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Abstract

Optical tweezers are a sensitive position and force transducer widely employed
in physics and biology. In a focussed laser, forces due to radiation pressure
enable to trap and manipulate small dielectric particles used as probes for var-
ious experiments. For sensitive biophysical measurements, microspheres are
often used as a handle for the molecule of interest. The force range of optical
traps well covers the piconewton forces generated by individual biomolecules
such as kinesin molecular motors. However, cellular processes are often driven
by ensembles of molecular machines generating forces exceeding a nanonewton
and thus the capabilities of optical tweezers. In this thesis I focused, first, on
extending the force range of optical tweezers by improving the trapping effi-
ciency of the probes and, second, on applying the optical tweezers technology
to understand the mechanics of molecular motors. I designed and fabricated
photonically-structured probes: Anti-reflection-coated, high-refractive-index,
core-shell particles composed of titania. With these probes, I significantly in-
creased the maximum optical force beyond a nanonewton. These particles open
up new research possibilities in both biology and physics, for example, to mea-
sure hydrodynamic resonances associated with the colored nature of the noise
of Brownian motion. With respect to biophysical applications, I used the op-
tical tweezers to study the mechanics of single kinesin-8. Kinesin-8 has been
shown to be a very processive, plus-end directed microtubule depolymerase.
The underlying mechanism for the high processivity and how stepping is af-
fected by force is unclear. Therefore, I tracked the motion of yeast (Kip3) and
human (Kif18A) kinesin-8s with high precision under varying loads. We found
that kinesin-8 is a low-force motor protein, which stalled at loads of only 1 pN.
In addition, we discovered a force-induced stick-slip motion, which may be an
adaptation for the high processivity. Further improvement in optical tweezers
probes and the instrument will broaden the scope of feasible optical trapping
experiments in the future.
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Chapter 1

Overview

The thesis is separated into two parts. Each chapter within the parts has a separate
abstract and introduction. In the first part, I focused on optical tweezers development
and novel optimal tweezers probes. In the second part, I performed single-molecule
mechanical measurements with the kinesin-8 motor proteins. With respect to the first
part, I started to build an optical tweezers setup, called 'Pinky’, together with Avin
Ramayia. Apart from designing and building Pinky, I used several optical tweezers
setupsmfor the different measurements. A brief introduction to optical tweezers and the
used setups is given in Chapter 2.

The applicability of optical tweezers is limited by the maximum force that can be gen-
erated. Together with Marcus Jahnel and Martin Behrndt (Grill group, MPI-CBG
Dresden), we characterized the full nonlinear force and displacement response of an op-
tical trap in two dimensions (2D) (Chapter 3). Only close to the trap center, this field
is typically approximated as linear. Exact mapping of the complete optical force field
enables the use of the full non-linear force range of an optical trap. In this manner,
higher forces can be measured by the same laser intensity.

In order to increase the maximum force that can be generated by optical tweezers,
I designed, synthesized and characterized anti-reflection-coated, high-refractive-index,
core-shell particles composed of titania (Chapter 4). High-refractive index particles
cannot be trapped in a single beam unless they are photonically structured to reduce
the scattering force—in the simplest case, coated with an anti-reflection layer. With
these probes, increased the maximum optical force in our optimized setup beyond a
nanonewton.

Together with Mohammed Mahamdeh, we used the high trap stiffness of the anti-
reflection-coated titania particles in combination with our ultra-stabil optical trap to
measure the noise of Brownian motion (Chapter 5). The Brownian force acting on the
particles is often approximated in Langevin models by a “white-noise” process. How-
ever, fluid entrainment results in a frequency dependence of this thermal force giving
it a “color”. While theoretically well understood, direct experimental evidence for this
colored nature of the noise term was still lacking.

In the second part of my thesis I used optical tweezers to characterize the mechanics of
kinesin-8. Kinesin-8 is a highly conserved, microtubule plus-end—directed motor protein
that plays an important role during mitosis. The kinesin assay is described in Chapter 7.
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I tracked the motion of yeast (Kip3) and human (Kif18A) kinesin-8s with high precision
under varying loads. The results are presented in Chapter 8.

In the last chapter (Chapter 9) of my thesis, I give a short outlook.
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Advanced optical tweezers






Chapter 2

Principles of optical tweezers

Tractor beams, known from ’Star Trek’ are no longer science fiction.
The real-world analogue to the tractor beam is called optical tweez-
ers. Optical tweezers have become a powerful tool to study the physics
and chemistry of life and thereby revolutionized the single-molecule bio-
physics. High-resolution experiments are feasible that were pure fiction
only two decades ago.

2.1. Light carries momentum

Light carries momentum. This was first realized by Kepler in 1619 [1]. In 1873, Maxwell
supplied the theoretical evidence that light itself can exert an optical force [2]. In 1901,
Hull and Lebedev [3, 4] succeeded in the first experimental detection of a radiation
pressure on macroscopic objects. Arthur Ashkin was the first who used this effect to
trap particles by a focused laser in 1986 [5, 6]. Ashkin and co-workers employed optical
trapping from manipulating live bacteria and viruses |7, 8] to the cooling and trapping
of neutral atoms [9, 10]. Since then, optical tweezers have developed into a very powerful
tool and are widely employed in biophysics, colloid research, micro-rheology, and physics
[11-17].

By using light to trap microscopic objects non-invasively, optical tweezers provide a
sensitive position and force transducer. For many experiments, trapped microspheres
are the object of interest or are used as handles for the measurements. In practice, forces
up to several hundred piconewton with sub-piconewton resolution and sub-nanometer
displacements are feasible [18-23]. This is the range for exerting forces on biological
systems like single biopolymers (such as DNA), cell membranes, molecular motors (such
as myosin, kinesin) et cetera [15].

In this chapter I will give a short introduction to the physics of trapping, the used
optical tweezers setups and our calibration method.
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2.2. Physics of trapping particles

2.2.1. Light scattering by particles

How is a particle trapped in a focused beam and how can we calculate the forces acting
on the particles? To answer this questions it is necessary to understand the interaction
of light with particles. When incident light interacts with a particle some is scattered in
a variety of directions, while some may be absorbed. Both effects transfer momentum
from the incident photons onto the particle. Due to the conservation of momentum, an
optical force acts on the particle.

In a simplified picture, the force decomposes into an attractive gradient force in the
direction of the light gradient pointing toward the focus and a scattering force in the
direction of light propagation [11]. The laser traps the particle when the gradient
force is large enough to overcome the scattering force, the effective weight, and the
thermal fluctuations of the particle. The calculation of the optical force on a particle
is relatively straightforward in the regime, where the particle diameter d is either much
smaller (Rayleigh regime) [24] or much larger (ray optics) [25] than the wavelength A of
the laser. The typical size range of trapped particles in optical tweezers is between the
geometric optic (A < d) and the Rayleigh scattering regime (A > d). Therefore, the
treatment is a problem in electromagnetic theory. The scattering of a plane wave by a
spherical particle can be calculated exactly using Mie theory [26, 27].

Geometric optics When the radius of the particle is much larger than the wavelength
of the trapping laser, the conditions for geometrical optics are satisfied. Thus, the
optical forces can be computed from ray optics (Fig. 2.1). When a light ray impinges
on a sphere, the ray is refracted two times according to Snell’s law. If the particle has a
different refractive index compared to the surrounding medium, the momentum of the
light ray changes. This change in momentum is transfered onto the particle because
of the conservation of momentum. A laser beam can be described as a collection of
light rays weighted according to their intensity. For the calculation of the total optical
force, the momentum transfer of all rays must be summed. When the particle has a
refractive index higher than the medium, the gradient force acts in the direction of
highest intensity. The scattering force arises from the rays that are reflected at the
interface of the particle to the medium [11].

Rayleigh scattering Rayleigh scattering, named after Lord Rayleigh, is the scattering
of light by particles much smaller than the wavelength of the incident light [28]. He
calculated forces on such a particle by treating the particle as an induced point dipole
that scatters light elastically. Through absorption and re-radiation of the light from the
trapping beam, a scattering force is exerted on the induced dipole. If the induced dipole
is in an electromagnetic field with an intensity gradient, the particle also experience a
gradient force, the so-called Lorentz force. The gradient force is directed toward the
highest light intensity point. The scattering force strongly depends on the diameter d of
the particle (Fyeq o< d®). The gradient force increase only with Fyrad o d3. Therefore,
the trap should becomes unstable for larger particles [28].
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Figure 2.1.: Geometric optics description of gradient and scattering force. A transparent, dielectric
particle is trapped by a focused laser beam. Two representative rays with their intensities (represented
by black lines of different thickness) are shown. The incoming rays are refracted two times. Thereby
the momentum is changed. This is illustrated by the difference A of the momentum of the entering
(in) and leaving ray (out) (vector diagram in (a) and (b)). Due to the conservation of momentum,
the momentum of the particle changes by an equal but opposite amount, which results in a gradient
force depicted by the green arrows. In (a) the particle is displaced above the light focus. The change
in momentum leads to an axial force toward the focus point of the laser. In (b) the particle is
displaced laterally, which leads to a lateral force, also acting in the direction of highest light intensity.
(a), (b) The incoming rays are also reflected (magenta arrows). This leads to the so-called scattering
force, which acts in the propagation direction and therefore destabilize the trap.

Lorenz-Mie theory When the dimension of the trapped particle is comparable to the
wavelength of the laser, neither the ray optics nor the point-dipole approach in the
Rayleigh regime are valid. In the electro-magnetic theory, trapping is a scattering
problem. An electro-magnetic field incident on a scatterer creates a field inside the
scatterer and a field outside the scatterer. If we know the three fields and the scattering
cross section, we can calculate the optical forces.

The Lorenz-Mie theory gives an analytical solution for how a plane wave is scattered
by a spherical particle [29-31]. In this theory, the electric and magnetic fields are
calculated by solving the Helmholts wave equations. The incident and scattered waves
are expressed as sums of vector spherical wavefunctions. The relation between the
incident, scattered, and internal fields determined by the boundary conditions gives us
the Mie expansion coefficients. Using the Mie coefficients the extinction, scattering,
and absorption efficiency factors can be calculated. Thus, we know the efficiency for the
radiation pressure—the proportion of the total incident momentum that is transfered
to the particle—and therefore the trapping force.

To trap a sphere a, tightly focused laser beam typically with a Gaussian profile is used.
This complicates the calculation due to the theoretical difficulty to describe the focused
Gaussian beam. Several solutions exist |25, 27, 32-36]. However, many of them extended
the Rayleigh [34, 35] or the geometric regime [25] to obtain the trapping force. A possible
solution is the generalized Lorentz-Mie theory, which is computationally demanding.

2.2.2. Optical tweezers toolbox

The Optical Tweezers Computational Toolbox was developed by Nieminen et al. [37] and
is implemented in Matlab. The toolbox uses a point matching method for a multipole
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expansion of the strongly focused laser beam [38] and the T-matrix method [39] to
calculate the forces and torques on a particle. All important parameters (refractive
indices of the solution and the sphere, sphere diameter d, wavelength A, polarization
and profile of the trapping laser, numerical aperture (NA) of the focusing objective,
overfilling of the objective) can be varied. Spherical aberrations when using an oil
immersion objective are not treated.

T-Matrix method The T-Matrix method for light-scattering calculations is based on
the expansion of the incident and scattered fields. The method can be used for scalar
waves or vector waves in a variety of geometries. The T-matrix approach was initially
introduced by Waterman in 1971 [40] and has been shown to be an efficient method for
scattering calculations involving rotational-symmetric particles.

The essence of this method is a relationship between the incident and scattered field of
a single particle. The incoming and outcoming fields can be expanded in terms of vector
spherical wavefunctions. Due to the linearity of Maxwell’s equations and the boundary
conditions, the relationship between the scattered and incident coefficients must be
linear and is given by the so-called transition matrix (or T-matrix). If the T-matrix is
known, the scattered field can be calculated. The T-matrix depends only on the physical
and geometric characteristics of the scattering particle (the refractive index, size, shape,
and orientation with respect to the incident light beam) and is completely independent
of the position of the particle and of the propagation direction and polarization states
of the incident and scattered fields. This means that for any particle, the T-matrix only
needs to be calculated once, and can then be used for repeated calculation. This is a
significant advantage over many other methods of calculating scattering cross sections
41, 42).

In principle, any method to calculate the scattering by the particle can be used to
determine the T-matrix. However, the method of choice in the Optical Tweezers Toolbox
is the extended boundary condition method. In this method, the internal field within
the object is expanded in terms of vector spherical wavefunctions. One problem of the
extended boundary condition method is the numerical stability. The field expansions
and the T-matrix have to be truncated at some point. Therefore, the extended boundary
condition method is inapplicable for extremely non-spherical particles. If the scattering
particle has no symmetries, which can be used to optimize the computation of the T-
matrix, numerical difficulties may occur [29, 31, 39]. For a spherical symmetric scatterer,
the T-matrix must be diagonal and can be solved analytically.

Multipole expansion of strongly focused laser beams A multipole expansion of the
incident field is essential for theoretical light scattering methods such as the T-matrix
method. Unfortunately, laser beams present some serious theoretical problems. The
standard paraxial forms of the beam are not solutions of the vector Helmholtz equation.
Therefore, some method must be used to approximate the standard laser beam with
a radiation field. The point matching method is an efficient method to obtain mul-
tipole expansion equivalents of focused scalar paraxial beams. The incident, internal,
and scattered fields are matched at points on the particle surface, using the boundary
condition of continuity of the tangential components of the electric and magnetic fields.
At these points, the expansion coefficients can be found. The point matching method
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can be readily implemented within the T-matrix method, because both methods use
vector spherical wavefunctions to expand the fields [38].

Theory for core-shell particles We extended the toolbox to calculate the trapping pa-
rameters for coated microspheres. To this end, we had to change the T-matrix elements
[43]. Since the T-matrix elements are identical with the Mie coefficients, we had to
calculate the scattering of a plane by a coated sphere. The expansion of the field inside
the shell yields two new coefficients, which are determined by the boundary condition
of the interfaces. The scattering coefficients for the coated sphere can be calculated
analytically and are given by Bohren and Huffman [29].

2.3. Optical tweezers setups

Optical tweezers with high position and force sensitivity were not commercially avail-
able until recently. Last year, JPK (Berlin, Germany) sold the first generation of high-
resolution optical tweezers (Nanotracker), which are capable to study single molecules.
Nevertheless, the commercial setups still have limits in resolution and stability. Thus,
optical tweezers are typically home-built setups including self-written software for con-
trolling. Depending on the application every optical tweezers setup is an art of its own.
A basic optical tweezers setup is composed of a high power trapping laser, a high numer-
ical aperture objective, steering optics to move the trap and/or piezo stages to move the
sample, a camera or an eyepiece to observe the trapped specimen, a position detector,
and devices to control the setup.

For the work presented in this thesis, I used different home-built optical tweezers setup.
The setup in the Howard group (Max Planck Institute for Cell Biology and Genetics,
MPI-CBG, Dresden) was used for the kinesin measurements (Part II) . The ultra-stable
setup in our group, called "Aswad’ (Arabian word for black) was used for the charac-
terization of the titania core-shell particles (Chapter 4) and the measurement of the
colored noise of the Brownian motion (Chapter 5). Furthermore, I started to built a
new setup, called 'Pinky’. The measurements of the complete force field of an optical
trap were performed at a dual-optical trap in the Grill group (MPI-CBG, Dresden) by
Marcus Jahnel and Martin Behrndt (see Chapter 3). This setup will be described briefly
in Section 3.2.

2.3.1. MPI-CBG setup

The optical tweezers setup in the Howard lab was built around an inverted microscope
(Zeiss Axiovert 135 TV) on an air damped optical table. A schematic drawing with all
elements and the light path is illustrated in Fig. 2.2 [18]. The whole setup was controlled
via custom-written software using LabView (National Instruments, USA).

The setup employed a diode-pumped neodymium yttrium orthovandate crystal (Nd:YVOy)
laser with 1.5 W power at a wavelength of 1064 nm (Smart Laser System GmbH, Berlin,
Germany). This laser was characterized by a beam quality factor M? of 1.2 and a linear
polarization normal to the optical table, which corresponded to the y-direction in the
image plane. To obtain high-resolution measurements, the stability of the trapping laser
with regard to intensity and pointing angle had to be improved. Therefore, the pumping
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Figure 2.2.: Schematic drawing of the MPI-CBG optical tweezers setup. Shown are all optical
components, the inverted microscope (), the laser path for trapping (—), and the image path (—).

laser was passively cooled and directly mounted onto the optical table. Furthermore, I
used the laser power feedback of the setup. Using the power signal, measured by a quad-
rant photo diode (QPD) at the epi-fluorescence port of the microscope, the pumping
laser current was modulated to keep the laser power constant.

