The histograms could be
titted much better with a sum of three Gaussians compared to two or only one
Gaussian, as the x2 -values in Fig. show. I also tried to fit a sum of four
Gaussians, but either a converging fit was not possible or two of the peaks
contained equal parameters. Thus, more than three Gaussians did not improve
the fits. The subsequent analysis was performed with a fit of three Gaussians
(Figs.[8.12D-F). The centres of all three fits (Fig.[8.12D) showed only a very small
changes over time of each <0.3 deg/s (obtained from linear fits, not shown in
Fig.[8.12D), i.e. there was no effective directed motion in any of the populations
which is consistent with the analysis of the traces. Also, the overall mean of
the displacement distributions showed a small change over time of 0.2deg/s
to the left (linear fit in Fig. [8.12JA). This small directional preference might be
represented by the parabolic fit to the overall variance (Fig.[8.12B). At a forward
speed of 62nm/s, these small angular speeds correspond to rotational pitches
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Figure 8.11: Angular displacement distributions of single Kip3 traces. Histograms
of angular displacements of single Kip3 traces for different z. Each distribution was
fitted with a set of 3 Gaussian functions, weighted by the number of data points. The
different Gaussians are shown in different colours, together with the cumulative fit.
More than 3000 data points were used in each histogram.

of about 100 um. This large value does not fit to any experimental or predicted
supertwist pitches for microtubules. Microtubules with that large pitches are
considered to be not supertwisted. Thus, the observed changes of the mean
angular displacements are not considered to represent effective angular motion
due to supertwist.

The three Gaussians differed a lot in their widths and how fast the widths
increased over time (Fig. [8.12E). I performed linear fits of the corresponding
variances which were weighted by their standard errors, excluding 7 < 2s, as
these values were below the mean angular step time of Kip3, and 7 > 10s as
the distributions were influenced by the angular confinement. For t > 10s, the
variances of the three populations saturated at values of 109 + 19deg?, 1711 +
212deg?, and 7435 + 568 deg’, respectively. The saturation of the variances
suggests confined diffusion. For 1D diffusion which is restricted to a segment
of length S, the mean squared displacement—in this case the variance of the
angular displacements—converges to a value of 5?/6 for long 7 [165]. Using this
relation, the plateau value of the first population refers to an angular segment
of 26 + 2 deg which is in agreement with the angular step size. For the second
and third population, the corresponding angular segments were 101 + 6deg
and 211 + 8deg, respectively. The last value approximately refers to half a
turn around the microtubule. Half the value of the slopes of the fits are the
diffusion constants which are given in Table The three populations had
very different diffusion constants. I calculated the relative abundance of the
populations based on the Gaussian’s area divided by the sum of all three areas.
The results are plotted in Fig. [8.12F. x-tests showed that all abundances were
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Figure 8.12: Angular displacement of single Kip3 traces. (A) Mean angular dis-
placement and (B) angular displacement variance over tau, with linear and parabolic
fit, respectively. (C) x2, value for fitting the displacement histograms of Fig. with
a sum of 1, 2, and 3 Gaussian functions, respectively. (D) Centres, (E) variances with
linear fits, and (F) relative areas with weighted means (horizontal lines) of the 3 Gaus-
sians over 7, using the same colour legend. Blue lines in (B) and (E) represent the
slope of a linear function in a double-logarithmic plot. Error bars are SEs. Plateaus of
the fit variances in (E) are given by magenta, cyan, and yellow lines, respectively.

constant over time. The weighted means and standard errors, normalised
to a sum of the abundances of 100 %, are given in Table With the final
relative abundances, I calculated a weighted average of the diffusion constant
of 162 + 28 deg?/s (Table[8.1). The diffusion constant D can be used to calculate
the mean sideward stepping rate k, using the equation k = 2D/ Aqbf) o where A¢p¢
is the angular step size. I calculated mean sideward stepping rates for both the
angular step size of 27.7 deg for a microtubule with 13 protofilaments and the
measured mean angular step size of 22 deg (Fig.[8.7). For 13 protofilaments, the
mean sideward stepping rate was 0.42 £ 0.07s™'. Ata forward speed of 62 nm/s,
every 19th step would be to the side, then. For the measured mean angular step
size, the corresponding sideward stepping rate was 0.66 + 0.15deg, i.e. every
13th step would be a side step.

In the following, I performed the same analysis for the angular traces of
multiple Kip3 at high and reduced ATP concentration. Centres, variances and
abundances of the Gaussian subdistributions are shown in Fig. The results
for multiple Kip3 at 1 mM ATP were not very different from the ones for single
Kip3: The angular displacement distributions were fitted best with three Gaus-
sians, for which the centres did not change over time t which was confirmed
by linear fits (not shown in Fig.[8.13A). The overall mean angular displacement
(not shown) decreased linearly over time with a slope of —0.24 deg/s to the right.
At the mean speed of multiple Kip3, this angular speed refers to a rotational
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Table 8.1: Diffusional states of Kip3. Angular diffusion constants and offsets with
standard errors referring to the linear fits to variances, relative abundances of the mo-
tion populations, based on multiple Gaussian fits, and the corresponding weighted av-
erage of the diffusion constants from Figs. and for different experimental
conditions on Kip3. For comparison, a diffusion constant based on the sideward step-
ping rate that was obtained from the Kip3 stepping simulation (Section is given.
The diffusion constants for different experiments are given as effective ones that have
been normalised on the speed of single Kip3 at 1 mM ATP, i.e. Degf = vsingle/v - D.
Single Kip3, 1 mM ATP, vgingle = 62nm/s

Parameter Fit1 Fit 2 Fit 3
Diffusion constant D (degz/s) 42 + 0.7 52 + 4 490 + 54
Offset (deg”) -7 +5 | -150 + 27 | —1478 + 280
Relative abundance (%) 18 £ 2 55 + 3 27 £ 2
Weighted diffusion constant (degz/s) 162 + 28
2D diffusion constant (degz/s) 144 + 25

Multiple Kip3, 1 mM ATP, v = 56 nm/s
Parameter Fit1 Fit 2 Fit 3
Diffusion constant D¢ (degz/s) 56 £ 0.2 75 £ 6 514 + 91
Offset (degz) -6.6 + 0.8 | -107 + 15| =770 = 170
Relative abundance (%) 33 + 3 52 + 4 15 + 2
Weighted diffusion constant (deg?/s) 116 + 30

Multiple Kip3, 10 uM ATP, v = 20nm/s
Parameter Fit1 Fit2
Diffusion constant D¢ (degz/s) 9.0 £ 0.5 95 + 3
Offset (deg”) 0.8 + 0.8 1+5
Relative abundance (%) 52 + 3 48 + 2
Weighted diffusion constant (deg?/s) 51 + 4

pitch of 84 um. As discussed before, these values are not thought to represent
effective angular motion. The variances increased linearly over 7 and saturated
to constant values of 89 + 12deg’, 986 + 122deg’, and 6097 + 256 deg” for
the three populations (Fig. [8.13B). The corresponding angular segments were
23 + 2deg, 77 + 5deg, and 191 + 4deg, respectively. These values were con-
sistent with those for single Kip3 results. The diffusion constants referring to
the slopes of the angular displacement variances are given in Table To com-
pare the values to those of the original Kip3 measurement for single-molecule
conditions with respect to the same travelled distance in x, the variances were
fitted over the effective time Tef = 0/Vsingle - T, With respect to the different speeds
as described before. As result, the effective diffusion constants were scaled by
Degs = Ugingle /v D. The resulting diffusion constants for the three populations of
single and multiple Kip3 were very similar. The abundances of the three pop-
ulations were constant during the increase of the variance, only. The weighted
means (given in Table were different from single Kip3, as the abundances
for populations 1 and 3 seemed to switched values. Consequently, the weighted
average diffusion constant of 116 + 30 deg’/s was slightly but not significantly
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Figure 8.13: Angular displacement analysis of multiple Kip3 traces. Centres,
variances with linear fits, and relative areas with weighted means, obtained from angle
analysis for multiple Kip3 at 1 mM ATP (A-C), and at 10 uM ATP (D-F), respectively.
Blue lines in (B) and (E) represent the slope of linear function in a double-logarithmic
plot. Error bars are SEs. Plateaus of the fit variances in (B) are given by magenta,
cyan, and yellow lines, respectively.

lower. Despite the differences, the results for single and multiple Kip3 were
comparable: They both showed the existence of three distinct populations in
the angular motion with distinct motion parameters and constant abundances.