The laser beam was steered laterally in the image plane by two piezo-steering mirrors (S-
226.00, Physik Instruments, Karlsruhe). To get a constant trap stiffness while steering,
the mirrors were placed in conjugate planes of the back aperture of the objective [44]. In
addition, to move the laser in the axial direction relative to the image plane, a telescope
with a moveable lens was implemented. The position of the lens was chosen such that
the laser power did not change while moving the lens with a servo [44].

Furthermore, the sample holder was mounted on small x-y-translation stage (07 TMC
511, Melle Griot), which was again mounted on a three-axis piezo-electric translation
stage (xyz: P-733.3DD, Physik Instrument). This enabled us to move the sample relative
to the laser in three-dimension with nanometer precision.

The laser was expanded through two beam expanders with a total magnification of 10
to a final beam diameter of ~ 6 mm. All lenses were anti-reflection coated achromats
(LINOS Photonics, Géttingen). An anodized aluminum box enclosed all optics, which
were mounted on four rods (Microbench system, LINOS Photonics) clamped to the
optical table.

The laser intensity was controlled by a half wave plate (\/2, zero order 02WRC027/1064,
Melles Griot, Bensheim, Germany) placed in front of the polarizer (Linos, Germany).
By rotating the plate with a toy model servo, the laser intensity could be varied.

To prevented unwanted light reflection into the laser crystal that may destabilize the
laser or lead to mode jumping, we used a Faraday isolator (10-3-1064-VHP, Optics for
Research, Caldwell, USA), which transmits light only in one direction.
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The three-dimensional position of the microsphere was detected in the back focal plane,
using a position sensing device (PSD, DL100-7PCBA, Pacific Silicon Sensors Inc., USA).
The signals were recorded with a 24-bit data acquisition card ( NI-4472, National In-
struments). The card had a 45 kHz alias-free bandwidth achieved by the delta-sigma
filtering technique and analog filters on the card. As trapping objective we used a Zeiss
Plan-Neofluar 100, 1.3 numerical aperture (NA), oil-immersion objective.

For visualisation the sample, we used a custom-built condenser rested on three fine-
adjustment screws on top of the static part of the microscope stage. Advantage of this
construction was the enhanced stability against mechanical vibration. Embedded in the
condenser was a Zeiss Plan-Apochromat 63x, 1.2 NA, water-immersion objective and a
dichroic mirror. The mirror reflected the laser light onto the PSD for back-focal-plane
detection in three dimensions [21]. The light emitting diode (blue, Luxeon V star emitter
with 3 W) mounted on the top of the condenser enabled video-enhanced differential
interference contrast with a standard video camera (LCL-902HS Watec, Japan). We
used a light emitting diode because it emitted much less heat and therefore reduced
drift [45].

2.3.2. 'Aswad’

QPD intensity

beam f K
dump M eedbac heat sink
M2-plate
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Figure 2.3.: Schematic drawing of the BIOTEC optical tweezers setup 'Aswad’. Shown are all
optical components, the home-built microscope (), the laser path for trapping (—), and the image

path (—).

This optical tweezers is the second generation after the Howard lab setup and tuned
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for high stability and strong trapping (46, 47]. A schematic drawing is illustrated in
Fig. 2.3.

The inverted microscope was exchanged by a home-built microscope. To reduce temper-
ature drift and fluctuations, the setup was built in an isolation box in a separate room
and the objectives (infinity corrected CFI S Fluor 100 x0.7-1.3 oil objectives, Nikon,
Japan) were temperature controlled with millikelvin precision [46]. For minimizing me-
chanical noise, the optical table was mounted on an actively damped system (Vario
Basic 60-300, Accurion GmbH, Gottingen, Germany).

Higher trapping efficiency was achieved with an optimized expansion of the laser rela-
tive to the objective [47] and a high-power laser with 5 W at a wavelength of 1064 nm
(Nd:YVOy, Smart Laser System GmbH, Berlin, Germany).

The trap was steered laterally in the sample plane by a two-axis piezo tilt mirror (Nano-
MTA2/2X, MadCity Labs, Madison, USA) positioned in a conjugate plane to the ob-
jective back focal plane. In addition, to move the laser in the axial direction relative to
the image plane, a telescope with a moveable lens was implemented.

The laser was expanded in two stages (i) using a three-lens Galilean telescope and
(ii) using a Kepler telescope. Using the Galilean telescope the laser was expanded by
3.5 x to 2.9 mm diameter beam. The 3-lens Galilean telescope allowed to change the
magnification in a smooth, continuous fashion by moving two lenses along the optical
axis without the need to replace any of the lenses.

The laser power was controlled by a half wave plate (A/2) placed in front of the polarizer.
As in the '"MPI-CBG setup’, to reduce back-scattering, a Faraday isolator was placed
after the laser.

The three-dimensional position of the microsphere was detected in the back focal plane,
using a quadrant photo diode (QPD, QP154-Q-HVSD, Pacific Silicon Sensors Inc., USA).
The IR-optimized silicon based QPD had a cut off frequency of 150 kHz operated in a
reverse-bias mode.

Instead of the translation stage for rough positioning of the sample of the 'MPI-CBG
setup’ a three-dimensional piezo-inertia stage (2x MS30, 1x MS15, Mechonics Ag,
Miinchen, Germany) was used. This stage was again mounted on a three-axis piezo-
electric translation stage (xyz: P-733.3DD, Physik Instrument). This allowed us to
control the whole setup with a computer from a separate room.

2.3.3. 'Pinky’

The optical tweezers setup 'Pinky’ is almost identical to 'Aswad’ (Fig. 2.4). I designed
the whole setup, in particular the condenser, in a 3D mechanical computer-aided design
program (SolidWorks, Fig. 2.5). The main changes concerned the laser steering in the
sample plane.

I did not build in piezo-tilt mirrors for lateral steering of the laser. Thus, the laser path
became shorter and therefore more stable. Furthermore, the laser alignment became
simpler and the setup cheaper.
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The moveable lens was replaced by a deformable membrane mirror [48]. The deformable
mirror (MMDM 10mm 1ch defocus corrector, Flexible Optical B.V, Rijswijk, Nether-
lands) was placed in the back focal plane of the objective. By applying a voltage to the
membrane mirror, it changed its curvature. This led to de- or focusing of the beam and
an axial movement of the trap in the sample plane.

As a piezo translation stage, I used a small and compact nano-positioning system with
50 um travel range (Nano3D50, Mad City Labs, Madison, United States).

pumping laser diode
with cooling tower

deformable
mirror

Faraday
isolator

optical fiber

Nd:YVO, laser
(1064 nm, linear polarized)
piezo
translation stage

beam

dump@

Xyz piezo

LED
IR.'_'_l. | u —
il =
|Y iris heat
VIS . sink
position
video camera tube lens detection
(VIS Bertrand lens

]

adjustable zoom (0.4 - 2.0x)

IR block

Figure 2.4.: Schematic drawing of the BIOTEC optical tweezers setup 'Pinky’. Shown are all optical
components, the home-built microscope (), the laser path for trapping (—), and the image path

(=)

2.3.4. Flow cell

Samples were prepared in a flow cell system (Fig. 2.6). The flow cells were made of
two coverslips, a 18x18 mm? Menzel coverslip (# 1) on top of a 22x22mm? Corning
coverslip (# 11/2). The two coverslips were seperated by three parallel Parafilm stripes.
Finally, the Parafilm was shortly melted on a hot stage to seal the channel walls. This
resulted in two channels with a width of ~ 2mm, a length of 18 mm, and a height of
~100 pm with two open ends. For the experiments, I used easy cleaned or silanized
coverslips:

Easy cleaned coverslips To get easy-cleaned coverslips, the coverslips were sonicated
in mucasol (1:20) for 15min, rinsed with demineralized water (ddH20), sonicated in
pure ethanol for 10 min, and rinsed again in ddH2O. After repeating these steps, the
coverslips were dried in a nitrogen gas stream.
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SolidWorks Studentenlizenz
Nur fur akademische Zwecke

Figure 2.5.: Solid works drawing of the BIOTEC optical tweezers setup 'Pinky’.

Silanized coverslips For silanization, the coverslips were cleaned in different solutions
with the following order: 55 min in acetone, 10 min in ethanol, 1 min in nano-pure water,
60 min in Piranha solution (3:5 H202:H2S04), three 1-min water rinses, 0.1 M KOH, and
finally two 1-min water rinses before drying in nitrogen. After washing, the coverslips
were silanized in 0.05% dichlorodimethylsilane in trichloroethylene for 1h. Finally, the
coverslips were washed 4 times in methanol while sonicated and after 3 min rinsed further
with nano-pure water and stored dry.

Filter paper
Parafilm 7 4 Pipette tip
7< Coverslip
\ 18 x 18 mm
Coverslip
22 x 22 mm

Figure 2.6.: Schematic drawing of a flow cell. The two channels are separated by three parallel
Parafilm stripes. The parafilm spacer is ~100 um thick.
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2.4. Calibration with positional detection in the back focal
plane

The application of an optical tweezers as an accurate position and force sensitive tool
depends crucially on the used detection and calibration method. A sensitive detection
method is back-focal-plane interferometry [21]. In this method, the alteration of the
light field due to a trapped microsphere is monitored in the back-focal-plane of the
condenser by a position sensitive detector. From the detector signal the displacement
of the microsphere with respect to the trap center and the corresponding forces acting
on the microsphere can be determined by calibration. I used a calibration technique
developed by Simon F. Ngrrelykke and Erik Schiffer etal. [18, 49]. The idea of this
calibration is shortly described in this chapter.

For a harmonic trap potential, the trapping force of a particle can be described by
Hooke’s law Fiqp = K- Az, where & is the trap stiffness and Az is the relative displace-
ment between the particle position and the equilibrium position near the laser focus.
For a known trap stiffness, a known displacement leads to a known force and vice versa;
a known force produces a known displacement. Different forces contribute to the total
force acting on the particle. One force is the thermal force causing Brownian motion.
In addition, the motion is damped by the viscous force F;s = = - &, where v is the
drag coefficient and & denotes the time derivative of the position. Inertial forces can
be neglected to first order, however have to be taken into account for accurate results
[18, 49]. The resulting dynamics of Brownian motion in a parabolic potential is well
characterized by a Lorentzian-type power spectrum [20, 50]. When the power spectral
density is fitted with a Lorentzian-type function [49], it returns a plateau value Py and a
characteristic corner frequency f. with high precision (Fig. 2.7). From this fits, the trap
stiffness k = 27y f, and the volt-to-meter calibration factor (also called displacement
sensitivity ) can be calculated, if the drag coefficient is known. The drag coefficient
~ depends on the viscosity n of the surrounding solution, the proximity to a nearby
surface, and the radius R of the microsphere [18]. Since this parameters are typically
not known exactly, the drag coefficient is not known precisely. Thus, the calibration
involves three unknowns: the trap stiffness x, the displacement sensitivity 3, and the
drag coefficient . Often, two of these values are measured while one is assumed.

To solve this under-determined problem, several calibration methods need to be com-
bined. In our setups, we combined the power spectral analysis with a drag force method,
which measures the displacement of the trapped particle in response to a known flow
[18, 49]. The piezo stage, holding the flow cell moves sinusoidally relative to the optical
trap in the lateral direction with a frequency vgage and a small amplitude (=500 nm).
Due to the harmonically driven stage, a known motion is added to the particle’s Brown-
ian motion. In the power spectrum, this motion generates a sharp spike at the oscillation
frequency vstage with a defined peak height (Fig. 2.7). The amplitude of the spike serves
as a kind of scale bar for the volt-to-meter factor. Thus, the combination of these two
calibration methods enabled us to characterize the system without relying on assump-
tions.

Due to spherical aberrations, the trap stiffness x and the displacement sensitivity
depend on the microsphere-surface distance . Using this method, the trap stiffness x and
the displacement sensitivity 8 were measured for all spatial directions as a function of
microsphere-surface distance [. Additionally, for the driven direction the drag coefficient
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Figure 2.7: Power spectral density. Cali-
brated power spectral density for all spatial
directions (— =, — y, — z) of a 0.59 um
diameter PS microsphere. All power spec-
tra were an average over 100 independent
measured power spectra. The sampling
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tions arise from the laser polarization in
the y-direction. The calibration spike at
the frequency of Vstage = 32Hz in the y-
direction results from the sinusoidal stage
moving in this direction. Each power spec-
trum is fitted with a Lorentzian (brighter
color). For the axial direction, the corner
frequency f. and the plateau value P, are
marked.

v was measured. By fitting the lateral drag coefficient with Faxén’s law, the surface
position was obtained with nanometer precision. Far away from the surface the measured
drag is equivalent to the Stokes drag 79 = 37nd such that v/y9 = 1. Due to an
accurate temperature measurement, the viscosity can be calculated and therefore, the

microsphere diameter d can be determined.

For the measurements, the raw data were automatically analyzed by a global fitting
routine, written in Matlab [18]. The surface position, the drag coefficient, the trap
stiffness, and the displacement sensitivity for all directions were calculated for every

microsphere.
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Chapter 3

Complete force field of an optical
trap

The use of optical traps to measure or apply forces on the molecular
level requires a precise knowledge of the trapping force field. Close to
the trap center, this field is typically approximated as linear in the dis-
placement of the trapped microsphere. However, applications demand-
ing high forces at low laser intensities can probe the light-microsphere
interaction beyond the linear regime. Here, we measured and calculated
the full nonlinear force and displacement response of an optical trap
in two dimensions. We observed a substantial stiffening of the trap
beyond the linear regime that depended on the microsphere size. Sur-
prisingly, we found that the linear detection range for forces exceeded
the one for displacements by far. Our approach allows a complete
calibration of an optical trap.

3.1. Introduction

The assumption of a harmonic optical trapping potential with constant trap stiffness
apply only near the trap center. The harmonic potential model breaks down at larger
displacements. In the non-harmonic region, the trap stiffness and the displacement
sensitivity are not constant anymore. Exact mapping of the complete optical force field
enables the use of the full force range of an optical trap. So higher force can be measured
by the same laser intensity. In this manner, photo damage in biophysical experiments
can be reduced.

In Section 3.2, a procedure to characterize the interaction between a trapped micro-
sphere and the trapping laser for the complete trapping region is reported. The mea-
surements were performed by Marcus Jahnel and Martin Behrndt (Grill group, Max
Planck Institute of Molecular Cell Biology and Genetics). In Section 3.3, I compared
the experimental results with Mie-theory calculation. The work presented in this chap-
ter has been published in Optics Letter in 2011 [51].



18 3. Complete force field of an optical trap

_ ) half-wave  polarizin
d|chr010 plate beam g piezo
camera mirror ¥ xy splitter mirror

polarizing
Glan-l_.aser beam
polarizer -4 splitter
Faraday acusto-optical
isolator deflector
Analyzed trap ( ) t camera
PSD| position d
Microsphere sensitive
devices
polarizing
-
splitter L S
fS— ——
Calibrated trap (fixed) Probe -
o} e
camera dichroic \ / dichroic LED
mirror mirrors

water immersion
objectives (NA=1.2)

Figure 3.1.: Dual-optical trap setup. Laser path (—), back reflection path (—), imaging path (—),
polarization state (dark red arrows). Shown are all optical components: Faraday isolator, dichroic
mirrors, half-wave plate, Glan-Laser polarizer, polarizing beam splitter, acousto-optical deflector,
piezo mirror, water immersion objectives (NA= 1.2), position sensitive devices (PSD), charge-coupled
device. Inset: Schematic of the experiment. The strong calibration trap was stationary, while the

was scanned across the microsphere. The trap distance is defined by ¢ 4;
Ax 4 is the microsphere displacement from the center of the analyzing trap.

3.2. Measurement of the complete force field of an optical
trap

The measurement of the force field landscape was done with a single-beam dual-trap
optical tweezers (Fig. 3.1). The two optical traps were seperated by polarization and
individually maneuverable with variable intensities. To reduce polarization crosstalk
between the two traps to below 1%, each element was aligned via both transmission
and backreflected light [52]. One trap, the strong calibration trap, was fixed, while the
weaker, analyzing trap, scanned the whole microsphere-trap interaction regime. The
forces exerted by the two optical traps acting on the microsphere at the position Ax 4
are in general described by the Langevin equation

MAZA(t) +YATA(t) + Fo(Aza,t) + Fa(Azgt) = Finermal (£(t) (3.1)

where m the mass of the microsphere, v the bulk friction coefficient, Fg/x(Axa,t)
the optical forces of the two traps respectively, and Fipermal(t) the random thermal
forces. For stationary traps and measurement times long enough to average over thermal
fluctuations Eq. 3.1, can be simplified to (Fco(Axa)), = — (Fa(Aza)), . Instead of
using a low-power observation laser to detect the position of the microsphere (e.g. as
described in Neumann et al. [13]), Jahnel et al. used a strong calibration trap, at least 10
times stronger than the weak analyzing trap. This assured that the trapped microsphere
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never left the linear regime of the strong calibration trap. In this manner, the force F4
can be determined by

Re((Aza — zea)t,, = (FA(AzA))t,,- (3.2)

where k¢ is the diagonal trap stiffness tensor of the calibration trap obtained via thermal
calibration [50] and zc 4 the distance vector between both traps. Thus, staying in
the linear regime of one strong trap allows to measure the optical forces for arbitrary
displacement of a microsphere with respect to a second weaker optical trap.

In a typical experiment, the weak, analyzing trap (ka < 60pN/um) was laterally
scanned in a 2D grid with a 5 nm step size. With the calibration trap (k¢ < 2500 pN/pm)
fixed, this scan covered the entire interaction region (zc 4 > d/2) of the analyzing laser
light with the trapped microsphere with a diameter d in solution. The microsphere dis-
placement with respect to the stiff calibration trap, was less than 150 nm in the lateral
direction and less than 100 nm in the axial direction. This ensured the validity of the
Hookean approximation for the calibration trap to within 5 %. Measuring times at each
grid point (10ms) were chosen longer than the characteristic equilibration time, f. !,
resulting in accurate force response curves. Data were recorded with both detectors at
10kHz and averaged to a bandwidth of 1kHz for saving. All microsphere sizes were de-
termined to within 5 % accuracy using the combined drag-force power spectrum analysis
method (see Section 2.4, [49]).

Jahnel et al. determined a 2D map of the optical forces exerted by the analyzing trap
on polystyrene microsphere with different diameters (Fig. 3.2¢). They obtained the net
force by combining the parallel (F) and perpendicular (Fy) force components relative
to the trap polarization. The optical forces were nearly radially symmetric (Fig. 3.2d).
Therefore, further measurements and discussions were restricted to cross-sections of
the force map in x (dashed line in Fig. 3.2¢). Results for the other directions were
qualitatively the same.

3.3. Calculation of the complete force field of an optical trap

3.3.1. Mie theory calculations of the force map

For the numerical calculations, I employed the optical tweezers toolbox (see Section 2.2.2)
adapted to the dual trap setup (Fig. 3.1). I used the following parameters: The numer-
ical aperture was fixed to 1.1; the laser had a linear polarization along the z-axis; no
truncation of the laser at the back aperture and no spherical aberration were taken into
account. Furthermore, the microsphere was not displaced axially from the laser focus.
The forces acting on a microsphere were calculated as a function of lateral displacements.
Absolute force values were determined by scaling to the experimental data.

3.3.2. Comparison between theory and experiments

Figure 3.2 a shows the two-dimensional map of the optical forces exerted on a polystyrene
microsphere of diameter 1.26 yum. The net force |F| = |/F2 + F? is almost radially

symmetric (Fig. 3.2b). Figure 3.2¢,d shows the measured force response along the
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polarization axis and the net force. Data and theory were in excellent agreement.
Compared to the theoretical force profile, the experimental one was slightly broader
beyond the extrema (Fig. 3.2¢). We attributed this difference to diffraction effects at
the back aperture of the trapping objective, which were not taken into account by the
optical tweezers toolbox.

Close to the origin, a constant trap stiffness—assuming Hooke’s law—was expected.

However, numerical differentiation of the measured force curve (k(z) = —0,F(Ax4))

proved that the trap stiffness continuously deviated from its value at the origin (Fig. 3.2 ).
Displacing the microsphere from the center, the trap stiffness increased moderately

within the first 300 nm towards a maximum, before it fell off, and eventually became

negative. In this region, the analogy between optical traps and mechanical springs fails;

the trap stiffness is negative for a decreasing, yet, still restoring force. The stiffening

effect was substantial even for small displacements. A displacement from the trap center

of 250 nm already lead to a deviation of the trap stiffness of more than 30 % as compared

with its value at the origin.



3.4. Discussion 21

(@ 100 =D=126um [
=D =2.01pm
=D =2.40 um
~ 504 Y L
© 2
uE
S
L 0
(0]
o
&
~50 L
nonlinear
100+ stiffening |
(b)
200+
&
S
§ Figure 3.3: Force profile and trap stiff-
2 o0 ness.  (a) Normalized force-extension
% —200- . .
=S curve and (b) normalized trap stiffness for
IS three different polystyrene microspheres (
—4004 1.26 um -+ —; 2.01 um —; 2.4pum
—).  The lines correspond to the
> 1 0 1 theory, whereas the points mark the
Displacement x (um) measurements.

A distinct second linear regime of higher constant trap stiffness was recently reported
for 2.01 um microspheres [53]. To study the microsphere size dependence of the ob-
served stiffening effect in more detail, we compared the 1.26 ym microspheres with
larger ones of diameters 2.01 pum and 2.40 pm in Fig. 3.3a,b. Indeed, the stiffening
was more pronounced for larger microspheres and depended sensitively on their exact
size. Figure 3.3 b shows that the measured stiffness landscapes were complex, displaying
ripples, yet no extended linear regime.

Next, we used the assay to evaluate the accuracy of the back-focal-plane detection
method [54]. This method infers both the displacement and force from a single dif-
ferential voltage signal on a position-sensitive device. For small displacements, both
measures were well approximated as linear functions of the differential voltage signal.
For larger displacements, we found that the linear force-displacement relation broke
down (Figs. 3.2e and 3.4a). As depicted in Fig. 3.4a,b for microspheres of diameter
2.01 pm assuming a linear relationship between force and voltage signal was correct to
within +5 %, even for very large displacements close to the force maximum. On the
other hand, inferring microsphere position from the same voltage signal-—again assum-
ing linearity—lead to significantly larger errors of up to 40 % (Fig. 3.4b).

3.4. Discussion

Without any preliminary assumptions, we measured and calculated the complete 2D
force field of an optical trap. The calibration by Jahnel et al. described in Section 3.2
provided a robust method for the study of the complete light-microsphere-interactions,
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including accurate measurements beyond the linear regime. Importantly, the measure-
ments were well described by the Mie theory calculations. These allowed us a detailed
validation of the linear force-displacement approximation. The treatment of optical
tweezers as springs is an approximation, valid only close to the trap center, and its
validity depends sensitively on the size of the trapped object. Furthermore, we found
that an optical trap with back-focal-plane detection is foremost a sensor of force and
not of position. Positional information was inferred from a linear approximation, which
does not hold far away from the trap center and for large microsphere displacements.
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Chapter 4

Nanonewton optical forces by trap-
ping anti-reflection-coated titania
microspheres

The applicability of optical tweezers is limited by the mazimum force
that can be generated. While improvement of the technique has largely
focussed on improving the instrument and shaping the light beam
155, 56/, little work has been dome on shaping the trapped object
157]. Here, I designed efficient, photonically-structured probes: Anti-
reflection-coated, high-refractive-index, core-shell particles composed of
titania. With these probes, I significantly increased the mazximum opti-
cal force beyond a nanonewton. The increased force range broadens the
scope of feasible optical trapping experiments. Photonically structur-
ing arbitrarily-shaped objects will pave the way for efficient light-driven
miniature machines.

4.1. Maximum force of optical tweezers limits their
applicability

The force range of optical tweezers limits the applicability of the technique. For example,
forces are often not sufficient to unfold proteins [58|. Usually, trapping forces range from
sub-piconewton to about 100 pN (e.g. [58-62]). The maximum force is limited by the
available laser power and the trap efficiency. An increase in laser power, however, leads
to heating [63] and, in case of biological applications, to photo damage. The trapping
efficiency can be improved, for example, by using a Laguerre-Gaussian laser mode [64],
exploiting near-field effects [65], compensating spherical aberrations [66], choosing the
optimal laser expansion [47|, or choosing a probe size close to the first Mie resonance
[47, 67]. While these measures mostly aim at improving the instrument, all of them are
limited by the material properties and structure of the photonic probe.

The photonic properties of the probes can be optimized to increase the trap efficiency.
To this end, an increase in the refractive index mismatch between the trapped particle
and its surrounding medium, increases the stabilizing gradient forces and thereby the
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efficiency. However, there is an upper limit to this mismatch since the destabilizing
scattering force increases stronger with the mismatch than the gradient force [67]. Thus,
high-refractive index particles (n > 1.73 immersed in water [68]) cannot be trapped
by a single gradient trap [69] unless, as predicted by theory, they are photonically
structured to reduce the scattering force—in the simplest case, coated with an anti-
reflection layer [67, 68]. In previous work [67], silica-coated polystyrene microspheres
moderately improved trapping and reduced back-scattered light. For these low-refractive
index materials, a coating was not an essential requirement for being able to trap..

Here we took the decisive and difficult step of coating high-refractive index particles
to make so far untrappable probes trappable. We fabricated coated titania particles
according to the specifications of Mie theory calculations and characterized them in an
optical trap in terms of their trap stiffness per laser power and escape force. I found
a significantly higher trap efficiency, in agreement with the calculations, compared to
all other probes in use. By this measurements, I extended the applicability of optical
tweezers with respect to two aspects: first, by reducing photo damage in biophysical
experiments since the same force can be achieved with much less laser power and,
second, by bringing the force range of optical tweezers in the nanonewton range, which
I demonstrate by using an optimized optical tweezers setup at maximum laser power.
The trapping properties of our photonically-structured, anti-reflection-coated titania
particles are superior to homogeneous ones opening up new possibilities for light-driven
probes and optical tweezers experiments.

The work presented in this chapter has been published in Nature Photonics.

4.2. Methods

4.2.1. Anti-reflection coating

In an optical trap micron-sized dielectric particles can be trapped by a tightly focused
laser beam. The optical force on the particle is composed of an attractive gradient force
and a destabilizing scattering force (see Section 2.2). T optimized the photonic properties
of the probe by using an anti-reflection coating to reduce the scattering forces. The anti-
reflection coating is based on destructive interference between the two reflected waves
from the core and the coating layer. The principle of an anti-reflection is best understood
for a planar coating [70]. To achieve destructive interference, a coating has to fulfill two
conditions: First, the amplitude of the two reflected waves has to be equal (amplitude
condition). This is the case when the coating nce has a refractive index corresponding
to the geometric mean of the two surrounding media (neore, 7H,0):

Ncoat = A/ McoreMH,0 (4-1)

The second condition—the phase condition—determines the thickness of the coating.
The path difference of the two waves has to be half a wavelength in the coating. There-
fore, I obtain a thickness of

A
dcoat = 4ncoat (4. 2)
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where A is the wavelength in air. Under these conditions, the reflected waves extinguish
each other and the reflection coefficient is equal to zero [71].

The above arguments are true for normal incidence (plane wave and a plane surface). In
case of a focused beam and a sphere, I have to consider the angles of the incoming light.
Furthermore, the dimension of the particle is in the dimension of the laser wavelength.
Thus, neither the ray optics nor the point-dipole approach in the Rayleigh regime are
valid. Therefore, I used the Lorenz-Mie theory for calculations (see Section 2.2).

4.2.2. Parameters for calculations

We used two methods to calculate the trap efficiency in terms of the trap stiffness
per power. Both calculations were based on scattering of light by small particles as
described either by the T-matrix method (see Section 2.2) or by the generalized Lorentz-
Mie theory [69]. For both calculations, we used the following parameters: refractive
indices of neore = 2.3, Ncoat = 1.78, and np,0 = 1.326 at a laser wavelength of A =
1064nm. A thin silica layer for one batch of particles (Table 4.1, Section 4.4) was
neglected in the calculations. The first calculation was based on an extended version
of the optical tweezers toolbox (see Section 2.2.2). For the toolbox, I used an effective
numerical aperture of 1.25, an overfilling described by a truncation angle (80°), and a
polarization in the y-direction. The second calculation was done by Peter D. J. van
Oostrum and included the effect of spherical aberrations produced by refraction at the
interface between the glass of the sample cell and the water in which the particles are
immersed. For this calculation, the geometric focus of the trap was 5 um away from the
glass surface. The numerical aperture of the objective was 1.22 and the ratio between
the focal lengths and the beam waist was 0.903. With these parameters, both methods
gave consistent results at the surface where spherical aberrations are minimal.

4.2.3. Optical tweezers setup

The measurements were performed with the optical tweezers setup ’Aswad’ (see Sec-
tion 2.3.2). I used 4.5 W laser output power. For the trap stiffness measurements, the
overfilling of the objective [47] was 1.5 with a maximum power of 1.4 W in the focus.
For the drag force measurements, which where done in water-immersion oil, I used an
overfilling of 2 with a maximum power of 1.1 W in the focus. The larger filling ratio
enabled to trap microspheres in oil more easily.

4.2.4. Sample preparation & calibration

I prepared samples as described in Section 2.3.4. All microspheres were washed in dis-
tilled water (aqua bidestillata: 18.2 MQcm). All measurements were done in distilled
water close to the glass surface (I ~2pm microsphere-center surface distance). For
each microsphere type, I acquired data for at least 6 microspheres. Using the calibra-
tion (see Section 2.4), I measured the distance to the surface [, the drag coefficient
and associated diameter of the microsphere d, the displacement sensitivity 5, and the
trap stiffness k for all spatial directions. Calibration measurements were performed
at ~5 % laser power (0.23 W output power). Control measurements confirmed the lin-
earity between trap stiffness and laser power P (Fig. 4.7b). For comparison, I used
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0.6-1.5 um-diameter polystyrene microspheres (npg = 1.57, Bangs Laboratories, USA).
For the escape force measurements, I used 100 % laser power (4.5 W output power).
The particles were dried at room temperature for 60 min and then re-suspended in wa-
ter immersion oil (n = 1.33; Immersol W, Zeiss) with a dynamic viscosity of 1.08 Pas
at 20°C (0.32 Pas at 40°C). To achieve a nearly linear increase in drag force with time,
the piezo translation stage holding the sample was accelerated with 40 mm/s? relative
to the stationary laser.

I estimated the amount of laser-induced heating when trapping in immersion oil accord-
ing to the following calculation: With the in-oil-measured drag coefficient, I calculated
an oil viscosity of 0.42+0.03 Pas using the average microsphere diameter (batch >, Ta-
ble 4.1), also accounting for the distance to the surface . Based on a linear interpola-
tion between manufacturer-given values, this viscosity corresponded to a temperature
of 3741 °C an increase of 9 °C relative to the temperature of the objective.

4.3. Theory predicts nanonewton optical forces with
anti-reflection coated titania microspheres

To design an optimal anti-reflection coated titania microsphere, I used T-matrix and Mie
theory calculations (Fig. 4.1). I optimized the core and shell size and the shell refractive
index to achieve the highest trapping efficiency for a laser wavelength of A = 1064 nm. In
the calculations, I fixed the refractive index of the core to ncoe = 2.3, which corresponds
to the measured value of anatase titania [72], and varied the shell refractive index ngoat.
Surprisingly, even for Mie scatterers, the optimal shell refractive index of 1.78 was
very close to the geometric mean 1.75 of the indices from the core and the medium.
This geometric mean is expected for an optimal, single-layer anti-reflection coating
on flat, macroscopic substrates as described in Section 4.2.1 [73]. For ngeat = 1.78
(measured value for amorphous titania was ~1.7-1.8, see Section 4.4), I calculated the
trap stiffness as a function of core deore and core-shell diameter d (Fig. 4.1). In the
absence of spherical aberrations, the highest lateral trap stiffness resulted for a core size
of deore = 0.5 + 0.05 um with a coating thickness of deoat = 0.23 £ 0.04 um (intense
magenta region in Fig. 4.1a). The latter value is significantly larger than A/(4ncoat) =
0.15 pm—the thickness expected for planar coatings. Thus, calculations were necessary
to determine optimal parameters. Particles with a thinner or thicker shell than the
optimal one cannot be trapped according to the calculation (white regions in Fig. 4.1).
Also, certain particles—in particular smaller ones—cannot be trapped further away
from the surface because of spherical aberrations at the glass-water interface (Fig. 4.1b).
Plots for the axial trap stiffness resembled the lateral ones, however, with smaller values
for the trap stiffness and slightly shifted sizes for the maxima (Fig. 4.1¢,d). Based on
these calculations, we fabricated microspheres designed for “ideal” trapping conditions
(no spherical aberrations): either using (i) an oil-immersion objective trapping close
to a surface or (ii) a water-immersion objective for trapping far away from a surface.
The calculations showed that such optimized probes should have an overall diameter of
about 1 pum. However, the specifications were stringent with respect to the refractive
indices and in particular the shell thickness.
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Figure 4.1.: Mie theory calculations. Mie theory predictions of lateral (top row) and axial (bottom
row) trap stiffness per power in the focus as a function of the core diameter dco and total core-shell
diameter d (see Section 4.2.4). White areas correspond to particles that cannot be trapped. The
black line demarcates zero-shell thickness. (a,c) T-matrix calculations based on the optical tweezers
toolbox. The symbols (see Table 4.1) mark the size of the fabricated titania core-shell particles.
(b,d) Calculations including spherical aberrations. The geometric focus of the trap was 5 um away
from the glass surface.
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4.4. Synthesis of anti-reflection coated titania microspheres

Due to special catalytic, electric and optical properties, titania is an important material
in modern materials science, chemistry, and physics. I was in particular interested in the
high-refractive index of titania. We used a novel method to synthesize colloidal particles
with a high-refractive index crystalline titania, anatase core and a lower refractive index
amorphous titania shell. In the following part, these particles will be called titania core-
shell. We improved the synthesis regarding monodispersity and accurate particle size
tunability. Both criteria were crucial factors for trapping. A schematic representation
of the procedure for fabrication is given in Figure 4.2.