However, the results for multiple Kip3 at low ATP concentrations (10 pM)
differed from the other conditions. The angular displacement distributions
could be fitted best with only two Gaussians. Using three Gaussians did not
result in significantly lower x2 ,-values. Ockham'’s razor principle suggests to
choose the model with less parameters in this case. Thus, the angular motion of
Kip3 at low ATP concentration contained only two populations. Their centres
were not significantly different from zero (Fig.[8.13]D). The overall mean angu-
lar displacement (not shown) increased linearly with a slope of 0.04 deg/s that
corresponds to a rotational pitch of almost 200 um, representing no effective
angular motion. The variances of the two Gaussians increased linearly over
7 without saturation in the investigated range of 7 (Fig. [8.13E). The corres-
ponding diffusion constants, again calculated with the corrected 7., are given
in Table Both constants had similar values compared to the two smallest
diffusion constants of the other Kip3 experiments. The abundances of both
populations were each approximately 50 % within error margins (Table 8.1).
The weighted average diffusion constant and SE were 51 + 3 deg?/s. The cor-
responding sideward stepping rate was 0.13 + 0.01s™! for the angular step size
for 13 protofilaments. For the measured mean angular step size, the sideward
stepping rate was 0.21 + 0.03s™!. When using the actual time 7 in Fig. , the
actual rate was 0.043 + 0.004 s™! for 13 protofilaments and 0.07 + 0.01s™! for the
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Figure 8.14: Mean squared angular displacement analysis of angular motion as
a function of the distance on the microtubule. Plot of mean squared angular dis-
placements as a function of the distance on the microtubule & with standard errors of
angular motion of single Kip3 on microtubules, immobilised on planar surfaces at 1 mM
ATP (blue), single Kip3 at 1 mM ATP (black), multiple Kip3 at 1 mM ATP (red), multiple
Kip3 at 10 uM ATP (magenta), and single rkin430 at 10 uM ATP (green).

measured mean angular step size. The forward speed at low ATP corresponds
to a forward stepping rate of 2.5 + 0.3s™!, meaning that every 60th or 39th step
was a sideward step, respectively.

In addition to the described angular displacement and MSAD analysis, I fol-
lowed a different approach: Instead of analysing the change of the distribution
of angular displacements over the lag time 7, I analysed this change as a func-
tion of the lag distance & on the microtubule of the motor. This approach has
the advantages that (i) the speed of the motor is not relevant for the analysis,
i.e. a correction for an 7.4 between different experiments is not necessary, and
(ii) phases of motor pausing cannot be mistaken as phases of straight forward
motion. To perform this analysis, a ¢-coordinate as a function of an equidistant
x-values is needed. Thus, I defined bins of equal size in x and assigned the
median of all corresponding ¢-values in these bins to their bin centres. The
bin sizes must be chosen big enough to have enough data in the bins for good
statistics but also small enough to avoid binning over multiple angular steps.
An upper bound for this bin size is the distance the motor travelled during the
mean angular step dwell time. For the experimental condition with the lowest
speed, i.e. multiple Kip3 at low ATDP, this value is about 20nm/s-2s=40nm. I
finally chose a bin size of 10nm, as there were still hundreds to thousands of
data points in each bin. The following calculation of the MSAD as well as the
angular displacement analysis were performed in the same manner as already
described. The MSADs of the different experimental conditions of Kip3 and
rkin430 are shown in Fig. The MSADs for binned x as a function of lag
distance & did not differ significantly from MSADs as a function of lag time 7
(compare Fig. [8.10). Therefore, pauses did not have a large influence on the
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analysis. Also, the analysis of the distributions of angular displacements (not
shown) did not reveal qualitative differences from the previous analysis: For
single and multiple Kip3 at high ATP, I found three populations with different
diffusion constants. The results of single and multiple Kip3 did not differ sig-
nificantly. For Kip3 at low ATP, I found again only two populations. The only
difference were the values of the relative abundances, for which the weighted
diffusion constants and sideward stepping rates differed.

8.5. 3D Stepping Assays with rkin430 Confirmed
Protofilament Tracking

As a control for the measurements with Kip3, I performed 3D stepping assays
using the non-protofilament switching rkin430 at reduced ATP concentrations
of 5 and 10 pM to work at comparable speeds as Kip3. The measured velocities
were 94 + 5nm/s (N = 76,5 uM ATP) and 187 + 5nm/s (N = 65, 10 uM ATP).
These values are consistent with results from TIRF stepping assays (Fig. [7.2):
88 + 2nm/s (N = 278, 5uM ATP) and 168 + 3nm/s (N = 280, 10 uM ATP),
showing that rkin430 did not speed up on suspended microtubules like Kip3. In
a third series of experiments, I reduced the PIPES concentration in the motility
solution to 20mM, as lower salt concentrations increase the processivity i.e.
the mean run length of kinesin-1 [38, [166]. This buffer is called BRB20. The
used ATP concentration was 5 uM. The mean speed was reduced to 54 + 2 nm/s
(N = 132). The mean run length was 740 £ 68nm (N = 101, BRB80, both
ATP concentrations), confirming the low processivity of rkin430, compared to
Kip3. In BRB20, the mean run length was 1100 £ 110nm (N = 65), significantly
higher than in BRB80 which was confirmed by a Mann-Whitney test. Both mean
values correspond to lower bounds, especially for BRB20, as longer walking
events could not be considered due to the limited lateral working range of the
force clamp of 3.5 um from the centre in each direction.

8.5.1. rkin430 Followed the Protofilament Axis

For 3D assays with kinesin-1, I calculated the angle ¢ by overlaying the yz-
projection with a circle with mean radius that was given before. This was
necessary, because fitting a circle was mostly impossible. For traces with pos-
sible circular fitting, I found a mean radius of 370 £ 18 um (N = 32) which is
consistent with the expected value of 340-360 nm and the results for Kip3.

For most traces, I found that rkin430 did not show any angular motion which
is consistent with the outcomes of the 2D side-stepping assays with rkin430
described in Section[7.5 Exemplary traces are shown in Fig. (top) and B.
In addition, I recorded traces with significant rotations to the left or right around
the microtubule (Figs. (bottom) and C). I did not observe traces with
angular diffusion nor discrete angular steps in the traces that would correspond
to protofilament switching. I conclude that rkin430 followed the protofilament
axis on microtubules having different supertwists.
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Figure 8.15: 3D single rkin430 stepping assays on suspended microtubules.
(A) Two exemplary three-dimensional traces of rkin430-coated microspheres on sus-
pended microtubules, showing basically no and directed angular motion, respectively.
Each trace is represented by the yz-projection, the full 3D projection, and the angular
trace over time. The bottom trace was already shown in [66]. Plots of 156 angular
traces (all conditions) as a function of x on 93 microtubules of rkin430, split into traces
showing (B) no directed (N = 93) and (C) strong angular motion (N = 63). An offset,
equal to the mean of maximal and minimal values of each trace, was subtracted from
the angular traces. Some traces with sudden jumps are labelled with asterisks.

To use the rkin430 measurements as a control for the angular motion of Kip3, I
calculated the MSAD in the same manner as for Kip3 using traces with no large-
scale angular motions only. Traces with continuous rotations do not serve as a
control as changes in the angle are due to the supertwist and not protofilament
switching The MSADs were calculated for all three experimental conditions
separately and the time 7 was corrected as described before. Figure shows
only the result for rkin430 at 10 uM ATP and BRB80, as these conditions were
closest to the main Kip3 experiment. The MSAD, after a short initial increase,
settles down to a plateau value that is significantly lower than the MSAD values
for all Kip3 experiments. The MSADs for the other rkin430 experiments behave
similarly. This control showed that the measured angular motion of Kip3 was
significant.
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Figure 8.16: 3D angular traces of rkin430 revealed microtubule supertwist. (A)
Three exemplary angular traces, plotted as a function of the x-position along the micro-
tubule, showing left-handed (green), straight (blue), and right-handed angular motion
(black), respectively. Corresponding insets show the zy-projection of the microsphere
positions over a range of 1x1um?, including circular fits that were used to calculate
the angle ¢. (B) Histogram of reciprocal pitches, calculated for all microtubules with
Gaussian fit (blue) to values € (-0.1,0.1) um~!. Vertical lines indicate values for super-
twisted microtubules with 12—16 protofilaments. (C) Histogram of measured pitches,
calculated from angular traces, excluding non-supertwisted ones with multiple Gaus-
sian fits.

8.5.2. 3D Stepping Assays with rkin430 Revealed the
Microtubule Supertwist

If rkin430 follows the protofilament, 3D traces can be used to measure the
supertwist. The supertwist pitch should coincide with the values known from
the literature. I calculated the pitch of rotational traces by analysing the angular
position ¢ as a function of the forward position x instead of time. In this manner,
different speeds or pauses do not affect the analysis. I fitted ¢(x) with a linear
function and used the slope, i.e. the angular gradient d¢/dx, to calculate the
supertwist pitch P:

_ 360deg
~ dplox

(8.2)

Since the pitches diverges for a 13 protofilament microtubules, the reciprocal
pitch P was used to average values of different supertwists as in Section
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Table 8.2: Expected and measured microtubule composition. Literature and ex-
perimental values including standard errors for abundances and standard deviations
for pitches. Mean pitches are weighted mean for the expected and overall mean for
the measured composition, respectively. The experimental pitch for 13 protofilament
microtubules bases on the Gaussian fit to the histogram of reciprocal pitches from —0.1

to +0.1 um~! (Fig.[8.16B).

Protofilament 12 16 13 14 15 Mean pitch
number (um)
Expected pitch | —4.5 | =5.5 00 +5.8 +3.3

(um)

Expected com- 0 3 14 72 11

position (%) +6.6
Measured pitch | =45 + 14 | (+1.7+ | +59+15| +24+1.0

(um) 104) - 10°

Measured com- 16 +3 56 +£5 15+2 13+2

position (%) +18 £ 9

Some rkin430 traces did not show linear angular motion as a function of for-
ward position but contained jumps, for example visible in Fig. indicated
by asterisks. These jumps are discussed in Section I analysed all traces
by excluding jumps and only fitted microtubule sections with a constant slope.
Traces in BRB80 and BRB20 showed no qualitative nor quantitative differences
with respect to the supertwist and were thus analysed together. Several rkin430
traces were recorded on the same microtubule. I recorded 77 traces on 44 micro-
tubules in BRB80 and 79 traces on 49 microtubules in BRB20. In cases of multiple
traces for the same microtubule, calculated reciprocal pitches were averaged to
one pitch value for one microtubule. As before, three-dimensional traces of
rkin430-coated microspheres moving along microtubules revealed left-handed,
straight, and right-handed motion as shown in Fig.[8.16/A. A histogram of the
reciprocal pitches of all 156 measured traces corresponding to 93 distinct micro-
tubules is shown in Fig.[8.16B. Zero values refer to straight 3D trajectories and
thus non-supertwisted microtubules. According to previous measurements
of microtubule supertwists, non-supertwisted microtubules have experimental
pitches as long as several tens of micrometres [11]. Therefore, absolute pitches
of more than 10 um and absolute reciprocal pitches of less than 0.1 um™ were
denoted as non-supertwisted. The distribution of pitches of supertwisted mi-
crotubules is shown in Fig. [8.16[C. It has peaks close to the expected values
for microtubules with 12-16 protofilaments. The statistics and/or resolution of
pitch determination did not allow to distinguish between pitches with protofil-
ament numbers of 12 and 16. Previous studies found no microtubules with 12
protofilaments for this MT preparation [11]. Still, it can not be excluded entirely
that both 12 and 16 protofilaments microtubules may be present. The overall
composition of the used MT mix was estimated and given in Table [8.2| together
with expected results from previous measurements and predictions [11, 14].
The abundances for 12 and 16 protofilaments are represented as one value.
The distinct abundances for 14 and 15 protofilaments are based on the ratio
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Figure 8.17: Jumps in the angular slopes implied switches of the protofilament
number. (A) Four exemplary angular traces, plotted as a function of the x-position
along the microtubule, showing sudden angular jumps in the angular slopes, indicated
by arrows. The two traces in the left upper corner (red) were recorded on the same
microtubule. (B) Schematic of a microtubule with a change in the protofilament number
and supertwist, leading a moving kinesin from a straight to a helical path.

of areas of multiple Gaussian fits to the pitch distribution (Fig. [8.16C). These
pitches based on the Gaussian fits are in good agreement with the expected
values (Table [8.16). The measured microtubule composition differed signific-
antly from the expected one. Non-supertwisted microtubules constituted the
majority in my preparation, in obvious contrast to the composition, measured
by Ray et al. [11]. The mean reciprocal pitch, weighted by the abundances,
was 0.055 + 0.030 um ™! and not significantly different from zero. Therefore, the
here used microtubules were not supertwisted on average. This is an important
finding, because this protocol is often used for in vitro experiments.

8.5.3. Sudden Changes in Angular Traces of rkin430
Indicated Changes in the Protofilament Number

Some angular traces contained sudden jumps in the angular position accom-
panied by changes in the angular slope as shown in Fig. B.I7A. I interpret
these events as possible switches in the protofilament number as illustrated in
Fig.[8.17B. Those switches have been observed in microtubules in vitro and in
vivo by Chrétien et al. [12]. The frequency of transitions per MT length was
0.25 um™! for microtubules with mainly 13 protofilaments in vitro. I observed
21 switches on 17 out of 93 microtubules with an overall MT length of 90 pm, re-
ferring to a length frequency of 0.23 +0.05 pm™'. This is in excellent agreement
with the literature value, supporting the hypothesis that jumps correspond to
changes in the protofilament.

Furthermore, I observed these events those jumps on approximately the same
positions for different traces recorded on the same microtubules (Fig. [8.17A).
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This agreement showed that those events were related to particular positions
on the microtubules and did not occur randomly.

8.6. Discussion

Using microtubules that were immobilised on planar surfaces enabled me to
observe angular motion of Kip3 in a 2D assay. However, due to the arrangement
of the microtubules they were not freely accessible and the angular motion
was thus confined. This confinement, which was also visible in the mean
squared angular displacement of all measured traces, could be explained by the
geometry model, developed for the two-dimensional side-stepping assay. This
consistency on the other hand confirms the validity of the suggested model.
The angular position of the kinesin on the microtubule (¢) was not measurable
in the 2D assay. With no load applied, the microsphere can swivel freely above
the microtubule and one cannot extrapolate from the measured angle to the
actual trajectory.

Still, the data of this experiment can be used to estimate whether Kip3 per-
formed angular motion: The spread of all angular traces in Fig.[8.3C, represen-
ted by the standard deviation of 12.5 deg, was much bigger than the measured
angular resolution of 3.4deg (Section 3.3). Also, the mean squared angular
displacement was much bigger than for kinesin-1 on non-supertwisted micro-
tubules (Fig.[8.10). In both control measurements, the microsphere could also
swivel freely around the microtubule. Therefore, the angular motion measured
on immobilised microtubules cannot be explained by microsphere fluctuations
only. I conclude that sideward motion of Kip3 occurred in this experiment.
Because the angular motion was confined by the geometry, 3D assays with
suspended microtubules were necessary.

On suspended microtubules, angular motion of Kip3-coated microsphere
was observable by video and 3D-force-clamp tracking. The video tracking
had a lower resolution and suffered from practical issues. Using the 3D force
clamp enabled to not only observe angular motion of Kip3 directly but also to
detect discrete angular steps between neighbouring protofilaments. Since no
load was applied in the 3D assays, the measured mean angular step dwell time
was longer than the mean sideward step dwell time in the 2D side-stepping
assays (Fig.[7.5C). The corresponding sideward stepping rate in the 3D assays
of 0.5 + 0.1s™" was consistent with the zero-force rate of k) + kY ~ 2k° = 0.59 =+
0.07s™! predicted by the Kip3 stepping simulations in the previous chapter
(Table [7.4). The mean squared angular displacement (MSAD) analysis of the
angular motion of Kip3 was useful to compare different experiments with each
other but gave no insight into the walking mechanism of Kip3 itself. Insight
provided the analysis of the temporal behaviour of the angular displacement
distributions revealing three different diffusional states of Kip3. These states
were not observable in the 2D side-stepping assays and, thus, not simulated.
Based on the average sideward stepping rate for the 2D assays, a diffusion
constant D can be calculated by D = kOAqZ)IZDf. Using the different angular step
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sizes Ay for protofilament numbers of 12-16 and ky = 0.3 s7!, the expected
diffusion constant varies from 150-265 deg?/s. For 13 protofilaments with an
angular step size of 27.7 deg, the expected value is 226 +27 deg’/s. For the
measured angular step size of 22deg (Fig. |8.7), the diffusion constant was
144 + 25 deg®/s. This value is given in Table or comparison. These values
are consistent with the weighted average diffusion constant of 162 + 28 deg®/s
in Table [8.1|showing that the 2D and 3D assays are consistent with each other.
Also, the corresponding sideward stepping rate of 0.42 + 0.07s™" (0.66 +0.15s™")
for am angular step size of 27.7 deg (22 deg) is consistent with the measured
sideward stepping rate obtained from the detected angular steps. I assume that
the 2D side-stepping assays measured a weighted average of these three states
of motion. The origin of these three states is unclear.

The first state has a very small diffusion constant. During the mean angular
step dwell time of 2s, the motor diffuses over an angle of only 4 deg which
is much lower than the angle between two protofilaments. The initial slope
of the MSAD of kinesin-1 in Fig. corresponds to a diffusion constant of
5.4+0.2deg?/s. During 2s, the root mean squared angular displacement is
4.6 deg. This value is comparable to the one of the first state, suggesting that
this state of motion represents noise instead of angular motion due to proto-
filament switching. Kip3 could track a protofilament because it was "trapped"
between two microtubule seams. As already mentioned, kinesins are thought
to be unable to switch protofilaments if a seam is between. It has been repor-
ted that microtubules can have multiple, i.e. an odd number of seams [8, 17].
However, even if every microtubule would have multiple seams with e.g. one
protofilament between two seams, the probability of Kip3 landing on this pro-
tofilament would only be 8 % (1/13). This value is less than the abundance of
18 % of the first state. Thus, the confinement between two seams cannot ex-
plain this motion state alone. Kip3 might have an intrinsic motion state of not
switching protofilaments or other structural confinements might inhibit proto-
filament switching. Kip3 has an additional microtubule binding site at its tail
that is partially responsible for its high processivity [47]. If this tail domain
was binding to a neighbouring protofilament, this binding might inhibit pro-
tofilament switching. Another cause for the first state might be Kip3 pauses
between phases of processive motion (Fig. [7.9B). Those pauses also occurred in
3D assays, where Kip3 spent about 5 % of the recording time pausing (for both
single and multiple-molecule conditions at full ATP). The angular displacement
analysis cannot distinguish whether Kip3 paused completely or moved straight
forward without angular motion and therefore, both cases contributed to the
first state of motion.