We started with the synthesis of amorphous titania cores according to the procedure
of Yu etal. with slight modifications [74]. The anatase core particles (ncore = 2.3) were
obtained after calcination—a heating step yielding fully crystalline titania. In the next
step, the anatase particles were coated with amorphous titania (neeat = 1.5) according to
the procedure of Eiden-Assmann et al. [75]. Afterwards, we dried the particles at 50°C
for 30 min to increase the refractive index of amorphous titania (neeat) to ~1.7-1.8. One
batch of particles was finally coated with a thin silica shell (ngio, = 1.45).

To test whether we got an amorphous coating, we added a fluorescent dye (rhodamine
isothiocyanat) to the dispersion of the titania core-shell particles and centrifuged them
afterward to remove excess dye. Fluorescence confocal microscopy images showed only
a labeling in the outer area (Fig. 4.3). The dye was small enough to diffuse into the
amorphous coating, but not into the crystalline anatase core.

The size of the core and the core-shell particles was determined with transmission elec-
tron microscopy (TEM). The TEM pictures showed homogeneous core sizes and coat-
ings (Fig. 4.4). We observed that amorphous titania particles shrinked by observing
them with the electron beam. Due to this heating effect, the size of amorphous titania
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Figure 4.4.: Transmission electron microscope pictures. TEM pictures of (a) amorphous titania
particles. (b) anatase titania particles and (c) titania core-shell particles.
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particles and the titania core-shell particles was slightly underestimated. Therefore, 1
determined the exact size of the core-shell diameter with our combined drag-force power
spectrum analysis method (see Section 2.4, [49]).

Furthermore, we estimated the size, the polydispersity and the refractive index of the
titania particles with static light scattering (SLS). SLS is a technique that measures the
intensity of scattered light as a function of angle. In Figure 4.5 experimental curves of
amorphous, anatase and titania core-shell particles are plotted against the scattering
angle. The experimental curves were fitted to theoretical calculations of the full Mie
solutions. The locations of the minima and maxima depend sensitively on the particle
size and refractive index, whereas the depth of the minima gives an estimate of the
polydispersity. The SLS measurements gave good agreements with TEM measurements
for the pure amorphous or anatase particles sizes. The estimation of the size of the
core-shell particles with SLS was delicate.

The refractive indices were determined with digital holographic microscopy. Light scat-
tered by a particle propagates to the microscope focal plane, where it interferes with the
undiffracted fraction of the beam. The resulting interference pattern was magnified by
a microscope objective lens onto the sensor of a gray scale video camera. Fitting these
digitized holograms to a model that includes the analytic description of light scattering
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by Lorenz-Mie yielded the particles three-dimensional position, its diameter d, and its
refractive index n (Fig. 4.6) [76].

The density of the anatase-titania core was panatase = 4200kgm=2 and the amorphous
shell was pamorphous=1.320kg m~3. The density of the amorphous titania was deter-
mined by the amount of shrinkage during calcination of amorphous titania particles
to anatase titania particles (dagmorphous=418 1M, danatase=312nm). By calculating the
total mass of the core and the shell divided by the total volume, the average titania

core-shell density was pritania =2500kgm™3.

The synthesis of the titania core-shell particles was done together with Ahmet F.
Demirérs in the Soft Condensed Matter group of Alfons van Blaaderen at the Utrecht
University in Netherlands. The results were published by Demirérs and Jannasch et al.
in Langmuir [72].

4.5. High trap stiffness with anti-reflection coated titania
microspheres

We synthesised different batches of titania core-shell particles with a core size of around
0.5 pm and a final diameter of about 1 um (see Section 4.4). Using a 1.3 NA oil immersion
objective, I could stably trap microspheres of only half the batches at over-filling ratio
21.5 at distances [ =<5 um away from the surface. This shows how critical the correct
parameters were, in particular with respect to spherical aberrations that are minimal
close to the surface. Particles that could be successfully trapped are listed in Table 4.1.

For these microspheres (marked with black symbols in Fig. 4.1a), I measured the trap
stiffness as a function of diameter (magenta open symbols in Fig. 4.7) and compared
the values to those of polystyrene microspheres (hexagons in Fig. 4.7). For the titania
microspheres, I measured a lateral trap stiffness of up to 3.8 pN/(nm W) and an axial
trap stiffness of up to 0.9 pN/(nm W). Compared to the maximum lateral (axial) trap
stiffness for polystyrene microspheres, this was a two-fold (1.3-fold) improvement. The
measurements agreed well with the predictions (black symbols, Fig. 4.7) showing that I
achieved the maximum possible trapping efficiency.
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Figure 4.6.: Digital holographic microscope measurements. Holographic measurements (Experi-
ment, left column) and simulations (Fit, middle column) of (a) amorphous titania particles, (b) dried
amorphous titania particles and (c) anatase titania particles. The right column shows the comparison
of experiment (—) and fit (—). Fit parameters were the particle diameter d and the refractive index
n.

Table 4.1.: Size of different titania core-shell particle batches. Sizes are stated as mean £ SEM
(N, number of measurements) in um. The core diameter was measured with transmission electron
microscope and the core-shell diameter with our optical tweezers calibration. The shell thickness is
based on the difference between total and core diameter.

Core diameter deore Shell thickness deoq; Shell thickness Total diameter d

Anatase titania Amorphous titania Silica
> 0.45 4+ 0.006 (12) 0.28 - 1.00 + 0.02 (6)
< 0.43 £ 0.006 (42) 0.28 - 0.98 £+ 0.020 (6)
o 0.43 £ 0.006 (42) 0.25 - 0.93 £+ 0.01 (6)
o 0.51 £ 0.005 (32) 0.20 - 0.91 £+ 0.02 (6)
o 0.51 £ 0.007 (21) 0.20 0.02 0.95 + 0.01 (6)
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The trap stiffness increased linearly with the laser power P in the focus (Fig. 4.8).
At maximum laser power, a power spectral analysis of the particle motion revealed an
extremely high corner frequency f. implying a large trap stiffness x = 2wy f.. For a
typical power spectrum shown in Fig. 4.7 inset, these values were f. = 115kHz and
k = 5.1 pN/nm, respectively. With such a large trap stiffness, I was able to exert large
optical forces.

4.6. Nanonewton forces with anti-reflection coated titania
microspheres

To demonstrate forces exceeding 1nN, I performed drag force measurements (Fig. 4.9).
First, I measured the drag coefficient v using the calibration technique automatically
accounting for Faxén’s law (Section 2.4). Next, I accelerated the sample relative to the
stationary laser until the microsphere escaped the trap while simultaneously recording
both the microsphere detector signal and the stage position (Fig. 4.9a). From the speed
at escape Vescape; 1 determined the maximum force according to Finax = YVescape- Due to
a limiting maximum speed of our piezo-electric translation stage, I had to increase the
viscosity of the medium to achieve a sufficiently high drag force to beat the optical trap.
I chose water immersion oil with a refractive index comparable to water, however, with
a 1000-fold higher viscosity compared to water (see Section 4.2.4). In the oil, I measured
a drag coefficient of v = 3.9 + 0.2 uNs/m. At a speed of Vescape ~ 0.3 mm/s, the titania
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Figure 4.9.: Escape force measurements in oil. (a) Simultaneous recording of the microsphere
detector signal (—) and sample stage position (—-) as a function of time. The stage speed vgtage
corresponds to the derivative of the stage position. The drag force was F' = ~Ugage Using the
measured drag coefficient . The vertical (horizontal) gray line marks the escape time (escape speed
and maximum force). Ordinate zeros were offset for clarity. Inset: Lateral detector response for an
immobilised 1 um diameter titania (—) and 0.992 um diameter polystyrene particle (—) as a function
of displacement relative to the trap centre Az. Drag force as a function of (b) detector signal and
(c) displacement inferred from a scan through an immobilised microsphere [inset in (a)]. At the
highest detector signal, the microsphere escaped the trap. When the escape force of the titania
microsphere was scaled to the maximum trap stiffness measured in water (---), the force was linear
in displacement (- - -) up to ~1 nN. All detector voltage signals were scaled by the maximum voltage

Viitania recorded for the titania microspheres.

core-shell particles escaped from the trap (Fig. 4.9a). Based on this speed, I measured
a maximum force of Fjax = 1.20+0.07nN (mean+SEM) for six different microspheres.
The maximum force corresponded to a trapping efficiency cFnax/(nm,0P) = 0.25, where
c is the speed of light, P = 1.1 W was the maximum power in oil (see Fig. 4.8), and
ng,0 = 1.33. Thus, 25 percent of the light power was utilized to exert a force. In
comparison, efficiencies for silica-coated polystyrene or 3 um-diameter polystyrene mi-
crospheres were only 0.09 and 0.14, respectively [67]. The recorded maximum detector
voltage signal at escape was consistent with the maximum value recorded when scanning
through an immobilized microsphere (inset Fig. 4.9a). Furthermore, as expected (see
Section 3.3), the drag force scaled almost linearly with the detector signal all the way
up to the escape point (Fig. 4.9b).
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4.7. Discussion

My measurements demonstrated both a significant increase in trap efficiency and es-
cape forces exceeding a nanonewton. The increase in trap stiffness was comparable
to the difference between polystyrene and silica [67]. Thus, with the anti-reflection-
coated titania particles, I had at least a four-fold (two-fold) improvement compared to
silica (polystyrene) particles depending on the size [67]. In oil, the nanonewton escape
forces were achieved in the regime of the non-linear displacement response of the trap
(Fig. 4.9¢) [51]. In water, I achieved a higher maximum laser power in the focus (see
Fig. 4.7b). Therefore, for some microspheres used during the calibration in water, I
expected to reach a nanonewton force even within the linear displacement response of
whinear ~ 200 nm (10 % deviation, see inset of Fig. 4.9 a and Fig. 4.9¢). With a maximum
trap stiffness of Kmax = 5.4pN/nm, I estimated that the maximum force in the linear

response range should be Flnear — - plinear ~ 10N (Fig. 4.9¢).

The ~1 pym diameter of the particles is a compromise between small particles that have
a fast response and large particles that provide a contact point for lateral, biomolecule
attachment beyond the trapping focus. Microspheres with a larger core diameter of
~0.75 um and outer diameter of ~1.2 ym would also enable trapping in the presence of
spherical aberrations, however, with a ~20 % lower efficiency compared to the maximum
(Fig. 4.1). Fabricating larger particles with high trapping efficiencies should be possible
(higher order Mie resonances in Fig. 4.1), though the synthesis of a large, homogeneous
shell thickness, according to our knowledge, is nontrivial and was not possible in a
general way with a relatively high, non-absorbing refractive index (>1.7) until recently
[72]. For smaller diameters with preserved, high trap efficiency, the trapping wavelength
would have to be reduced.

The high trap efficiency is either useful to reduce radiation damage in case of sensitive
samples, to increase the number of simultaneously trappable particles when splitting
the laser into multiple traps [56], or to generate very high optical forces. For high-force
measurements, laser-induced heating [63] might be a concern. For the measurements in
oil, I estimate that I heated the sample by about 8°C (see Section 4.2.4). In water at
maximum laser power, I heated the sample by 3°C (16 °C) close to (far away from) the
surface—the glass surface acting as a heat sink [63, 77]. To reduce heating, experiments
could be performed at a different (smaller) trapping wavelength, in heavy water [78], or
other liquids. Since titanium with a native oxide layer is often used as a bio-compatible
material and can be functionalized with biomolecules [79], our anti-reflection-coated
titania microspheres should be useful for biological applications. Furthermore, an ad-
ditional thin silica coating on the titania core-shell particles (batch o, Table 4.1) did
not negatively influence the trapping; silica particles can be readily used for biological
experiments (e.g. [58, 67]).

The high trap stiffness in combination with significantly larger microspheres compared
to ours, should enable new experiments, for example, to measure resonances associated
with the colored nature of thermal noise that drives Brownian motion (see Chapter 5,
[77, 80]). Moreover, it has already been demonstrated that high-index particles can also
be detected in 3D with unprecedented accuracy using holography, which is fully compat-
ible with a tweezers setup [76]. To increase the working distance, counter-propagating
traps with low-numerical aperture lenses have been used. Trapping our coated mi-
crospheres in such a geometry should be possible, however, I expect only minor im-
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provements compared to uncoated, high-refractive index particles [69]. The advantage
of a coating is that lower NA objectives should already be sufficient for trapping in
single-beam tweezers [68], making the technique simpler and more compatible with other
methods. The extended force range of optical tweezers also increases the overlap in force
with other techniques such as atomic force microscopy (AFM). Thus, experiments sofar
restricted to AFM are also feasible with high-resolution optical traps. Apart from 3D
scanning with a ”stiff” photonic probe, optical tweezers experiments in the nanonew-
ton force range with sub-pN resolution, for instance for protein unfolding or intra- and
intercellular measurements, are feasible, can complement or replace AFM approaches,
and open up new possibilities taking advantage of the three-dimensional capabilities
of optical trapping. Sculpturing optimised photonic structures [57], for example, using
two-photon polymerisation [81] to generate gears, rotors, pumps, cell pokers [82] and
so forth, will be an essential ingredient for complex, light-driven miniature tools and
objects.






37

Chapter 5

Colored nature of the thermal noise
of Brownian motion

The thermal agitation of fluids leads to the random, jiggling motion of
suspended particles known as Brownian motion. The random thermal
force acting on the particles is often approximated in Langevin models
by a “white-noise” process. However, fluid entrainment results in a
frequency dependence of this thermal force giving it a “color”. While
theoretically well understood, direct experimental evidence for this col-
ored nature of the noise term was still lacking. Here, we tracked the
motion of a particle confined in a very strong and ultra-stable opti-
cal trap near a surface. By the confinement, we were able to directly
measure the color of the thermal noise intensity. Far away from the
surface, the noise intensity increased with the frequency approaching a
square-root dependence with hints of a resonant enhancement. Close
to the surface, the colored-noise amplitude strongly decreased and even
reversed its sign. All our measurements were in quantitative agree-
ment with the theoretical predictions, experimentally verifying a key
aspect of Brownian motion. Since Brownian motion is important for
microscopic, in particular, biological systems and high-resolution bio-
physical measurements, the colored nature of the noise and its distance
dependence to nearby objects need to be accounted for and may even
be utilized for advanced sensor applications.

5.1. Noise of Brownian motion

In the Ornstein-Uhlenbeck theory of Brownian motion, the motion is a purely random,
markovian—i.e., memoryless—Gaussian process with “white noise” [83, 84]. White noise
implies that the noise intensity, i.e., the power spectral density of the noise term in a
Langevin model, does not depend on frequency; its power spectral density is flat or con-
stant. “Color” is introduced to the noise by the fluid entrainment of the particle [85-89].
Through its motion, the particle accelerates the entrained fluid [90]. This acceleration
depends on the past motion of the particle and introduces an inertial memory effect. In
the equation of motion, this non-markovian process is reflected by a frequency-dependent
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thermal force that fulfils the fluctuation-dissipation theorem [86-88]. In analogy to fil-
tering white light, this frequency-dependent fluctuation process is often called “colored
noise” [84]. Through simulations of Brownian particle motion, the colored-noise effect
became evident as a t~3/2-power-law tail at long times of the velocity auto-correlation
[91]. Equivalently, the noise intensity is expected to scale with the square root of the
frequency f 1/2 when a confined particle’s position power spectral density is analyzed
[92]. The effect is theoretically well-established, but, since it is small, it has not been
measured directly [92].