The second and third states have much higher diffusion constants suggesting
protofilament switching. The difference could be again Kip3’s additional micro-
tubule binding site which might influence the state of motion. This hypothesis
could be tested by making the same experiments and analysis with truncated
Kip3 lacking the MT binding site.

The negative offsets of the variance fits (Table cannot be explained by ad-
ditional filtering of the original data as described by Michalet [163]. Additional
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filtering, like decimating or averaging, corresponds to a finite exposure time
texp during which the molecule diffuses. In my assays, the sampling rate was
high and therefore, I averaged of the data to avoid auto-correlation artefacts.
This increased t., and causes an offset in the MSAD of 20% = 2e?>-2/3- Dteyp
[163], where € is the measurement precision of about 3.4 deg (Section , D
the diffusion constant, and t., = 1s. The negative offsets in Table m were
much larger compared to the predictions from this equation. In contrast, the
inverting of the equation yielded an approximate exposure time of about 5s for
the given offsets. This higher value for t.,, can be explained by the additional
median-filtering of the 3D data which was not regarded in the given equation.
The additional filtering results in an effectively higher exposure time which
may explain the offset values.

I observed saturation of the angular displacement variances of all popula-
tions. The angular segment, to which the first diffusion state was confined,
was equal to one protofilament switch A¢yy, i.e. the angular motion was con-
fined to one protofilament. The angular confinement of the third diffusion
state referred to half a turn around the MT axis which is in contradiction to the
observed angular confinement of a complete turn. However, the limit of 52/6
is only reached for times 7 > S?/(4D) which is ~665s for the fastest diffusing
population and the expected maximal segment of 360 deg [165]. Because the
experimental times were shorter, the angular displacement variance saturation
plateau and thus, the values for the confined segments were underestimated.
Therefore, the saturation of the third, fastest population might be still consist-
ent with the angular motion’s confinement to one turn around the microtubule.
The origin of the confinement of the second population remains unclear.

Nevertheless, the analysis of the Kip3 angular diffusion at high ATP con-
centration revealed three distinct states of motion which are consistent with
previous results and self-consistent.

I measured a significant increase of the single Kip3 forward speed in 3D assays
of about 50 %, compared to the speed in 2D assays (60 nm/s vs. 40 nm/s, respect-
ively). Obviously, making the microtubule freely accessible had an impact on
the Kip3 stepping behaviour. A simple explanation might be the increase of the
effective drag on the microsphere close to a surface, following Faxén’s law [68].
The drag force on a microsphere with the here used values for diameter and
water viscosity, a speed of 40 nm/s at a height of about 1.5 pm is about 0.2 {N
and thus very small. The proximity to the surface, i.e. height of the microsphere
centre ~320 nm, only increases the drag by a factor of 2. Such forces are far too
small to influence the Kip3 speed. Forces in the pN range would be necessary
[40]. Isuggest thatin 2D assays the sideward stepping of Kip3 is inhibited when
it meets the surface, leading to an overall reduced stepping rate because of futile
steps. Because rkin430 follows the protofilament, no futile steps are expected.
The surface would affect rkin430 stepping when a supertwisted protofilament
guided kinesin-1 to the surface. Here, rkin430 would rather detach as it prefer-
entially does so when meeting an obstacle on the microtubule [52}53,55]]. This
detachment would rather influence the mean run length of rkin430 but not the
forward speed. Indeed, I measured no significant or only a small increase of the
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rkin430 speed with respect to the control measurements (Section[8.5) supporting
this interpretation. Unspecific interactions of the kinesin-coated microspheres
with the sample surface also might reduce the forward speed which would af-
fect both kinesins. Whether the mean run length of kinesin-1 changes on freely
accessible microtubules could be tested in a TIRF stepping assay with thinner
surface structures and without microspheres.

Nearly all recorded angular traces of Kip3 were confined to one turn around
the microtubule. A possible explanation would be the MT seam (Section [2.T). It
is suggested that kinesins cannot switch protofilaments with the seam between
them [8]. At the seam, the axial mismatch between the neighbouring protofil-
aments is much bigger than usual which rules out protofilament switching of
kinesins, even with longer neck linkers like that of Kip3 [50]. I observed traces,
in which the Kip3 moved until a certain angle, stopped, and then moved in the
opposite direction. For several traces, that were recorded after another with the
same microsphere on the same microtubule with the same starting position, this
angular point of return was at the same position, suggesting that it was related
to the MT structure. This finding supports the hypothesis of the MT seam.

The radii of the angular traces I measured for kinesins in 3D assays were
significantly higher than in 2D assays, i.e. on immobilised microtubules. One
can explain this increase by the fluctuations of the microtubule that was much
more pronounced for suspended than for immobilised microtubules. Addi-
tional fluctuations or possible bending of the microtubule would increase the
radius of the trajectory around it.

The experiment with Kip3 under multiple-molecule conditions showed no
difference to the single Kip3 experiment with respect to speed and the extent
of the angular motion. The MSADs were identical within error margins and I
did not observe a significant directional bias. Also, the angular displacement
distribution analysis of the traces yielded results that were not different from
those of single Kip3. Thus, the model based on a force-induced bias from
Section is not supported by the data. However, the effective number of
motors per microsphere that can bind the same microtubule the same time is
small. Even if e.g. five motors were bound to the same microsphere, they all
had to be bound in a restricted area on the microsphere surface to be able to
reach the microtubule simultaneously. This area divided by the surface area of
the microsphere defines the probability for such a scenario and highly depends
on the sizes of microsphere and motor/PEG linker. I calculated and discussed
these geometric probabilities in detail previously [92] and found that for this
system of microsphere, PEG linker, and Kip3, a multiple binding of more than
three Kip3 motors is very unlikely. Thus, the postulated collective behaviour
of tens to hundreds of Kip3 motors cannot be observed in an assay with only
2-3 motors. I conclude that such a multiple Kip3 microsphere stepping assay is
neither suited to confirm nor rule out the model of collective motor interaction.

Atareduced ATP concentration of 10 uM, I measured a drop of the Kip3 stall
force from about 3 pN to 0.8 pN under multiple-molecule conditions. The stall
force for single Kip3 at this ATP concentration is expected to be even less. It
could be interesting to measure the stall force of single Kip3 as a function of ATP
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concentration directly. The MSAD was much lower than for high ATP (1 mM)
and so was the general spread of the measured angular traces. The analysis of
the angle distribution over time revealed two motion states, in contrast to the
Kip3 measurements at high ATP. The diffusion constants were of similar values
as the ones of the first two motion states at high ATP. This implies that the third
and fastest motion state is somehow "shut down" at low ATP. The abundance of
the of the first state increased, whereas the abundance of the second state stayed
constant. This finding is consistent with the relative time, Kip3 spent pausing
which increased to 13%. The number of sideward steps per forward step
decreased dramatically. Apparently, the protofilament switching of Kip3is ATP
dependent and occurs less frequently at low ATP concentrations with respect to
forward stepping. Furthermore, at low ATP concentrations, the forward speed
of Kip3 on suspended microtubules did not increase significantly compared
to the control on microtubules immobilised on planar surfaces. This finding
is consistent with the interpretation that more frequent sideward stepping is
correlated to higher speeds as described above. The reason for this decrease of
sideward stepping might be that at a generally lower stepping rate, the leading
head of Kip3 has more time to "choose" the next binding site on the microtubule.
As the closest one is the binding site in front, forward steps might be preferred
under these conditions. In contrast to these results, gliding assays with Kip3
at 10 uM ATP showed a reduced rotational pitch, implying that sideward steps
become more frequent with respect to forward steps under these conditions [49].
However, as discussed before, gliding assays do not provide single-molecule
conditions and are thus hard to compare with single-molecule optical tweezers
stepping assays.

Three-dimensional stepping assays with the kinesin-1 rkin430 confirmed pro-
tofilament tracking. Corresponding trajectories showed no angular motion or
a linear angular increase of decrease consistent with microtubule supertwists.
While the MSAD of traces without angular motion worked as a control for
Kip3 assays, all rkin430 traces were used to determine the composition of the
microtubules with respect to the supertwist and protofilament number. The
calculated composition was different from the one reported in the literature
[11]. Possible reasons for the difference might be: While we used an identical
preparation protocol, we used porcine tubulin instead of bovine tubulin. It is
known that microtubules from different species have different properties, see
Widlund et al. for references [167]. However, it is unknown whether tubulin
from different species polymerises differently under identical conditions. An-
other explanation for the deviation could be the selection of long microtubules
by the assay itself. As the canyon is 10 pm wide, shorter microtubules cannot
be used for measurements. Thus, the measured distribution of protofilament
numbers corresponds to longer microtubules. The distribution for microtu-
bule of all lengths might be different. However, there are no data whether
microtubules with different protofilament numbers polymerise with different
speeds. If MT growth is limited by diffusion, one would expect slower growth
with increasing protofilament number i.e. microtubules with high protofilament
numbers are shorter. The described 3D assay would preferentially use microtu-
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bules with smaller protofilament numbers which would be consistent with the
observed shift of higher abundances to smaller protofilament numbers (Table
B.2). The major difference between the here described MT preparation and the
one in reference [11] is that my microtubules were stabilised with taxol. This
stabilisation was not done in [11], where the microtubules were used for TEM
preparation right after polymerisation. TEM imaging by Diaz et al. has shown
that the binding of taxol to GTP-grown microtubules changes their structure
and reduces their mean diameter [168]. Also, the binding of taxol to microtu-
bules, grown in the presence of GTP and docetaxel (a taxol-related drug that
stabilises microtubules) changes the MT structure and reduces the number of
protofilaments. Moreover, microtubules grown in the presence of taxol have
about one protofilament less than without taxol [169]. However, I did not grow
microtubules in the presence of taxol. I added taxol after the growing phase.
Yet, the reports imply that the stabilisation with taxol reduces the protofila-
ment numbers in the microtubules. This reduction was in good agreement
with the shift of the abundances to smaller protofilament numbers in my MT
composition (Table[8.2).

Importantly, on average, my microtubules were not supertwisted. This find-
ing is in agreement with the absence of any average angular gradient in the
entirety of all measured angular traces of Kip3. For the simulation of the 2D
side-stepping assays (Section[7.6), an on average left-handed supertwist, based
on the literature values, was used. This value now turned out to be wrong.
However, simulations with the supertwist as a free parameter showed that
the actual value of the supertwist pitch had no influence on the simulation’s
outcome.

The observed jumps in the angular traces and the corresponding changes in
the angular slopes can be interpreted as observation of switches in the proto-
filament number. Though the measured length density of those events was
in very good agreement with results from electron microscopy measurements
[12], direct evidence for this interpretation cannot be obtained by the optical
tweezers approach. These events are expected to be also present in the Kip3
data but cannot be distinguished from fast protofilament switching.
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9. Laser-Induced Trapping of
Particles by Carbon Grids

Multiple optical trapping of microscopic objects is a powerful way of optical ma-
nipulation. Established approaches are e.g. holographic optical tweezers [170],
time-shared optical traps [171], or optical trapping by surface plasmons [172].
Here, I found that laser illumination of a perforated carbon film supported by a
TEM copper grid at a water-air interface induced reversible trapping of micro-
scopic objects like microspheres and cells. The range of this trapping depended
on the laser power and exceeded the grid size of several micrometres. Trap-
ping forces exceeded 100 fN. This effect might have the potential for versatile
applications such as manipulation of cells or sorting of microscopic objects.

In this chapter, the effect of laser-induced grid trapping and its properties are
described.

9.1. Trapping of Various Objects by Different
Carbon Grids

I built samples with quadratic carbon grids in a flow chamber as described
in Section and flushed in microspheres, diluted in nanopure water. When
the laser was focused in the plane of the carbon and the shutter was opened, I
observed an instantaneous attraction between the carbon grid and the micro-
spheres around the laser (Fig.[0.I). When the laser shutter was closed again, the
attraction was terminated and the microspheres diffused freely again. Trapping
occurred only at the edges and preferentially in the corners of the carbon grid.
Microspheres that were already held at the side of the grid moved preferentially
into the corners afterwards. When the grid was positioned directly on the sur-
face, there was no attraction. I observed the same reversible trapping effect for
different polystyrene microsphere diameters (590, 1010, and 3000 nm) as well
as for different materials (silica, 600 nm). I tested this effect with cells (E. coli
bacteria in lysogeny broth buffer) and found trapping as well (Fig. 9.2A). In
addition to the quadratic carbon grids, I also built samples with circular holes
in the carbon film (Quantifoil R3.5/1) and observed the same trapping effect
(Fig. p2B).

To estimate the trapping force, a flow was applied inside the sample channel of
up to 10 pm/s for 590 nm PS microspheres (mean speed and SEM: 6.6 + 0.4 um/s,
N = 26). Experiments with applied flow were performed in another optical
tweezers setup, using interference reflection microscopy (IRM) for visualisation
and a frame rate of 4 Hz at a temperature of 25 °C. The channels of the flow cells
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Shutter closed

Figure 9.1: Laser-induced trapping of microspheres by a carbon grid. Image
sequence with recording times. The first image was taken directly before the laser
shutter was opened, the fifth directly after the shutter was closed again. Polystyrene
microspheres with a diameter of 590 nm and a laser power of 25 mW in the focus were
used. Scale bar is 5 um.

were connected to thin microloader tips from Eppendorf. A flow inside the
channel was generated by a height difference Al of 4-5 cm between the ends of
both tips as illustrated in Fig.[9.3A. The flow speed v was determined by video
tracking of flowing microspheres. With opened laser shutter, the grid trapping
was able to hold the microspheres against the flow (Fig.[9.3). The corresponding
drag force was calculated by Stokes’ law: Fyng = y - v = 6m1jRv, where y is the
drag coefficient, n the fluid’s viscosity (about 0.89 mPa-s for water at 25 °C and
0.81 mPa-sat29°C [173])), and R the microsphere radius. The increase of the drag
close to a planar surface, described by Faxén’s law, was not considered here,
as the microsphere were close to the lower surface. The maximum measured
force of 50 fN (mean force and SEM: 33 + 2fN) is a lower estimate, because
microspheres did not detach at that flow speed.

I tried to determine the maximum force by measuring the speed of micro-
spheres that were attracted and trapped by the carbon grid. For a better tem-
poral resolution, I used the maximum frame rate of 26 Hz and measured the

Figure 9.2: Laser-induced trapping of cells and microspheres by different carbon
grids. Images of (A) quadratic carbon grid with bacteria and (B) a circular carbon
grid with 590 nm polystyrene microspheres with closed (left) and opened (right) laser
shutter, respectively. Scale bars are 5 um.
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Figure 9.3: Grid trapping held microspheres against a flow. (A) Schematic (not
to scale) of the flow cell with microloader tips. A flow (indicated by white arrows) was
applied inside the channel with the TEM grid by maintaining a height difference Ah
between both tips. (B) Images of 590 nm polystyrene microspheres at 25 mW laser
power in the focus, imaged in interference reflection microscopy. A flow of some um/s
was applied in the channel. When the laser shutter was opened, the induced trapping
held the microspheres against the flow (left). When the laser shutter was closed, the
microspheres moved with the flow (middle and right). Moving microspheres are marked
with white circles. Scale bar is 5 um.

speed by analysing the slopes of microsphere traces that were visualised by
kymographs using Eq.[4.T|as shown in Fig.[0.4A. The speed towards the carbon
grid I observed increased with time reaching a final constant speed as shown
in Fig. 0.4A. We attribute this increase to an increase in the attractive trap-
ping force. Depending on the laser power, the measured speeds for 590 nm PS
microspheres reached up to several tens of um/s as given in Fig. [9.4B. Forces
were calculated from these speeds, using Stokes” law. Measurements showed
a large variation, as (i) the speeds and forces were smaller further away from
the laser focus, and (ii) the arrangement of the carbon grid did not provide a
homogeneous force field which complicated the measurements a lot, (iii) the
maximum frame rate was sometimes not large enough as some traces were only
a few frames long. Thus, the measured speeds and forces can only be used to
estimate the range of forces that can be exerted by this effect. The measured
dependence of the speed on the laser power implies increasing forces with
higher laser power. However, the discussed issues and the small number of
data points do not allow for a more detailed interpretation.

The maximum forces were at least 100 fN for a laser power of 25mW in the
laser focus. This force is larger than the drag force applied by the flow but
smaller than the maximum force, one could apply on a single microsphere
using optical tweezers with the same laser power. The latter force would be
several pN.
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Figure 9.4: Grid trapping exerted forces of more than 100 fN. (A) Kymograph of a
590 nm PS microsphere that was attracted by the carbon grid. Before the laser shutter
was opened at time t1, the microsphere diffused freely but was attracted with an open
shutter. The laser light is visible as bright fringes. A manually drawn line was used
to calculate the given speed and is presented with a vertical offset (yellow). After the
shutter was closed again at time t,, the microsphere diffused away from the carbon.
Vertical scale bar: 1s; horizontal: 1 um. (B) Dependence of the microsphere speed
and corresponding force (all data points together with mean and SEM) on the laser
power in the focus in the focus (in MW and % of the full laser power).