To directly measure the color of thermal noise of classical Brownian motion, i.e. in an
incompressible fluid, we used our very stable and strong optical trap (see Section 2.3)
in combination with the anti-reflection-coated titania microspheres (see Chapter 4). A
trapped microsphere is typically described by an over-damped harmonic oscillator with
a relaxation time 7 = /k with the microsphere drag coefficient v and the Hookean
spring constant or trap stiffness k. The efficient titania core-shell particles enabled
us to achieve a large trap stiffness and, therefore, a small relaxation time or large
characteristic frequency f. = 1/(2n7). For frequencies f < f., inertial and viscous
forces can be neglected in the equation of motion [92|. Then the optical force Fiap = Kz
directly balances the random, thermal force Fipermal = Firap- Thus, in this limit, the
displacement x in a strong, calibrated optical trap is a direct measure for the thermal
force and its dependence on the frequency and distance to a nearby surface [49, 92].
Here, we measured this dependence and found quantitative agreement between theory
and experiment.

The work presented in this chapter has been published by Jannasch, Mahamdeh and
Schéffer in Physical Review Letters in 2011 [77].

5.2. Ultra-stable trap and anti-reflection coated titania
microspheres to measure the colored noise of Brownian
motion

To quantitatively measure the small colored-noise effect, we used our ultra-stable optical
tweezers setup ’Aswad’ (see Section 2.3). The objective overfilling was 2 (Section 2.3), re-
sulting in a diffraction limited spot with 1.05 W power. The sampling rate was 1.25 MHz
(NI PXI-6251, National Instruments, Austin, TX). To minimize drift, the temperature
of the two objectives was kept constant at 33.000 4+ 0.001°C .

Resolution and noise At low frequencies, our measurements were limited by 1/ f noise.
At high frequencies, the characteristic frequency f. of the trapped particle was limiting.
Slow drift sometimes affected the whole frequency range, e.g., due to fluctuations of the
detector sensitivity or the room temperature. Since the magnitude of the colored-noise
effect was on the percent level, drift and resolution of the measurement had to be smaller.
To reach a N~1/2 = 1% precision in a power spectral analysis, at least N = 10000 power
spectra have to be averaged [50, 92]. To acquire enough power spectra in a time window
that is not affected by drift, we decreased the frequency resolution of the measurement
and, therefore, the total measurement time t,s. The system was stable over 500s
such that we achieved a 0.3% rms-noise level (N = 100000) with a 200 Hz resolution.
In this time period, the magnitude of drift was less than the relative displacements
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in the trap. For a strong trap, the displacements were on the order of 1pm/v/Hz (see
Section 5.3, Fig. 5.1) imposing stringent stability conditions on the apparatus. To ensure
that our measurements were not affected by drift, we acquired one 12.5 s-long calibration
spectrum before and after each long-duration, high-precision measurement (Fig. 5.1).
Only if the two calibration spectra, the high-precision spectrum, and the according fits
to the data agreed within error bars, the drift was low enough. In this manner, we
acquired high-precision power spectra as a function of distance from the surface [. To
trap at the largest distance, ~20 um from the surface, we used an immersion oil with
a refractive index of 1.53 to compensate for spherical aberrations [18, 47, 66]. At this
distance, we could acquire only N = 10000 spectra; our measurements were limited
by low-frequency noise presumably due to laser heating [63] and subsequent convective
currents [93].

Anti-reflected coated titania microspheres as probes As probes we used the anti-
reflection-coated titania microspheres (see Chapter 4). The microspheres had a diameter
of 1.00+0.04 um and were suspended in aqua bidestillata (18.2 MQcm, pyater=1000 kg m™
The average density of the titania core-shell microspheres was ptitania=2500 kg m—3 (see
Section 4.4).

5.3. The noise of Brownian motion is colored

The measured power spectra were in quantitative agreement with the theoretical pre-
dictions. The Langevin equation of motion for the position z(t) of the trapped mi-
crosphere with diameter d and mass m moving parallel to a surface at a distance ¢
from the microsphere center is mi + y(f,d/20)& + kx = Fipermal With the thermal noise
Finermal (f) = [2kTRe{y(f,d/20)}]'/2¢(f) [92]. The white-noise process is characterized
by (£(t)) = 0 and ({(t)&(t)) = d(t—t) where ¢ is Dirac’s delta function and (. ..) denotes
the expectation value. The hydrodynamically correct one-sided power spectral density
for the microsphere’s position with Fourier transform Z(f) is then given by [49, 94]

Py(f) = (&)%) = (5.1)
(Do/7) Re{~y/~0}
(fe+ fIm{y/v0} — f2/fm)? + (f Re{v/70})?

The frequency- and distance-dependent drag coefficient is Padé approximated to [49]

V(f.df20) =
%0 |1+ (1= i)VITR —i3(/5)]

3).

(5.2)

= 520 {1 = 30— )VFTR + i3/ £ - 4 [1—exp (~(1 = )l(48/d) - 11T ) |} +

where v9 = 37nd is the Stokes drag coefficient with the viscosity n. The diffusion
coefficient far away from the surface is Dy = kgT'/~o with the Boltzmann constant kp
and the temperature 7. There are three characteristic frequencies for (i) the power
spectral density corner f. = k/(27), (ii) inertial effects f,, = 70/(2wm), and (iii)
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Figure 5.1: Power spectral density.
“High-precision” and “calibration” posi-
tion power spectral density of an anti-
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10-2 ",_,L'o,r'e,'?,fz'a'? e ———r- ted for comparison. Deviations from
10! 10? 10? 10% 10° the Lorentzian are due to the “colored

Frequency f (Hz) noise” intensity of the thermal force.

10?4 3
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viscous entrainment effects f, = 4v/(wd?) where v = n/p is the kinematic viscosity
with the liquid density p. Re and Im are the real and imaginary part of a complex
number, respectively.

We fitted Eq. (5.1) in the range of 1-100 kHz to a "high-precision” and “calibration” po-
sition spectral density of an anti-reflection coated titania microsphere held in the optical
trap (Fig. 5.1) at a surface distance of 2¢/d = 12. The calibration and high-precision
spectra are the average of 100 and 100 000 independent power spectra, respectively. The
fit parameters were the corner frequency f. and the diffusion coefficient DU defined as
Do = 32D /[1 — (9/16)(d/2¢)]. Constant parameters in the fit were the microsphere
diameter d = 0.51 pm, its density peore—shen (see Section 4.4), the water density pwaters
the distance ¢, and the number of averaged power spectra N = 100 000. The calibration
spectrum with a A f = 8 Hz frequency resolution features a peak at the 32 Hz stage driv-
ing frequency. From the power in the “calibration peak”; the displacement sensitivity
B was calculated. In addition, we used a low pass with filter frequency f3qg = 360 kHz
to account for the finite bandwidth of the photo diode [50]. A Lorentzian is plotted for
comparison. Deviations from the Lorentzian are due to the “colored noise” intensity of
the thermal force.

Furthermore, we fitted Eq. (5.1) to high-precision spectra at different distances from the
surface, normalized the power spectral density by its extrapolated, fit-based value at f =
0, and subtracted one (Fig. 5.2). The frequency axis was scaled by the corner frequency
fe because three different microspheres were used and the different distances lead to
different temperatures (see below). The resulting fit parameters are listed in Table 5.1.
Based on the assumption that the microsphere diameter and its distance to the surface is
known, we determined the temperature by varying 7" until the experimentally measured
value for the drag coefficient yox at f = 0 was equal to the theoretically expected one:
Yex — v = kgT/(B2DY1Y) — 37n(T)d/[1 — (9/16)(d/2¢)] = 0. Since the viscosity n(T) is
a non-linear function of temperature, we numerically solved for it. The standard error
of the temperature was dominated by the error of the microsphere size amounting to
about +2°C. The measured temperature increased with distance from the surface [grey
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diamonds, inset Fig. 5.2(a)]. This increase was due to laser heating and the surface
acting as a heat sink—in quantitative agreement with a model (grey dashed line) with
no adjustable parameters [63]. Over the fitted range and for all distances, Eq. (5.1)

deviated on average less than /x%,;/N < 1% from the experimental power spectral
density (see Table 5.1).

The magnitude and scaling with frequency of the colored noise intensity strongly de-
pended on the distance to the surface (Fig. 5.2). In the limit of 2¢/d — oo, a Taylor
expansion in frequency around f = 0 of the power spectral density [Eq. (5.1)] results
to lowest order in Pr—oo (f)/Pr=oo(0) = 1+ /f/f, + ... [92]. Thus, far away from the
surface, the color of the noise intensity scales with the square root of the frequency and
only depends on the particle size and the kinematic viscosity—it is an inertial effect of
the entrained fluid [92]. This scaling is plotted in Fig. 5.2 with a black short-dashed
line. For finite values of 2¢/d, the resulting scaling is

_ VI
Pg(f)/Pg(O)—l—m—l—.... (5.3)

Interestingly, in this case, the colored part of the noise intensity depends on ¢ and is
negative. For a low enough bandwidth, this sign reversal means that noise is suppressed
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Table 5.1.: Fit parameters. Fit parameters of Eq. (5.1) for the power spectral density measurements
for different surface distances 2¢/d (data and fits shown in Fig. 5.2). Based on the number of fitted
data points, the error of the reduced x2-value is £0.06. For the farthest surface measurement
(2¢/d=40), the number of averaged power spectra was only 10 000.

20/d fe (kHz) DY (V2/s) B (am/V) T (°C) X?ed
5 71.54+0.02 1010+1 23.59+0.01 36 1.21

7 148.2+0.1 1402+2 20.61+0.02 37 1.07
9 156.9+0.2 1485+3 21.15£0.03 42 1.13
12 155.7+0.2 148444 21.81+0.03 44 1.59
40 181.0£0.8 1820+£20  21.12+0.09 49 1.11

due to the entrained fluid and coupling to the surface. We indeed observed such a
suppression up to a characteristic frequency f; at which a zero-crossing occurred in the
normalized plot of Fig. 5.2. The frequency of these zero-crossings (black circles, inset
Fig. 5.2a) scaled with £~2 and was well-approximated by an estimate of f, ~ v/(2m¢?)
(black solid line, inset Fig. 5.2a). Up to which frequency noise is reduced depends on
the exponential term in Eq. (5.2). Setting the real part of the exponent to —2, meaning
a reduction by e~? ~ 86% and assuming ¢ > d/2, results in the stated estimate for
the frequency fy. The negative-square-root scaling of the colored noise according to
Eq. (5.3) was approached for the 2¢/d = 5 data (magenta long-dashed line in Fig. 5.2).
The positive-square-root scaling (black short-dashed line in Fig. 5.2) was nearly reached
for our 2¢/d = 40 data set. However, even at this distance, there was still a significant
deviation from the scaling behavior expected at infinite distance (black solid line in
Fig. 5.2).

For this largest distance, we measured a small resonant enhancement of the colored
noise intensity. For f, — f., the harmonic oscillator is not over-damped anymore. This
results in a resonance that shows up as increased noise beyond the positive-square-root
scaling [80]. The red-shaded area in Fig. 5.2 marks this small, but significant, resonant
enhancement. To enhance this effect even further, f,/f. needs to be decreased. Since
for our setup f. was already maximized and our microsphere size was fixed [72], we
reduced the kinematic viscosity. However, excessive heating of various liquids precluded
such experiments.

5.4. Discussion

We directly measured the colored nature of the thermal noise of Brownian motion. By
the scaling of the noise amplitude with (f/f,)'/2, we could confirm that the origin of
this colored noise was due to the acceleration of the entrained fluid, i.e. an inertial effect.
Furthermore, the strong dependence of the colored-noise amplitude and scaling on the
distance may open up the possibility to use the effect as a sensitive means to deter-
mine the presence of far away objects. Since the frequency fy at which the sign-reversal
occured scaled with ¢72, this frequency may be used as a sensitive indicator. Brow-
nian motion is key to biological systems. Thus, the colored nature of the underlying
noise process—and in particular its dependence on distance—may play a significant role
in the crowded cellular environment. Furthermore, for sensitive biophysical measure-
ments (e.g. [94-96]) the effect has to be accounted for. The resonance—once enhanced
further—may even be exploited for advanced force spectroscopy measurements. Finally,
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other colors of noise are often based on the frequency of visible light [97]. Since the here-
discussed noise has a weak, square-root dependence on frequency resulting in a lower
frequency band than, for example, blue noise (x f), we suggest the color of thermal
noise of Brownian motion to be yellow.
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Part II.

Kinesin-8
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Chapter 6

Introduction

6.1. Biological background

6.1.1. Microtubules are important structures in cells

The cytoskeleton is a cellular scaffold and composed of three types of filaments: actin
filaments, intermediate filaments and microtubules. Microtubules play a major role
in the mechanical stability of the cell and controlling the cell shape. They are also
the structural basis of cilia and flagella and therefore affect cell motility. Furthermore,
microtubules are forming the spindle during mitosis and serve as tracks for transport of
vesicles and organelles by motor proteins [98].

Microtubules consist of tubulin a-f heterodimers with a length of 8.2 nm. Both tubulins
have a negative charged C-terminus (E-hook). The tubulin dimers associate in a head-
to-tail fashion to form linear protofilaments. Several protofilaments (in vivo usually 13)
bind laterally to from a sheet. Finally, the sheet curves to form a hollow cylinder of
approximately 25 nm diameter and several micrometer length, that gives the microtubule
a high rigidity [99]. Furthermore, the protofilaments are slightly shifted against each
other, which results in a helical structure. Due to the asymmetry of the dimer, the
microtubules are polar. (Fig. 6.1) [100].

Microtubules show dynamic instability [100-102]. It is widely believed that the dynamic
instability of microtubules is linked to the GTPase activity of the tubulin heterodimer
[103]. Each heterodimer binds two guanosine-5’-triphosphate (GTP) molecules. While
growing, GTP-tubulin gets incorporated into the microtubule lattice. The GTP in the

(@ _ap ) Protofilament
Tubulin
(_ CO0000000000000000 | - '
~gnm Figure 6.1: Schematic structure of a mi-
crotubule. (a) a-S-tubulin dimer (b) asso-
@ meiggs Microtubule ‘;'r‘:j ciate head-to-tail to form linear protofila-

ments. (c) Several protofilaments bind lat-

erally to form a hollow cylindric tube. The
~25 nm orientation of the tubulin heterodimers de-
fines the microtubule polarity.
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a-tubulin is non-exchangeable and not hydrolyzed. The GTP of the S-tubulin can
be hydrolyzed to guanosine-5’-diphosphate (GDP), but the GTPase activity of a free
tubulin dimer is very slow. The hydrolysis activity is stimulated upon incorporation of
the dimer into the growing plus end and accelerated by addition of the next tubulin
dimer. Thus, the microtubule lattice is composed mainly of GDP-tubulin, with a cap of
GTP-tubulin at the growing microtubule plus end. A GTP-tubulin cap is suggested to
be crucial for the stabilized microtubule plus end, since a pure GDP-tubulin lattice would
depolymerize immediately. For in vitro measurements, microtubules can be stabilized by
using the slowly hydrolyzable GTP analoge guanosine-5’[c, S-methylenol]-triphosphate
(GMPCPP) [104].

In order to fulfil the various functions of the microtubule cytoskeleton, controlling the
microtubule network is very important. In vivo microtubule-associated proteins (MAPs)
play an important role in regulating the dynamic instability. There are several MAPs
known, which polymerize (e.g. XMAP215 [105]), depolymerize (e.g. MCAK, Kip3,
Kif18A [106-110]) or stabilize (e.g. Map2/Tau [111]) microtubules.

6.1.2. Kinesins are microtubule based motor proteins

Kinesins are classified in 14 subfamilies [112, 113|. They share an evolutionary-conserved
motor domain, which hydrolyzes adenosine triphosphate (ATP) and can bind to micro-
tubules. The motor domain is most often found close to the N-terminus of the pro-
tein. Most kinesins contain a coiled-coil region that is necessary for forming dimers or
tetramers and a neck linker. The rest of the domains are usually referred to as tail
(Fig. 6.2a)[113]. Beside the motor domain, other sequences of the protein are poorly
conserved and important for the specific functions of the different kinesins [114]. For ex-
ample, kinesin-1 is an anterograde axonal transport motor [114], kinesin-5 is a tetramer
and slides anti-parallel microtubules in the mitotic spindle [115], kinesin-8 move proces-
sively on microtubules towards the plus end and depolymerizes them [107], kinesin-10
contains a DNA binding motif and is associated to chromosomes [116], kinesin-13 diffuses
on microtubules and de-stabilizes them [106], kinesin-14 has a motor domain located in
the C-terminus and moves to the microtubule minus end [117].