9.2. A Water-Air-Interface Was Crucial to Induce
Trapping

Besides samples with grid trapping, I occasionally had samples where I did
not observed any trapping. In some samples, there were even areas in the
same sample where trapping was possible right next to areas where it was
impossible. One difference between both areas was the bright laser spot which
was only visible in trapping areas (Figs.[9.5A and B). Figures[9.5C and D show
the interface between both areas in DIC and IRM imaging, respectively. What is
the difference between both areas? To answer this question, I trapped bacteria
with the laser focus and scanned upwards through a hole in the carbon grid,
using the piezo stage. In trapping areas, the bacteria were pushed down and
out of the centre of the trapping focus. Contrary, in non-trapping areas, the
bacteria remained in the focus, also above the carbon grid. Thus, there was
an interface at the carbon that prevented objects from moving upwards. This
barrier most likely corresponds to an interface between an air layer on top of the
carbon film and the sample fluid underneath. The images of the separation of
both areas in Fig. and D support that. This hypothesis is further supported
by the following observations:

(i) Carbon is highly hydrophobic and hindered a complete wetting of the
grid. I often observed only partial filling of the channel space around the
grid after visual inspection. Wetting was improved by adding F-127 to
the buffer which binds to hydrophobic surface, making them hydrophilic.
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Figure 9.5: Areas around carbon grids with and without trapping. Laser spot,
focused through the holes in the carbon film in a (A) non-trapping and (B) a trapping
area, respectively. Interface between trapping and non-trapping area, visualised by
(C) differential interference contrast and (D) interference reflective microscopy. The
trapping areas are on the lower half and the left lower corner, respectively. Scale bars
are 5um.

Sometimes, there were areas in the corners of the copper grid that had
visible air bubbles on top. Trapping was possible here, too.

(ii) I never observed microspheres or cells above the grid in areas where
trapping was possible.

(iii) When the laser was focused to unspecifically sticking microspheres on the
carbon without in areas where trapping was not possible, it rarely pro-
duced cavitation bubbles. Beneath these bubbles, grid trapping worked.

(iv) The intensity fringes at the interface of areas where trapping was and
was not possible (Fig. 9.5D) imply interference of LED light that was
reflected at the glass-water interface and the suggested water-air interface,
respectively.

Thus, I conclude that the water-air interface at the carbon film was crucial for
the trapping effect.

9.3. The Trapping Range Was Limited

While trapping multiple microspheres, I observed that for lower laser powers
only microspheres near the laser focus were trapped and microspheres close
to the edge of the field of view were not. Thus, the trapping range was lim-
ited. I determined the trapping range quantitatively by measuring the distance
between the laser focus and the furthest position of a microsphere that diffused
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Figure 9.6: The limited range of grid trapping. (A) Image of laser-induced trapping
of 590 nm polystyrene microspheres at 6 mW laser power. On the left, a freely diffus-
ing microsphere is entering the trapping area around the laser focus. The distance
between the position of the microsphere where it was attracted (indicated by white
arrows) and the centre of the laser focus was defined as trapping range (white line).
Scale bar is 5 um. (B) Dependence of the trapping range (means with standard devi-
ations as error bars) on the laser intensity (in mW and % of the full laser power in the
focus) for polystyrene (PS) and silica (SiO,) microspheres of different diameters with
linear fits for quadratic and circular carbon grids, respectively.

into the trapping range and was attracted by a nearby section of the carbon
grid (Fig.9.6/A.) This "trapping range" does not represent the distance between
the particle and the trapping grid but the distance of the interaction in general
from the laser focus. The trapping range between carbon grid and particle was
not measurable here due to the limited geometry of the grid: The holes (size:
7 um) in the carbon film were too small to measure trapping ranges of more
than 10 um for trapping between the carbon bars. I found that the trapping
range scaled linearly with the laser power in a range of 6-25mW in the laser
focus (Fig.[9.6B). Note that I could not measure the trapping range for higher
laser powers, as the range exceeded the field of view of the microscope. In-
terestingly, the data of the trapping range for different microsphere sizes and
materials coincided when a quadratic carbon grid was used. For a circular grid,
the trapping range scaled linearly with the same slope but a different intercept.
The respective parameters of linear fits to the data are given in Tab. For

Table 9.1: Linear dependence of the grid-trapping range on the laser power.
Slopes and intercepts of linear fits to the grid-trapping range as a function of the laser
power with standard errors (SEs) for different grids with typical hole sizes and bar
widths.

Grid geometry | Hole size | Bar width | Slope +SE | Intercept + SE
(um) (um) (pm/mW) (um)

Quadratic 7 2 0.52 + 0.03 41+04

Circular 3.5 1 0.54 + 0.03 1.6+0.5
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Figure 9.7: Grid trapping was en-
hanced with the laser focused on
the carbon. Image of a 600 nm silica
microsphere at 3mW laser power
with closed (left) and opened (right)
laser shutter. When the laser was fo-
cused through the holes in the car-
bon film, no trapping was observed.
When the laser was focused directly
onto the film, the microsphere, indic-
ated by a white circle, was attracted
by the grid. Scale bar is 5 um.

laser powers below 6 mW, I observed no or only weak trapping. When the laser
was focused directly onto the carbon film with a low laser power, trapping
was enhanced (Fig.[0.7). For laser powers above 12mW, the carbon film was
destroyed when the laser was directly focused on the film.

9.4. Focused Laser Light Was not Needed to
Induce Trapping

To check whether focused laser light was necessary for the described trapping
effect, I first put the laser focus 5 um above and beneath the carbon film. In
both cases, I observed trapping. Afterwards, I repeated the trapping experi-
ment with wide-field illumination. To this end, I added another lens before
the trapping objective to expand the laser beam. The laser light was not com-
pletely parallel but the focus was several millimetres above the sample which
implies a nearly parallel laser light and a wide illumination of the sample.
Also in this configuration, I observed trapping as shown in Fig. Similar
to measurements with focused laser light, there were areas were trapping did
and did not work, respectively. I confirmed that laser light with both modes
induced the trapping by checking the same area in one sample before and after
adding the lens. I did not observe a limited trapping range; microspheres were
trapped uniformly over the whole field of view. In contrast to the trapping by
focused laser light, the trapping was not fully reversible, as some microspheres
remained immobilised. The lower trapping limit of 6 mW in the laser power

Figure 9.8: Laser-induced
trapping with wide-field illu-
mination. Images of 590 nm
polystyrene microspheres with
a laser power of 25mW and
closed (left) and opened (right)
laser shutter.  Scale bar is
5um.
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was the same as for focused laser light.

9.5. Discussion

After the brief characterisation of this trapping effect, the question of its origin
and theoretical description emerges.

The trapping with optical tweezers is due to the light intensity gradient in the
tightly focused laser beam. Such intensity gradients can also be established on
other ways. For example, evanescent fields that are created by total internal re-
flection, can be used to push dielectric particles along the field [174]. In so-called
waveguides, three-dimensional micro-structures, in which the evanescent field
is channelled, particles can be trapped by the evanescent field between the
walls of the waveguide [175]. However, evanescent fields cannot explain my
trapping effect, because no evanescent field should be present.

Trapping by surface plasmons might be another explanation. Surface plas-
mons are charge density oscillations that are confined to metallic structures.
They can be excited with laser light and cause electromagnetic fields with
strong gradients. Thin gold patterns have been used to trap dielectric particles
in evanescent [172, 176| 177] or transient light [178]. However, it is not clear
whether plasmons can be excited in the carbon. Also, the range of the optical
forces created by plasmons are only very short ranged (<1 um) which is not
consistent with the observed trapping range of several micrometres between
the carbon film and microspheres (Fig.[9.4/A). The same limitation on the range
accounts for the evanescent field interaction.

Another optical trapping effect on surface structures has been observed at the
edge of gold structures in transient light [179]. The trapping is explained by the
light intensity gradient at the metal edge arising from interference between the
incident light and the light that is diffracted at the edge. This gradient attracted
various dielectric particles. However, in my approach, the sample was not
uniformly illuminated by the laser when using focused laser light. In contrast,
the laser focus was projected through the holes in the film and not onto the bars
of the carbon grid. It might be possible that the remaining laser light around
the focus—still 17 % for an ideal Airy disk—was still sufficient to initiate the
trapping effect. The observed trapping range in [179] was smaller than in my
experiments. Nonetheless, this theory might explain my observations.

Besides trapping by an electromagnetic intensity gradient, other interactions
might describe the observations better. One of these examples is thermo-
phoresis. Thermophoresis is the movement of particles along a temperature
gradient. This movement can be towards areas with lower or higher temperat-
ure [180]. The laser light, both focused or parallel, heats the carbon film up that
then attracts the microspheres. The temperature profile of the sample could be
checked in a suited setup with fluorescence imaging and a heating laser, using
a temperature-sensitive fluorophore as described in [181]. However, thermo-
phoresis measurements with a heating laser and PS microspheres of various
sizes have shown repulsive interactions [182]. Also, the thermophoretic forces
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Figure 9.9: Theory for grid trapping. lllustration (not to scale) of a possible ex-
planation of the grid trapping: The laser light around the focus heats up the carbon
grid causing temperature gradients around the carbon bars. This temperature gradi-
ent causes thermal convection which is bringing suspended particles close to the grid,
where there are hold by electrostatic interactions.

are expected to be only some tens of fN small [183], an order of magnitude
smaller than the here measured forces. Therefore, thermophoretic forces are
not a likely explanation for the trapping using perforated carbon films.

Heating is accompanied by thermal convection that is caused by temperature
gradients at the holes in the carbon film. According to simulations by Duhr et
al. [181], convection follows the direction of the heat source in the axial direction
and then stream away from it. Here, a similar convection could form around the
heated parts of the carbon film around the laser and push the particles against
the film and water-air interface. However, I would expect the convective current
to be directed away from the edges of the holes. In contrast, I observed trapped
particles moving towards the laser focus (Fig. 0.6/A). Therefore, convection
seems also an unlikely explanation.

A different explanation for thermal convection is the Marangoni effect [184].
This effect describes convection that is driven by a surface tension gradient. In
my grid sample, a surface tension gradient is obtained due to the temperature
gradient, as the surface tension between water and air depends on the temper-
ature. The temperature gradient was established around the carbon bars by the
heating of the laser. The water streamed along the surface tension gradient to
areas with higher surface tension, i.e. lower temperatures. This would mean
that the water would, and with it the particles, stream away from the carbon
grid. This is not consistent with my observations.

Thermal convection towards the carbon grid can be obtained by evaporation
of liquid at the heated carbon. The evaporation causes a convection of liquid
towards the carbon bars, taking the particles with it. This effect was similar to
the so-called coffee ring effect [185], where increased evaporation of liquid at the
edges of a fluid drop results in convection towards the edges. The effect explains
(i) the limited trapping range, as only the part of the carbon grid close to the
laser focus would be warm enough, (ii) the necessity of the air layer, and (iii) the
motion of particles towards the carbon, regardless of the laser focus position.
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Any convection takes suspended particles with it. Thus, there is no difference of
the effect with respect to particle size and material which is consistent with the
observed constant trapping range for all investigated microspheres (Fig.[9.6B).

However, even convection towards the grid does not explain the observed
trapping alone. Convection could bring particles close enough to the grid,
where a small, short-ranged interaction, that depended on the presence of the
trapping laser light, could keep the particles trapped. The qualitative observa-
tions are most consistent with an electrostatic interaction. The particles clearly
concentrated in the corners of the quadratic grid implying a concentration of
electric field lines in the corners.

For example, a classic dipole-dipole interaction induced by the laser’s electric
tield would be an explanation. Figure [9.9|illustrates the suggested model of
convection and short-ranged electrostatic interaction of grid and particles.
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10. Outlook

In summary, this work showed that the successful implementation of the three-
dimensional optical tweezers force-clamp enabled new experiments on motor
proteins. In this chapter, I conclude and give an outlook of possible future
experiments.

Implementation of 3D Optical Tweezers Assays with Kinesins] We suc-
cessfully implemented the optical tweezers force-clamp first in two dimensions
and extended it then to three dimensions. The force clamp was tuned and tested
under conditions that mimicked the experimental. I used this clamp to track
and apply loads on microsphere-coupled motor proteins in all directions. I
found that the spatial resolution could be improved significantly to some nano-
metres by applying forces which is consistent with previous research [89, 90].
This spatial resolution was good enough to detect single kinesin forward steps
[40, 118]]. The precision of the applied force was always in the sub-piconewton
range and could also be improved by applying loads. In 3D experiments with
suspended microtubules, the precision of the angle around the microtubule
axis was e few degrees. Overall, the spatial tracking precision was much better
than in the simple video tracking assays. The angular resolution benefited from
tracking the microsphere centre instead of the kinesin itself. Due to the micro-
sphere diameter, the radius of the angular motion was amplified. Therefore,
for a given spatial tracking precision, a better angular precision was possible.

The 3D tracking approach could be realised best with topographic surface
structures manufactured using nanoimprint lithography techniques. Further-
more, we developed, varied, and extended a protocol to functionalise poly-
styrene microspheres to specifically bind GFP-tagged proteins. This protocol
turned out to be very versatile and can be used to functionally bind a lot of
different proteins apart from kinesins. In principle, the protocol can be also
adapted for microspheres made of other materials than polystyrene, like silica
or titania, or nanodiamonds as long as their surfaces are carboxylated.

The 3D force clamp could also be used to investigate other kinesins or motor
proteins like myosins and dyneins. This is of special interest for motor proteins
that have been already shown to switch protofilaments but were investigated
with video tracking like kinesin-5 or single-headed kinesin-1 [162], cytoplas-
matic and axonemal dynein [103} 186], or myosin-V [143]. With our approach,
the spatial and angular resolution could be significantly improved. A differ-
ent approach that would benefit from the 3D design was an assay with the
kinesin-13 MCAK. In previous studies, the force-generating depolymerisation
of the MT end by MCAK was shown on microtubules that were suspended us-
ing multiple traps [113]. However, the three-dimensional trajectory of MCAK




124 10. Outlook

Figure 10.1: Applying nor-
mal and tangential loads ,
with a 3D force clamp.
Schematic (not to scale)
of how to apply (A) normal z
loads Fnorm and (B) tangential
loads Fiang ON kinesin-coated
microspheres that move
along freely accessible mi-
crotubules. Equations for
corresponding  axial and
lateral loads (F, and F,,

respectively) as a function F®)=F, ., cosd F\(9)= Fp,sind
of the angular position ¢ are
given. F(o)=F . sin¢ F(§) = —Fyq €OS O

when depolymerising the microtubule could not be tracked in these assays with
high resolution. In our assay, the microtubules could be partly suspended on
the ridges with one end hanging over the edge. These ends would be freely
accessible and could be probed with MCAK-coated microspheres.

Besides motor proteins, an application on completely different biological
systems in vitro and in vivo, e.g. tracking of cell organelles seems possible.

There is room for improvements on the force clamp. As already noted, the
spatial and angular resolution can be improved by applying loads on the mi-
crosphere. In this work, I only applied unidirectional sideward and upward
loads. However, applying a small load along the MT axis would enable to
detect forward and angular sideward steps together and to investigate their
correlation. For 3D cylindrical geometry of a kinesin stepping assay, one could
also apply loads normal and tangential to the kinesin on the microtubule sur-
face (illustrated in Figs. and B, respectively). As the detection of the
displacement via the QPD and the application of loads via mirrors and the
stage were performed in a Cartesian coordinate system, tangential and normal
loads could be realised by applying appropriate loads in y and z with the MT
axis parallel to the x-axis. These partial loads depend on the angular position
¢ as given in Fig. To apply a load requires the knowledge of the current
value of ¢. This knowledge is non-trivial. When the centre coordinates of the
MT axis are known, the angle ¢ could be calculated using Eq. Another
parameter that must be known is the angle where the force clamping started.
This initial angle is even harder to determine, as one cannot control where with
great accuracy to which protofilament the motor binds in the beginning. In a
Kip3 assay, one could apply an upward load for some time, until it is very likely
that the Kip3 steps on a protofilament close to the top of the microtubule. The
experiment could be then initialised with a starting angle of 90 deg. Applying
tangential and normal loads on Kip3 could be used to directly investigate the
force-dependence of Kip3's sideward and forward stepping in the geometry of
a 3D assay. Applying forward loads together with tangential loads could re-
veal subsequent forward and sideward steps and even show whether diagonal



125

steps exist. The possibility to apply loads with a 3D force clamp open up many
possibilities. However, this approach has also practical limitations. Applying
normal loads of more than a few piconewton would inevitably bend the micro-
tubule as my own measurements showed (Fig.[6.5). This could lead to artefacts
in the measurements. Tangential loads might also bend the microtubule and
the kinesin linker could coil around the microtubule. This linker-microtubule
wrapping would result in artefacts too, as the angle of the kinesin on the micro-
tubule would be different from the angular position of the microsphere centre.
This artefact might be avoided by (i) using small loads only, (ii) minimising
the linker length by e.g. shorter PEGs or a different protocol, (iii) including the
coiling and the known force-dependence of the linker length (Fig. into the
calculation of the partials loads in y and z. Tangential loads might be even used
to apply a torque on a microtubule itself for torsional experiments. For this
purpose, the microsphere could be bound tightly to the microtubule via kinesin
and AMPPNP or anti-tubulin as shown in Fig.

Results of 2D & 3D Optical Tweezers Assays with Kinesins| The force
clamp was used to investigate the details of the motion of the kinesins Kip3
and rkin430. Two-dimensional assays with alternating sideward loads showed
that the kinesin-8 Kip3 switched microtubule protofilaments in both directions.
This switching was biased by a sideward load in the direction of the load.
For loads up to 2pN, sideward stepping still occurred with and against the
load. Our simulation proposed a force-dependent switching mechanism with
an asymmetry between the force dependence factors for left and right [148].
Without any loads, Kip3 switched, within error margins, to the left and right
with same probability. The microtubule rotations in gliding assays suggested
a strongly biased left-handed rotation for single Kip3 [50]. This contradiction
could be explained by the model of collectively interacting Kip3 motors in a
gliding assay, where the asymmetry in the force-dependence factors caused
the experimentally observed left-handed net rotation. However, experimental
evidence for this model is missing so far. The ability to switch to the left and
right, in contrast to exclusively stepping to the left, provides an efficient mech-
anism to bypass obstacle on the microtubule lattice. Stochastic simulations of
kinesin stepping by Bertalan et al. [187] suggested an effective bypassing in
combination with backward stepping. We did not investigate backward step-
ping, here. However, backward stepping of Kip3 has been observed even for
small forward loads (personal communication with Anita Jannasch, concerning
her measurements in [40]). Protofilament switching might be an important part
of the biological role of Kip3, as the bypassing of obstacles enables it to reach
the MT plus end which is crucial for its length control mechanism. A next
experiment would be to observe this bypassing of artificial road blocks on a
microtubule directly as it was done for kinesin-1 [52-55]].