Conventional kinesin moves with a velocity of &~ 800nm/s and can generate forces of
up to 7pN at saturated ATP concentrations [118]. It takes about one hundred 8 nm
steps (the size of tubulin heterodimers composed of o and § subunits) before it detaches
from the microtubule [119-121]. It walks in a hand-over-hand mechanism processively
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towards the microtubule plus end with a run length of more than 1 pm [122, 123]. Each
step is associated with one cycle of ATP hydrolysis, shich is illustrated in Figure 6.2b
[124, 125]. The stepping is triggered by conformational changes in the ATP-bound head
of kinesin [126]. In this manner, kinesins are able to convert chemical energy from ATP
hydrolysis into mechanical work.

During processive movement, it has been shown that at least one head is tightly-bound
to the microtubule. The binding mode of kinesin depends on the nucleotide states. The
motor domain binds tightly to the microtubule in the ATP and in the nucleotide free
state [100, 121]. In the presence of ADP, the motor domains are weakly-bound and
diffuse on the microtubule lattice [67, 127, 128].

6.2. Motivation

Control of microtubule length is crucial for chromosome alignment and seperation dur-
ing mitosis, but how length is controlled exactly is unknown [129-131]|. Recently, it
was shown that members of the kinesin-8 motor family regulate the dynamics of mi-
crotubules. The budding yeast kinesin-8, Kip3, acts cooperatively to mediate length-
dependent microtubule depolymerization [107, 109, 132]. Human kinesin-8, Kif18A, also
antagonizes microtubule growth, though the mechanism is still under debate [108, 131,
133, 134]. To modulate microtubule dynamics, it is essential for these motors to reach
the microtubule plus ends. Kinesin-8s are highly processive motor proteins. Their run
length is about 10 um [107, 135-137], which is the longest observed for microtubule-
related motor proteins. This high processivity is surprising given that there is no evi-
dence that kinesin-8s function as cargo transporters like kinesin-1, for which processive
motility is an obvious functional adaptation. The high processivity of kinesin-8s has
recently been shown to be due, in part, to a second microtubule-binding domain in the
non-motor domain, which increases the run lengths up to four-fold [135-137]. Thereby,
plus-end localization is facilitated [137-139], which is important for the microtubule-
regulating activities [135, 136]. However, even without the additional microtubule-
binding domain, the run lengths of truncated kinesin-8s are still up to about 4 um and
at least twice that of kinesin-1 [140].

In this thesis I wanted to better understand the stepping mechanism of this kinesin
class, in particular its high processivity. Therefore, I tracked precisely the translocation
of kinesin-8 motors subjected to both hindering and assisting load forces in vitro with
an optical tweezers. We found that kinesin-8 is a slow, low-force motor with a weakly-
bound slip-state, which is off the main pathway of its regular mechano-chemical cycle
[141]. These results are consistent with preliminary results obtained by Volker Bormuth
[142]. Weakly-bound or frictional states [143] are important for the force generation
by muscle myosin [144], collective properties of molecular motors [145], and for efficient
search of target sites via one-dimensional diffusion in the case of DNA enzymes [146]
and microtubule-associated proteins [105, 106, 147, 148|. For kinesin-8, we argue that
the weakly-bound state may contribute to the motor’s high processivity.
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Chapter 7

Kinesin-8 assay

Kinesin-8 is a highly conserved, microtubule plus-end—-directed motor
protein. Different kinesin-8 family members have been shown to play
an important role during mitosis. In order to study the function of
the budding yeast (Kip3) and the human (Kif18A ) kinesin-8 in detail,
optical tweezers were used as a force and position sensitive tool. The
kinesin-8 proteins were expressed and purified to homogeneity. To ma-
nipulate the molecule, the green fluorescent protein tagged kinesin-8’s
were attached to the microsphere surface via an elastic polyethylengly-
col linker without affecting their function.

7.1. Expression and purification of kinesin-8

All constructs were expressed in insect cells. We used the BAC-TO-BAC expression
system (Invitrogen, Paisley, UK). The constructs were transferred in Sf+ cells. Cells
were grown at 27 °C for several days and the expression of GFP was monitored by fluo-
rescence microscopy. The cells were lysed and the lysate centrifuged. The supernatant
was frozen and stored in liquid nitrogen.

The budding yeast kinesin-8 construct—6xHis-Kip3-eGFP (Kip3)—was purified from
the cleared cell lysate by a combination of cation-exchange (HiTrap SP-HP, Amersham
Biosciences) and metal-affinity chromatography (HisTrap HP, Amersham Biosciences).
The metal-affinity chromatography yielded fractions of highly enriched and purified
recombinant proteins. SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis), a technique to separate proteins according to their size, showed dominant
bands at 130kDa (Fig. 7.1). The purified proteins were snap frozen in liquid nitrogen
in the elution buffer with 1 mM dithiothreitol (DTT) [107].

The concentration of Kip3 was determined with a Bradford assay (Bio-Rad protein
assay). Bradford is a simple and accurate procedure for determining concentration of
solubilized protein. It involves the addition of a protein assay dye reagent (containing
dye, phosphoric acid, and methanol) to the protein solution, and subsequent absorption
measurement at 595 nm with a micro-plate reader. Comparison to a standard curve
provides a relative measurement of protein concentration [149]. As a standard, I used
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BSA (bovine serum albumin). With this method I determined a Kip3 concentration of
~0.16 mg/ml (Fig. 7.2).

The human kinesin-8 constructs—6xHis-Kif18A-eGFP (full length, Kif18A) and 6xHis-
Kif18A777-eGFP (truncated, AA 1-777, Kifl18AT777)—were purified from the cleared
cell lysate by a cation-exchange (HiTrap SP-HP, Amersham Biosciences). The expres-
sion and purification of the Kifl8A constructs were done by Marko Storch (MPI-CBG,
Dresden). The expressions and purifications of all investigated proteins (Kip3, Kif18A,
Kif18AT777) is described in further detail in [107, 108, 150].

7.2. Coupling of kinesin to PS microspheres

Functional coupling of kinesin-8 proteins to microspheres is essential for position and
force measurements with optical tweezers. For a functional coupling of the motor protein
to the microsphere, I used polyethylene-glycol (PEG) as an elastic linker. PEGs are non-
toxic, highly water soluble and able to couple with proteins, maintaining functionality.

First, I covalently attached a PEG layer to the carboxylated polystyrene (PS) micro-
sphere. In the next step, I covalently bound an enhanced-green-fluorescent-protein
anti-body (anti-eGFP). After incubating the PS-PEG-anti-eGFP microspheres with the
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Figure 7.3: Schematic drawing of the
kinesin-8 microsphere coupling. (not to
scale) The reactive PEGs (NH2-PEG-
COOH) and the non-reactive methylated
PEGs (NH2-PEG-CH30) (1:9) that form
non-reactive spacers on the microsphere
surface are covalent bound to the micro-
Kinesin-eGFP sphere. At the activated carboxyl groups
of the PEG, anti-eGFP are covalently
bound. Finally, the eGFP-tagged kinesin-
8 tail bound to the anti-eGFP.
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Figure 7.4.: Schematic of a carboxyl group activation and cross linking with EDC and Sulfo-NHS.
(adapted from Bioconjugated Techniques [151])

eGFP-tagged kinesin-8 proteins, the proteins were bound with the tail fused GFP to
the microsphere (Fig. 7.3). The detailed protocol is described in the Appendix A.3.

Activation of carboxylated polystyrene microspheres (PS-COOH) The polystyrene
microspheres with a size of 0.59 pm , were functionalized with carboxyl groups. The car-
boxyl groups were activated by using EDC and Sulfo-NHS. EDC is a zero-length cross
linking agent used to couple carboxyl groups to primary amines. It reacts with the car-
boxyl group, forming an amine-reactive O-acylisourea intermediate. The intermediate
is susceptible to hydrolysis, making it unstable and short-lived in aqueous solution. The
addition of Sulfo-NHS stabilizes the amine-reactive intermediate by converting it to an
amine-reactive Sulfo-NHS ester, thus increasing the efficiency of EDC-mediated cou-
pling reactions (Fig. 7.4, adapted from [151]). The half-life of NHS ester is dependent
on the pH. I used a solution with pH = 6.0.

Pegylation (PS-PEG) I used functionalized (i) reactive PEGs with carboxyl groups
on one end and amine groups on the other (3kDa, NHo-PEG-COOH) as linker and (ii)
non-reactive methylated PEGs (1:9, 2kDa, NHo-PEG-CH30) that form non-reactive
spacers on the microsphere surface. The contour lengths of the PEGs were 23.4 nm and
15.7nm, respectively. The activated carboxyl groups on the microsphere surface reacted
with amine groups of both PEG spacer molecules (Fig. 7.3).
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say. A single kinesin-8 protein—bound to
a microsphere—walks on a microtubule.
® tubulin a—p heterodimer \ pgg The microtubule is attached via a tubulin
tubulin antibody Y GFP antibody antibody to the surface (not to scale).

surface

Anti-body coupling to PEG (PS-PEG-anti-eGFP) The carboxyl groups at the other
end of the 3kDa PEGs were activated by a second carbodiimide reaction identical to
the first activation. The eGFP anti-bodies reacted with the activated carboxyl groups
of the PEGs. The microspheres were stored in PBS (phosphate buffered saline) buffer
at 4°C and used for three weeks. The microsphere concentration was determined by
comparison of the transmission curves of the PS-PEG-anti-eGFP microspheres with
the transmission curve of different dilutions of the stock PS microsphere solution. I
lost =60 % of the microspheres, because of the different washing steps between the
activations.

Kinesin-8 binding to the microsphere (PS-PEG-Kinesin-8) Before every experiment,
kinesin-8 was incubated with the prepared microspheres. The eGFP at the tail of the
kinesin-8 bound to the eGFP antibody at the end of the PEGs (Fig. 7.3).

7.3. Stepping assay

In the stepping assay, microtubules were attached to a surface, where they form tracks
for the kinesin motor (Fig. 7.5). In my case, the motor was attached to a microsphere,
which I used as a handle for optical tweezers measurements. The detailed protocol is
described in Appendix A.3.

7.3.1. Sample Preparation

GMPCPP microtubules For the measurements, I used GMPCPP-stabilized micro-
tubules. GMPCPP is a slowly hydrolyzable GTP analoge The microtubules were as-
sembled in BRB80 supplemented with 1 mM MgGMPCPP (Bioscience, Jena) contain-
ing porcine brain, rhodamine-labeled tubulin (0.5 uM rhodamine-labeled tubulin and
1.5 uM unlabeled tubulin). The mixture was incubated for 2 hours at 37°C, pelleted in
an airfuge and re-suspended in BRB80 (for detailed protocol, see Appendix A.3).

Flow cell preparation Stepping assay measurements were performed in passivated flow
cells (see Section 2.3.4) To immobilize microtubules, the channels were incubated with
a series of buffers. First, tubulin antibody in PBS buffer (pH = 7.4) was incubated for
5min, followed by a 20 min incubation with 1 % Pluronic F-127 in BRB80. Subsequently,
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channels were rinsed with 80 ul of BRB80 and finally GMPCPP-stabilized microtubules
in BRB80 were added to bind to the antibodies for 15 min (for detailed protocol, see
Appendix A.3).

7.3.2. TIRF assay

For control measurements we performed total internal reflection fluorescence (TIRF)
stepping assays. The kinesin-8 motors were diluted in motility solution and then flushed
into the prepared flow cell containing the immobilized microtubules. The motility so-
lution consisted of BRB80 with 112.5mM KCL, 0.1 mg/ml casein, 1 mM Mg-ATP, and
an anti-fade mix consisting of 0.5 Vol% [-mercaptoethanol, 20 mM D-glucose, 20 pg/ml
glucose oxidase and 8 ug/ml catalase. Single kinesin-8 proteins—labeled with eGFP
(green)—were visualized by TIRF microscopy. The microtubules—labeled with rho-
damin (red)—were observed by epifluorescence microscopy.

7.3.3. Optical tweezers assay

Kinesin-8 was incubated with the prepared PS-PEG-anti-eGFP microspheres for 7 min
at room temperature. The kinesin-8-functionalized microspheres were diluted in motil-
ity solution (the same as for TIRF) and then added to the flow cell with the immobilized
microtubules (for detailed protocol, see Appendix A.3). The measurements were per-
formed at 24.5°C in the '"MPI-CBG’ optical tweezers setup (see Section 2.3.1). Signals
were recorded in three dimensions with a position-sensitive photodiode in the back-
focal plane. Time traces were recorded with 20kHz. All measurements were done with
approximately the same trap stiffness x = 0.04 pN/nm.

7.4. The kinesin-microsphere coupling is functional

The purified Kip3, Kifl8A and Kifl18AT777 molecules showed full functionality. In
TIRF assays, the proteins translocated highly processive along microtubules. An exam-
ple kymograph of single Kip3 movements on a microtubule is shown in Figure 7.6 a. The
average speed was 41+4nm/s (mean+SEM, N=10). Furthermore, at high protein con-
centrations, the Kip3 construct showed length-dependent microtubule depolymerization
(Fig. 7.6b). In conclusion, the expressed and purified kinesin-8s were functional.

The kinesin-coated microsphere showed motility with preserved motor functionality.
For testing the functionality, kinesin-8-coated microspheres were positioned on a micro-
tubule with the optical trap. Then, I blocked the laser by closing the shutter. At high
kinesin concentration, almost all tested microspheres showed motility. To test, if the cou-
pling of kinesin-8 to the microsphere affected the functionality of the motor, I compared
the average velocity of free motors (measured with TIRF) to the one of motors attached
to microspheres (with optical trap switched off). The microsphere position and velocity
was tracked by differential interference contrast (DIC) microscopy images employing a
light emitting diode (Fig. 7.7) [45]. Under single-molecule conditions (see Section 7.5),
the microsphere velocity was 45£2nm/s (SEM, N=10) for Kip3 , 162+10nm/s (SEM,
N=6) for Kifl8A and 173+11nm/s (SEM, N=4) for KifI8AT777. Within the error
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Figure 7.6: Kymographs of Kip3
molecules.  Kymograph of (a) single
Kip3 molecules translocating along a
microtubule with an average velocity
of 40+6nm/s (SEM, N = 4) and (b)
multiple Kip3 molecules depolymeriz-
ing a microtubule. The microtubule
depolymerization was length dependent
with a depolymerization rate of up to
2.1pum/min.  The measurements were
performed at room temperature and 1 mM
ATP.

Figure 7.7: DIC movie of Kip3 function-
alized microsphere. (a) DIC time-lapse im-
ages of a Kip3 functionalized microsphere
moving along a microtubule. (b) Kymo-
graph of the DIC movie along the micro-
tubules. The microsphere moved with a
velocity of 44 nm/s.

margins, these speeds were consistent with the TIRF measurements [107, 135, 143] and
confirmed the functionality of the motor when attached to a microsphere.

7.5. Single-molecule conditions

Which kinesin concentration should we choose that we have at least 98% confidence of
observing a single molecule? Single-molecule conditions were obtained according to a
statistical analysis of the interaction probability of motor-coated microspheres with im-
mobilized microtubules [119]. This probability as a function of the motor-to-microsphere
ratio follows Poisson statistics. Therefore, I sequentially reduced the concentration of
motors incubated with the microsphere and measured the fraction of microspheres that
showed motility (Fig. 7.8). The probability Py (k) that a number of & motors pulling
the microsphere is

Py(k) =~ (7.1)

where ) is the mean number of pulling motors. This number is proportional to the num-
ber of motors per microsphere n (A = I'n, with proportional factor I'). The probability
of one pulling motor is Py = Ae™*. The probability of a microsphere being pulled by at
least one motor in dependence of the motor/microsphere ratio n is

le(n) =1- G_Fn, (72)
and the probability for at least two motors is

Pzg(n) =1- e_Fn — Fne_F". (73)
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At the kinesin to microsphere ratio of I'n = 0.3, the probability that at least one motor
is pulling is P>; = 0.26, the probability for at least two motors is P>9 = 0.04. The
effective probability that these motors could bind at the same time to a microtubule is
reduced by a geometric factor: ng = P>3 - Pyjeom - For example, if two motors with a
length of L ~ 60nm (Kip3 length plus PEG linker) are bound opposite to each other
on the microsphere with a diameter d = 590 nm, simultaneous interaction with one
microtubule is impossible. The geometric factor for two motors can be calculated by
2L/d(2—2L/d) ~ 0.4. This reduces the probability that more than one motor interacts
with a microtubule from 0.04 to about 2 %. Thus, I had single-molecule conditions with
98 % confidence if not more than 25 % of the spheres show motility.

7.6. Force feedback

The study of the mechanics of single kinesin-8 proteins including the detection of single
steps and the motor response to constant forces required an optimized setup with respect
to the signal-to-noise ratio. Furthermore, to apply a constant force I used a force
feedback. For the feedback, I used a proportional-integral-derivative controller (PID)
in two dimensions. In the force-clamp mode, the trapping laser was moved with two
piezo-mirrors (see Section 2.3.1) relative to the sample with an update rate of 200 Hz.
This movement maintained a constant offset Az between the microsphere and the trap
center (see Fig. 8.1, Section 8.1), resulting in a constant force Fi.ap = £Az. The offset
was set and held constant using a software developed in Labview.

The force feedback was tested and optimized by simulating microsphere steps. There-
fore, I immobilized 0.59 um PS microspheres on an easy-cleaned glass surface, by screen-
ing the repulsive electrostatic forces with 1M KCL (Fig. 7.9a) [152]. In an additional
experiment, I bound kinesin-8-coated microsphere to surface immobilized microtubules
by AMP-PNP (adenosin 5-(8,7-imido) triphosphate, 1 mM, Jena Bioscience), a non-
hydrolyzable ATP analog (Fig. 7.9b). I simulated 10nm diffusive steps of the mi-
crosphere by moving the piezo stage. I followed the microsphere movement with the
optical tweezers in zero-force-clamp mode with an update rate of 200 Hz. The micro-
sphere movement was reflected in the monitored laser movement plus the measured
displacement of the microsphere relative to the laser (Fig. 7.9). For both immobiliza-
tions, I could clearly resolve the 10 nm steps. The spatial resolution of the kinesin-coated



58 7. Kinesin-8 assay

20+ L

Position (nm)
o

—20 B — simulated steps |
feedback
raw data
—40 7 — average i
o 2 4 6 8 100 2 4 6 8 10

Time (s) Time (s)

Figure 7.9.: Performance of the force feedback. The flow cell with the microspheres was moved
by the piezo stage with 10 nm diffusive steps (—). (a) The microsphere was immobilized directly
on the surface. (b) The kinesin-8-functionalized microsphere was immobilized on a microtubule
with AMPPNP. The force feedback moved the laser via two piezo mirrors to follow the microsphere

position (— raw data, —, box-car filtered to 400 Hz) with an offset of 0.5 pN. The trap stiffness was
0.034 pN/nm.

microsphere was worse, due to the flexible PEG linker between the kinesin and the mi-

crosphere. The resolution can be increased by streching the PEG linker with a higher
load force.
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Chapter 8

Kinesin-8 is a low-force motor pro-
tein with a weakly-bound slip state

Different kinesin-8 family members have been shown in vivo to control the
length of microtubules by interacting with their plus ends. To reach these
ends, the motors have to be able to take many steps without dissociat-
ing from the microtubule. However, the underlying mechanism for this
high processivity and how stepping is affected by force is unclear. Here, I
tracked the motion of yeast (Kip3) and human (Kif18A) kinesin-8s with
high precision under varying loads using optical tweezers. Surprisingly,
both kinesin-8 motors stalled at loads of only 1 pN, much less than the stall
forces of other kinesins. Furthermore, the motors displayed a force-induced
stick-slip motion: the motors frequently slipped, recovered from this state,
and then resumed normal stepping motility without detachment from the
microtubule. The low forces are consistent with kinesin-8s being regqulators
of microtubule dynamics rather than cargo transporters. The slip state,
i which the motor remains weakly-bound to the microtubule, may be an
adaptation for high processivity: in the absence of force, such a slip state
corresponds to a diffusive state which would facilitate the rebinding of the
motor and resumption of stepping.

8.1. Kinesin-8 is a slow and weak motor protein

To determine how the translocation of the kinesin-8 motors was affected by load, 1
tracked the position of single-motor-powered microspheres as a function of time while
applying controlled, constant loads with the optical tweezers operated in a force-clamp
mode (Fig. 8.1). Due to the high processivity of kinesin-8, I could apply a large range of
both hindering and assisting forces during a single run of a single molecule (Fig. 8.2a).
Overall, I analyzed the motion of 26 (11) different single Kip3 (Kif18A) molecules. For
all Kip3 (Kifl8A) molecules, I applied different forces ranging from —5 to +5pN (—2.5
to +2.5pN). For each force, I used on average 30 independent traces excluding slip
events (see Section 8.3) and fitted lines to intervals of 1s. I averaged the resulting
slopes and plotted the corresponding mean velocity.
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Figure 8.2.: Exemplary trace of a single Kip3 motor. Left: (a) Time trace of the load force acting
on the microsphere. (b) Time trace of the corresponding position. The data — (—) was box-car filter
to 2kHz (100 Hz). Right: Hindering or assisting load forces, defined as positive (), are directed
toward the microtubule minus end; assisting load forces (1), respectively, towards the microtubule
plus end.
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Figure 8.3.: Force-velocity relation. Velocity of Kip3 (e), full-length Kif18A (#), and a truncated
Kifl8AT777 (m) as a function of force: positive is a hindering and negative is an assisting load force
(mean+SEM). Open symbols (o, ¢, 0) include slip events resulting in up to 2.5x faster velocities.
Inset: Zoom of the positive quadrant showing the zero-force velocity and stall force. Solid lines (—,
—) are linear fits to the data shown in the inset.

I defined a hindering load force to be positive (red shaded) and an assisting force negative
(blue shaded). The exemplary trace of position versus time (Fig. 8.2b) shows that
already for small hindering load forces of <1pN, the microsphere slowed down and
eventually stalled. For higher loads, the motor moved backwards. For assisting loads,
the movement was accelerated.

To quantify the motor movement, I determined the average speed for the different forces
by linear regressions of the position traces (Fig. 8.3). I observed a zero-force speed of
42+4nm/s (130+42nm/s) for Kip3 (Kifl8A) (inset Fig. 8.3; mean+SEM if not noted
otherwise). These speeds were consistent with the ones determined for motor-driven
microspheres tracked with the optical trap turned off (see Section 7.3) or free motors
tracked by TIRF measurements [107, 135, 143]. I measured a stall force, where the
mean speed of the motor was zero, of 1.11£0.07 pN (0.76+0.06 pN) for Kip3 (Kif18A).
While Kip3 had a nearly linear force-velocity relation over the measured force range,
the Kif18A relation showed a non-linear acceleration for assisting forces. In comparison
to conventional kinesin-1 [11], both kinesin-8s were much slower and weaker.

8.2. Kinesin-8 moves in 8 nm steps

During the regular mechano-chemical cycle, kinesin-8 took ~8 nm steps. A zoom into
the position traces for 1.5 pN assisting force (Fig. 8.4 a) revealed individual discrete steps
with a size consistent with the 8.2 nm-spacing between tubulin dimers [100] (Fig. 8.4Db).
The dwell time distribution of the steps was best fitted by a single-exponential with a
relaxation time of 0.1040.02s (reduced y?-value: 1.2) (Fig. 8.4¢). The reduced x2-value
for a double-exponential fit was 1.3. The single-exponentially distribution of the dwell
times between steps indicate a single, rate-limiting step. Thus, stepping was as expected
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for a kinesin [120]. Furthermore, under hindering load force kinesin-8 made backward
steps. Figure 8.5 shows ~8 nm forward and backward steps under 1 pN hindering load
force. Due to the poor signal-to-noise ratio at 0 pN load force, I could not observe steps
at 0 pN load force.

To objectively determine the step size, without using a step-finding algorithm, I per-
formed a fluctuation analysis. The fluctuation analysis is based on a velocity power
spectrum method developed by Charvin et al. [153]. The principle behind the analysis
is that the random occurrence of steps contributes most to the power spectrum of the
velocity at low frequencies. For a Poisson stepper moving consistently in one direc-
tion with a single rate-limiting step, the spectrum is expected to have a low-frequency
asymptote. The amplitude of this asymptote, p, is related to the step size § and velocity
v according to p = 2vd. Such a plateau at low frequencies indicates that the microsphere
moved in a stepwise manner (Fig. 8.5b). For traces measured near the stall force, I ex-
pected an overestimated step size, because of the mixture of forward and backward steps
(Fig. 8.6a) [154]. An analysis of all Kip3 position traces—excluding traces recorded at
0.5-1.5pN hindering load forces—gave a step size of 8.1+0.2nm (SEM, N = 62). One
example fluctuation power spectrum for 0 pN load force is given in Fig. 8.6 a.
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Figure 8.6.: Fluctuation analysis. (a) Step size ¢ (®) as a function of load force. Near the stall force
the step size was overestimated due to backward steps. Step sizes determined at 1.0 — 1.5pN (o)
were excluded from the constant fit (—). (b) Example fluctuation analysis (velocity power spectral
density) of a position traces for Kip3 recorded with 0pN load force. The plateau p = 2vd at low
frequencies indicates that the microsphere moved in a stepwise manner. With the average plateau
value (—) and the velocity (v=40nm/s), the step size § could be calculated to 7.94£0.5 nm (mean
+6/+/ Nt points Nspectra) for this example.

8.3. Kinesin-8 slips on microtubules under load

Close inspection of the time-traces revealed that the motor frequently slipped along the
microtubule in the direction of the applied force (Fig. 8.2, Fig. 8.7). During a slip, the
microsphere moved with a fast and almost constant velocity. Since these events were
faster than the response time of the force-clamp feedback, I could automatically detect
slip events when the amplitude of force spikes exceeded a threshold of 4(~6) standard
deviations of the unfiltered (box-car filtered to 400 Hz) force noise. (spikes in Fig. 8.2).
For each slip event, I determined the average force Feqn, the duration 7, and distance
x5 that the motor slipped as illustrated by the green lines in Fig. 8.7.

Independent of force, the slip distance was a multiple of ~8nm (Fig. 8.84a), though I
could not resolve individual 8-nm steps during a slip. After each slip, the motor re-
sumed its regular mechano-chemical cycle with ~8 nm steps (Fig. 8.4, Fig. 8.7). To gain
further insight into the slip state and how it may be related to the regular mechano-
chemical cycle, I analyzed how the slip parameters—slip distance x4, time 75, frequency
fs, and slip velocity v depended on force. The slip distance xs increased with hinder-
ing or assisting load forces (Fig. 8.8b). However, the slip time 75 remained constant
(Fig. 8.8 ¢); it was independent of force. Interestingly, for Kip3, the slip time signifi-
cantly differed depending on the pulling direction (magenta open vs. closed circles in
Fig. 8.8¢,d). The number of detected slip events per second fs; depended linearly on
force with a threshold force of ~0.6 pN (Fig. 8.8 e). Furthermore, based on the slip time
and distance, the mean slip speed vs = x5/75 as a function of the mean force Fiean
(Fig. 8.8f) revealed very fast movements of the microsphere of up to 9.6 pm/s (4.1 um/s)
for Kip3 (Kifl8A). One explanation for the slips would be a short detachment of the
motor from the microtubule. During such a detachment, the optical tweezers would pull
the microsphere towards the trap center. How long it would take for the microsphere to
move the observed slip distances depends on the applied force, the displacement from
the trap center, its stiffness, and the drag coefficient of the microsphere. It is given
by Ttrap = —(70/K) In(1 — kz3/F) < 0.6 ms where 7 is the surface-distance dependent
hydrodynamic drag coefficient of the microsphere [18]. For our parameters, this relax-
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Figure 8.7: Exemplary slip events. Exem-
plary slip events and backward steps of a
Kip3 motor under a 3pN load force. (a)
Time trace of force (— raw data; — [—]
box-car filtered to 400 Hz [100 Hz]). The
start and end of the large slip event are
marked with green lines. The dashed green
line shows the mean force F),cqn during
that slip. The threshold force for detecting
slips in the raw data is marked with a blue
horizontal line. (b) Time trace of micro-
sphere position. | determined the slip time
7, and distance x5 based on the rise time
T T T of the force spike. After a slip, kinesin-8
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ation time in the trap Tap was much faster compared to all slip times 7, (green line,
Fig. 8.8 c). Correspondingly, the relaxation speed xs/Tirap of a free microsphere would
be at least 60 pm/s (30 um/s) in case of Kip3 (Kifl8A)—much faster than the observed
values (Fig. 8.8f). Therefore, the motors must have remained in contact with the mi-
crotubule. Moreover, during slips of control measurements, the motors also sustained
additional sideways loads without microtubule detachment [155]. Taken together, these
results indicate that the motor switched to a different, weakly-bound, state. Biased
motor movement in a weakly-bound state implies friction between the motor and its
track [143]. Interestingly, I also observed slipping for a truncated Kifl8AT777 motor
(blue squares in Fig. 8.8), which lacked the microtubule-binding tail domain. Thus, the
processivity-enhancing tail domain is not the origin for slipping.

To quantitatively compare the friction during a slip with the one measured in the pres-
ence of ADP [143], we developed an analytical stepping model. Based on our previous
measurements [143|, we assumed that in the slip state both kinesin heads form weakly-
bound contacts to the microtubule at discrete binding sites spaced a distance § ~ 8 nm
apart. The slip speed is then given by

os] = 1751 = 8lhs — ko] 4 Ui = 04 = v |+ 0 (8.1)
where k4 are the effective forward and backward stepping rates. Uoiffset is an offset, which
depends on the direction of slipping, and arises, in part, from our ability to resolve only
the beginning and ending of the slip events (see below). The model assumes that the
forward and backward slip speed v+ depend in an Arrhenius-type fashion on force

Frean(36 L)

+
kT

U4 = U exp . (8.2)

The zero-force velocity vg = dkg is determined by the step size and zero-force stepping
rate kg. Here, we have assumed a single, rate-limiting barrier with an asymmetric
position characterized by the parameter € [143]. In this case, the sum of the distances
to the transition state in the forward and backward direction is equal the binding site
spacing d. For Fme(m(%é + ) < kT, a linearized force-velocity relation |Fiuean| =
v(Jvs| — vfﬁset) results in the frictional drag coefficient v = (kgT')/(dvo).
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Figure 8.8.: Slip parameters. (a) Histogram of slip distance z, of all observed slip events (Kip3
(M): 1402 events, Kif18A (M): 475 events). The mean of the Gaussian fits (—, —) were for
Kip3: 16.5+0.2, 23.640.3, and 31.9£0.2 nm and for Kif18A: 16.0+0.3, 24.1+0.2, and 32.4£0.6 nm
corresponding to multiples of ~8 nm. Slips of 8 nm cannot be distinguished from 8 nm steps and
could, therefore, not be detected. (b) Slip distance z, (c) slip time 75 and (e) number of slips per
seconds f, as a function of force at slip start (Kip3 e; full-length Kif18A #; truncated Kif18AT77
m; open symbols (o, ¢, (1) correspond to assisting and solid symbols to load force). (c) For Kif18A,
the mean slip time was 20.1+0.3ms (19.2+0.4 ms) and, for Kip3, 5.44+0.1ms (7.44+0.1 ms) for
hindering (assisting) load forces. The relaxation time in the trap Ti.p is plotted as a faint green
line. (d) Histograms for Kip3 slip times. Load (e) and assisting (o) forces were best-fit by a gamma
distribution with a shape parameter of 5.04+0.6 and 4.2+0.4, respectively. Green triangles correspond
to a subset of hindering-load slip events with distances of 163 nm and shape parameter of 5.740.8.
(f) Mean friction force as a function of slip speed.