A disadvantage of the 2D assays with immobilised microtubules was the
complicated geometry that ruled out a direct measurement of the actual three-
dimensional trajectory of Kip3 on the microtubule. Extending the kinesin step-
ping assay to three dimensions however made it possible to not only directly
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observe angular motion but also to detect, to our knowledge for the first time,
the angular steps between neighbouring protofilaments. Although no loads
were applied on kinesins in the 3D assays, the analysis of the angular motion
showed angular diffusion with no preference to the left nor right in agreement
with the 2D assays. A closer look into the temporal development of the an-
gular motion revealed different intrinsic diffusion states of Kip3. The origin of
these different states is not clear at the moment. The possible influence of the
additional MT binding site on Kip3’s tail domain could be tested by using a
truncated construct in 3D assays.

My experiments showed that Kip3 makes a significant number (8-11 %) of its
steps to the side and not forward. These sideward steps do not contribute to
the forward motion but are presumably coupled to ATP hydrolysis. The ATP
dependence of the angular motion is consistent with this hypothesis [49]. An
interesting question is how Kip3 stepping would change if it cannot step to
the side. This could be investigated in an assay with only one protofilament
accessible for the kinesin. Such experiments were performed by Shibata et
al. with kinesin-1 and dynein on so-called zinc-sheets, specially polymerised
tubulin structures that have the kinesin-binding site only exposed at one edge
of their sheet-like shape [188]. One could speculate that Kip3 would speed up
on single protofilaments, as it would perform more forward steps instead of
sideward steps.

In contrast to Kip3, the kinesin-1 rkin430 did not show significant protofila-
ment switching in neither 2D nor 3D assays. This observation is consistent with
previous studies with kinesin-1 gliding assays by Ray et al. [11] that showed
protofilament tracking of the kinesin-1. The rare, equally distributed sideward
stepping of kinesin-1 that was observed for quantum-dot-labelled motors in
TIRF stepping assays [51] could not be confirmed but also not entirely ex-
cluded. The angular motion that was observed for rkin430 was consistent with
the tracking of supertwisted protofilaments and enabled to directly measure the
composition of the used microtubule preparation with respect to the supertwist
pitch and protofilament number. The observed changes in the slope of rkin430’s
angular motion is an indirect hint on possible transitions in the protofilament
number of the microtubules.

[Laser-Induced Trapping of Particles by Carbon Grids| I discovered a new
trapping effect by perforated carbon films that was induced by laser light. I
found that an air layer on top of the carbon film was crucial for this trapping
effect. For focused laser light, the trapping had a limited range that scaled
linearly with the laser power. The trapping worked for different microsphere
materials and sizes and even for cells. The trapping forces were an order of
magnitude below the maximum force in an optical trap for the same laser power.

While the origin of the trapping effect is unclear at the moment, we can envi-
sion several applications. Simultaneous trapping of multiple objects is of great
potential use, if many objects need to be manipulated without high precision
measurements of forces. The reversibility of the trapping effect enables e.g.
temporary immobilisation of living cells for buffer exchange or other purposes.
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Single or multiple-beam optical tweezers cannot trap that many objects simul-
taneously. Holographic optical tweezers [170] can trap many objects and are
much more versatile. However, our trapping effect has the advantage of work-
ing with parallel laser light and thus no need for a tightly focused laser beam.
Hence, expensive objectives or spatial light modulators are not required.

Still, there are several practical issues with this concept for practical applica-
tions. The air layer on top of the grid was crucial for trapping. However, this
layer was difficult to achieve in a reproducible manner as described. Reliable
assembly methods would have to be developed for lab-on-a-chip applications.
Though the trapping was in principle reversible, some objects remained on the
grid. Passivation of the carbon, e.g. by PEGylation, could reduce non-specific
interactions. However, it is important that the chosen passivation method does
not prevent the formation of the air layer.

Perspective on Single-Molecule Force Spectroscopy Our developed tech-
niques enable new experiments in the single-molecule research. The mi-
crosphere functionalisation protocol provides an easy, reliable, and versatile
method of probing a broad range of molecules that can be applied for experi-
ments like motor protein assays or suspending cytoskeletal filaments or DNA
with optical traps. The force clamp is able to apply loads and to measure
displacements with high precision in three dimensions. These features can be
also applied on e.g. experiments on membrane tether formation and associated
proteins like dynamin [189]. Moreover, the 3D force clamp can be used in force
spectroscopy experiments on various single molecules.

For example, other kinds of force-generating molecules like several DNA
or RNNA-associated molecular complexes like the ribosome [190], microtubule-
associated proteins like XMAP2015 [191] or DAM1 [192], protein degrading
enzymes like the unfoldase ClpX [193], or microtubule polymerisation and
depolymerisation could be examined. The latter question could be investigated
using microtubules that were suspended on topographic structures with one
end free above the canyon. The dynamics of the end would be probed with
functionalised microspheres and the force clamp. A similar assay could be
used to investigate the behaviour of Kip3 or other kinesins an the MT end.
Kip3 is known to stay at the MT plus end for minutes before dissociating [41].
Preliminary 2D-force-clamp assays have shown that Kip3 steps forward and
backward at the end (unpublished data by Anita Jannasch, ZMBP, University of
Tiibingen, Germany). Itis possible that this stepping is combined with sideward
steps which could be a mechanism to "scan" the MT end for the protofilament
that is to be depolymerised first. This question could be answered by 3D-force-
clamp assays in the future and help to understand the biological function of
kinesin-8 and related diseases such as its function in colorectal cancer [46].
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Contributions

Chapter 3] - Implementation of a 3D Force Clamp|

The used optical tweezers setup was built by Mohammed Mahamdeh. The
original force-clamp routine was programmed by Volker Bormuth and was re-
programmed and extended to three dimensions by Elisa Bohl and me under the
supervision of Erik Schéffer. Anita Jannasch co-wrote the chapter in the book
Optical Tweezers: Methods and Protocols [66].

Mohammad Abdousamadi helped to program the vertical video tracking
routine in Image].

Chapter [4] - Kinesin Assay|

Volker Bormuth established the original single Kip3 optical tweezers stepping
assay. The expression of Kip3 was performed with the help of Anirhudda Mitra,
Frederic Schiemann, and Anita Jannasch. The kinesin-1 rkin430 was provided
by the lab of Stefan Diez (TU Dresden, Dresden, Germany). Marco Storch and
Claudia Schirmer initially helped with TIRF assays in the MPI-CBG. Suman
De built the used TIRF setup in the ZMBP, University of Tiibingen, Tiibingen,
Germany. He and Mohammad Abdousamadi initially helped with TIRF assays.

The expression and purification of kinesins, used for 3D experiments (rkin430,
different Kip3 constructs) were performed by or with the help of Naghmeh
Azadfar.

Chapter [5/- [Functionalisation of Microspheres|

The original protocol was developed by Horatiu Fontana, Anastasia Trushko
and Volker Bormuth, under the supervision of Jonathon Howard and Erik Schéf-
fer. Furthermore, H. Fontana performed basic measurements in vivo; A. Trushko
performed assays with XMAP215. Anita Jannasch additionally varied micro-
sphere size and PEG length for that protocol. Frederic Schiemann contributed
data for the Poisson statistics and originally tested the variation of the PEG
ratio.

Chapter 6] - [Topographic Surface Treatment to Suspend Microtubules|

The approach to use TEM grids to suspend microtubules was originally sug-
gested by Ernst-Ludwig Florin, University of Texas, Austin, TX, USA.

The patterned glass cover slips, used for 3D experiments, were designed,
manufactured, and provided by Salvatore Girardo, BIOTEC/CRTD Microstruc-
ture Facility, TU Dresden, Dresden, Germany.
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Chapter[7)-[2D Optical Tweezers Tracking of Kinesin-1 and Kinesin-§|

The Kip3 stepping simulation was programmed by and analysed with the help
of Elisa Bohl.

Chapter 8- 3D Optical Tweezers Tracking of Kinesin-1 and Kinesin-§|

Aniruddha Mitra (lab of Stefan Diez, TU Dresden, Dresden, Germany) gave
useful advice concerning motility assays with PFPE structures.

Chapter [9]- Laser-Induced Trapping of Particles by Carbon Grids|

Steve Simmert built the optical tweezers setup that was used for trapping assays
with flows. He also helped imaging the grid sample in IRM. Gero Hermsdorf
developed and helped using the method to apply a flow inside the sample
channel. Both worked in the Cellular Nanoscience lab in the ZMBP, University
of Tiibingen, Tiibingen, Germany.
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