A fit of Eq. (8.1) to the Kip3 (Kifl8A) force-velocity data (Fig. 8.8f) resulted in the
parameters listed in Table 8.1. The step sizes agreed within two standard errors with
the expected ~8nm step size. The 8-nm slip distance is consistent with the binding
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Table 8.1.: Parameters of Eq. (8.1). Parameters of Eq. (8.1) fitted to the data of Fig. 8.8f
(Mean+SEM)

0 vo v € U:f'fset Uc:ffset

(um)  (nm/s) (uNs/m)  (nm)  (um)s) (umjs)
Kip3 7.5+0.7 185453 3.0+0.9 0.1£0.1 3.54+0.1 2.5+0.1
Kif18A 1343 64139 4.943.2 0.9+£0.3 0.94+0.1 1.4+0.2

(a) 2 steps (b) 4 steps Vo

Figure 8.9: Schematic of minimal slip. In
x, any slip event [(a) 'two steps’, (b) 'four
steps'] there is always one more spatial
step compared to the number of dwell
times. The difference between v, (—) and

v_ (— ) defines the offset velocity v,

at the canonical motor-microtubule strong-binding sites [143] for which there is only
one per tubulin dimer; the distance is not consistent with binding to the negatively-
charged E-hooks [156] for which there is one binding site per tubulin monomer (i.e.
every 4nm). The extrapolated, effective zero-force stepping rates kg = vy/d were about
23571 (8s71) for Kip3 (Kifl8A) assuming 8 nm steps. For both motors, the frictional
drag coefficient was about 4 uNs/m. For Kip3, this coefficient of the weakly-bound slip
state was comparable (about 3x higher) to the one measured in the presence of ADP but
much smaller (at least 10x) compared to the nucleotide free state [143]. For Kif18A,
the interaction potential may be slightly asymmetric, while for Kip3 the asymmetry
parameter was not significantly different from zero. The velocity offset, vogset from
Fig. 8.8 c and Table 8.1 was for Kip3 3.5+0.1um/s and 2.5+0.1um/s for hindering and
assisting load forces, respectively (0.9 + 0.1 ym/s and 1.4 £+ 0.2um/s for Kif18A). This
corresponds to failing to detect events with less than two net steps in the direction of
load: (Voffset 7s)/d = 2.2 £ 0.2, where we averaged over loading directions and motors.
This value of the minimal number of steps per slip event is reasonable because (i) in any
slip event there is always one more spatial step compared to the number of dwell times
(see Fig. 8.9) and (ii) our spatial resolution to detect slip events was limited by the
short duration and comparatively low load forces (Fig. 8.8¢). The latter point entails
that I cannot resolve (back-) steps during a slip event and cannot distinguish an 8-nm
slip from a normal 8-nm step. So, I miss slip events with, for example, one forward and
one backward step. When this detection limitation was included, the model described
the data very well.

8.4. Discussion

Our measurements show that kinesin-8 is a slow and weak motor protein. While other ki-
nesins have been shown to be slow [157, 158], a stall force of ~1 pN is much smaller com-
pared to any other mechanically-characterized kinesin (kinesin-1: 5-6 pN [11], kinesin-2:
~4 pN [159], (dimerized) kinesin-3: ~6 pN [160], kinesin-5: typically 5pN, occasionally
up to 7pN [157], kinesin-7: 6 pN [158]). This finding is not consistent with kinesin-8
being a transport motor because even small cytoplasmic obstructions are likely to stall
the motor or switch it into a slip state.
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The strong force-dependence of the kinesin-8s suggest that they operate by a Brownian
ratchet—rather than a power stroke mechanism as defined in [161]. Approximating stall
as a reduction in stepping speed to 1/e? = 13.5% and assuming an exponential force
dependence, results in a distance to the transition state of zt ~ 2kpT/Fyan = 7.4nm
(11nm) for Kip3 (KifI8A). This distance 2} is close to or even larger than the stepping
distance §. In a potential-energy-landscape model, the motor-head thermally fluctuates
around its initial state until it reaches the transition state. For both motors, it is close
to the final state where the head is trapped by a chemical change during its mechano-
chemical cycle: Thus, in contrast to other kinesins such as kinesin-1, kinesin-8 stepping
follows a Brownian ratchet mechanism [161].

We discovered another unique feature of kinesin-8s: during ATP-driven motion it slips
on the microtubule without detaching. To gain insight into the slip state, I analyzed
the friction between the motor and the microtubule during slips. Since the ATP state is
presumably a strongly-bound state, we attribute the increased frictional drag coefficient,
intermediate between ADP and no nucleotide, to one head being in the ADP-P; state.
The other head must also be in a weakly-bound state. If ATP is hydrolyzed before ADP
is dissociated from the other head [162], then one head is likely to be in the ADP-P;
and the other in the ADP state (Fig. 8.10). The different nucleotides in the heads may
explain the directional asymmetry in the slip time: depending on whether the ADP-
or ADP-P;~bound head detaches first, the slip times may differ. The difference in slip
times may also be due to the microtubule polarity or the motor’s directionality. With
both heads weakly-bound, the motor enters an off-pathway of its regular mechano-
chemical cycle, in which the heads alternate between strongly and weakly-bound states
(Fig. 8.10).

The motor slipped multiple steps per nucleotide. Since ATP-driven stepping is slow
and ADP is nearly absent in solution, the multiple steps during the short-lived slip
events (Fig. 8.8a) are likely to proceed without exchange of the nucleotides, though it
is possible that they are associated with the release of phosphate. This implies that
the slip distance divided by the step size gives a direct measure for the number of steps
that the motor can take per nucleotide in a weakly-bound state. This number was
3.5+ 0.1 for load and 4.2 4+ 0.1 for assisting forces. Therefore, during previous diffusion
and friction measurements [143], ADP was likely exchanged every few steps—not every
step and not just once per diffusive or sliding event.

Termination of a slip event or sticking occurs when one motor head releases its nu-
cleotide. Since the slip time was independent of force (Fig. 8.8 ¢), this nucleotide release
most likely occurred at a free, non-load-bearing head while it was taking the next step.
Interestingly, though the slip time was independent of force, the distribution of slip
times was not a simple exponential (Fig. 8.8d). The distribution was best-fit by a
gamma distribution with a shape parameter of 4-5 implying this many independent
steps during a slip event. Since this number is close to the average number of steps per
slip event, the shape of the gamma distribution may be due to the number of physical
steps the motor takes during a slip. However, the slip time distribution (green triangles
in Fig. 8.8d) for the short, two-step slips (16 £3nm in Fig. 8.8 a) had a shape parameter
of 5.7 £ 0.8 inconsistent with merely two physical steps. Thus, the gamma distribution
seems to stem from multiple biochemical steps during a slip.

A slip state at zero force should be equivalent to a diffusive state. While I did not observe
such a state under zero force (in part due to our detection limit; Fig. 8.8¢), it may
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Figure 8.10.: Schematic of mechano-chemical cycle. (a) Schematic of regular mechano-chemical
cycle (1.-4.). One 8nm step is associated with one cycle of ATP hydrolysis. During processive
movement, at least one head is tightly-bound (ATP, @) to the microtubule. (b) Possible off-
pathway during the slip mode. If ATP is hydrolyzed before ADP is dissociated from the other head,
then one head is likely to be in the ADP-P; and the other in the ADP state. After the release of the
P; and/or one ADP, one motor domain is in the nucleotide free state (1.) and binds again tightly to
the microtubule. In this manner, the motor recovers from the weakly-bound slip state and resumes
normal stepping.

be present under different, physiological conditions. Furthermore, the tail microtubule
binding site may enable the motor to bridge microtubules. Then, loading and slip events
are possible. For kinesin-1, such a diffusive state may correspond to the one where the
motor detaches from the microtubule. For kinesin-8, this diffusive or slip state may
have been strengthened such that it acts as a safety leash for kinesin-8. This leash, in
addition to the tail-microtubule-binding domain, may enable the very high processivity
of the motor to regulate the dynamics of microtubules at their ends.
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Chapter 9

Outlook

In summary, with the improvements in performance of optical tweezers and their probes
new experiments in physics and biology are possible. In this chapter, I want to give a
brief outlook of the various aspects of my work.

Optical tweezers are often approximated as a Hookean spring, where the force is lin-
early proportional to the displacement. This is only valid near the trap center. For
large microsphere-trap displacements the linear approximation breaks down. Our mea-
surements and calculations of the complete force field allowed us a detailed validation
of the force-displacement relation. We found that an optical trap with back-focal-plane
detection is foremost a sensor of force and not of position. That means, that the force
scales linearly with the detected volt-signal, but not with the actual displacement. Re-
cent work showed that optimized back-focal-plane detection can directly measure forces
due to momentum conversation [163]. Thus, the full force range and therefore higher
forces could be used, if the displacement is not important to know. For example, for
2 pm PS microsphere only 35 % of the maximal force is in the linear range (see Fig. 3.3
and Fig. 3.4).

Furthermore in this thesis, we showed that we can design photonically-structured probes
with an optimized trap efficiency. We started with 1 ym titania core-shell particles. For
this size, we achieved the highest trap efficiency and were able to measure force of more
than one nanonewton. In principle, titania is bio-compatible, but for most biological
protocols carboxylated microsphere are used. Therefore, the next step should be the
functionalization of the titania surface. A possible problem that could occur during the
functionalization is that amorphous titania is a porous structure. For example, the fluo-
rescence dye was small enough to diffuse into the pores. This problem could be solved by
a mixed titania-silica sintered shell instead of the amorphous shell. The correct mixture
of silica (n = 1.45) and anatase titania (n = 2.3) should have the same refractive index
like the amorphous titania (n = 1.75) [72]. Another solution could be a thin coating
of silica or PS. For many experiments, smaller or bigger microspheres are the preferred
choice. Unfortunately, the trap stiffness of PS and silica depends strongly on the size
and decrease dramatically for microspheres smaller or bigger than 900 nm. The titania
core-shell particles could also be optimized for smaller or bigger particles. For example,
as predict form the theory (see Fig. 4.1) 500 nm microsphere have a 1.6x higher trap
stiffness than PS microspheres of the same size. For bigger particles, the improvement
is even more significant. For example, ideal coated titania core-shell particles with a
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diameter of 2.3 um have a 7x higher trap stiffness than PS microspheres of the same
size. In general, the theory could be used to design photonically-structured probes of
different materials with an optimized trap efficiency for any size, any wavelength and
any optical tweezers setup.

Furthermore, the high trap efficiency of the anti-reflection coated titania microspheres
in combination with significantly larger microspheres compared to the 1 um, should
enable us to measure resonances associated with the colored nature of thermal noise that
drives Brownian motion. Typically an optical trap can be described by an overdamped
harmonic oscillator. However, we observed indications of a resonance enhancement
at high frequencies [77]. Goal of future projects are to characterize the colored noise
of Brownian motion and the resonance effect in more detail. For this purpose, one
should use bigger anti-reflection coated titania microspheres, while retaining a high
trap efficiency. A resonant optical trap may be used as a novel tool and sensor probing
anything that affects its resonance frequency.

In addition, I found a quantitative agreement between Mie theory calculations and
experiments in different setups (< 10% deviation). If the toolbox parameters are op-
timized to the optical tweezers setup, the theory can be used for predictions, like the
trapping characteristics of core-shell particles. Furthermore, the quantitative agreement
implies that a force calibration is not necessary anymore, if the achieved accuracy of
~10 % is sufficient.

Last but not least, we found that kinesin-8 is a low-force motor protein with a weakly-
bound slip state. The low-force is consistent with kinesin-8 not being a transport motor.
The unique feature of the kinesin-8 class to slip on microtubules without detaching, in
addition to the tail-microtubule-binding domain, may enable its very high processivity.
Kinesin-8 regulates the dynamics of microtubule by interacting with the plus-end. So,
reaching the end of the microtubule is very important for this motor. In wvivo, sev-
eral motors and microtubule-associated proteins compete for binding to microtubules.
Therefore, the weakly-bound slip state could act as a safety leash to prevent detaching
form the microtubule in the case of obstacles. Furthermore, it is interesting to under-
stand the mechanics of the depolymerization process. So far, it was observed that a
single Kip3 stays up to 90s at the end of the microtubule [107]. In this time the protein
did not fall off, but randomly stepped forward and backward [142]. The time decreased
significantly when a second Kip3 molecule arrived at the microtubule end [109]. This
suggested that a second Kip3 has to arrive to bump the end-bound Kip3 molecule to-
gether with the bound end-tubulin dimer off the microtubule. As a consequence of this
cooperative depolymerization model, one Kip3 molecule should leave the microtubule
end with one tubulin dimer. Varga et al. [109] determined the ratio of Kip3 molecules
releasing the microtubule to severed tubulin dimers to be < 2. The bump off mecha-
nism cannot be proofed with single-molecule fluorescence tracking due to the lack of the
positional resolution to visualize the end activity of single Kip3 molecules. We could
use our setup to follow a single Kip3 during its processive run to the microtubule plus
end with high precision. Using the force feedback, we could apply different forces to a
single Kip3 molecule attached to a microsphere. If the time, while the Kip3 stays at
the end, changed with applied force we could determine the Kip3 microtubule end bind-
ing strength. Another possible experiment would be the adition of free Kip3 molecules.
Based on the bump off model, we expect a reduction in end residence time. The analysis
of the measurements will be complicated, but could prove the model.
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Finally, with this thesis new research possibilities are opened. First, we demonstrated
the optimization of probes for optical tweezers. With the optimized probes many new
experiments are now possible concerning optical tweezers. However, there is more po-
tential for further developments. And last, we observed a unique slip-state, which is
maybe an explanation for the high processivity. But how a single kinesin-8 depolymer-
izes a microtubule is still unknown. It will be an exciting task for the future to answer
this question.
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Appendix A

Protocols

A.1. Titania particles synthesis

Synthesis of anatase titania core

e add 0.46 w% titanium butoxid to ethylene glycol and mix for more than 4 h
e add 2.03mM Tween 20 to analytical aceton

e add 10-17ml 2.03 mM Tween 20 : aceton to 100 ml 0.46 w% titanium butoxid : ethylene
glycol

e the amount of 2.03mM Tween 20:aceton determines the particles size; for =
500 nm anatase cores we used 14 ml

e let it react for 10-16 h, already after 10 min the solution becomes milky

e wash the amorphous titania particles 2x in technical ethanol (20 min centrifuge
with 5000 rpm), discard supernatant and resuspend the particles in ethanol by
sonicating them)

e in the last washing step resuspend the particles in only 1ml ethanol and put the
solution in a 20 ml scintillation vial

e dry the particles in an oven (50-100 °C) till the ethanol is evaporated
e calcine the dried particles at 550 °C for 30-60 min

e resuspend the particles in 5ml ethanol by sonicating them

Coating of anatase titania cores with amorphous titania

e use cooled (4°C), analytical ethanol for the synthesis

e take 1.5-3ml of the anatase particles (seeds) solution and fill up to 10 ml with the
cooled analytical ethanol

e add 0.08ml 0.1 M Lutensol ON 50 to the 10 ml ethanol-seed solution
e add 0.15-0.2ml titanium butoxid to 10 ml ethanol

e mix the Lutensol-ethanol-seed solution with the titanium-butoxide-ethanol solu-
tion and sonicate the mixture for 30 min in ice water
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the amount of seeds and titanium butoxid determines the thickness of the coating
and potential second nucleations

wash the titania core-shell particles 2x in technical ethanol (20min centrifuge
with 5000 rpm), discard supernatant and resuspend the particles in ethanol by
sonicating them)

in the last washing step, resuspend the particles in only 1ml ethanol and put the
solution in a glass vial

dry the particles in an oven (50-100°C) till the ethanol is evaporated

resuspend the core-shell particles in ethanol by sonicating them and store them
at 4°C

Reagent list

Aceton, analytical (Merk)
Ethylene glycol (Merk)

Ethanol, technical (Sigma-Aldrich)
Ethanol, analytical (J.K.Baker)
Lutensol On 50 (BASF)

Titanium butoxid (Sigma-Aldrich)
Tween 20 (Sigma-Aldrich)

A.2. PS-PEG-anti-eGFP microspheres

Activation

wash 25 ul microspheres 2x in 1000 1 MES, 13000 rpm, 3 min
resuspend microspheres pellet in 250 ul MES

dissolve sulfo-NHS (1.62mg) and EDC (1.42mg) in MES

first add sulfo-NHS then EDC

incubate 15 min at 37°C, 600 rpm

wash 2x in 500 ul MES, 13000 rpm, 3 min

resuspend microsphere pellet in 250 ul Borate buffer

PEG coupling

disolve PEG [1:9] in Borate buffer

3kDa NHy-PEG-COOH (2.6 mg) : 2kDa NHo-PEG-CH30 (9.36 mg)
add PEG to activated microspheres

incubate 2h at 37°C, 600 rpm

wash 5x in 500 pl Borate buffer

resuspend microsphere pellet in 250 ul MES
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Activation

e identical to first activation

e resuspend microsphere pellet in 250 ul PBS

Antibody coupling

e add 10 ul eGFP antibody to activated PEG microspheres
e incubate 2h at 37°C, 600 rpm

e wash 3x in PBS

e resuspend in 250 ul PBS

Chemicals

e anti-eGFP (antibody facility, MPI-CBG, Dresden, Germany), 3 mg/ml in PBS

e Borate (sodium borate) buffer pH = 8.5, filtered

e EDC (1-ethyl-3-[3-dimethylaminopropyl|carbodiimide hydrochloride) MW 191.7 g /mol
e MES (2-(N-morpholino)ethanesulfonic acid) 50 mM, pH = 6.0, filtered

e PBS (phosphate buffered saline), pH="7.0, filtered

e PS Microspheres: functionalized with carboxyl groups, Bangs Laboratories (PC03N/6487),
diameter d = 0.59 um

e Sulfo-NHS (N-hydroxysulfosuccinimide) MW 217.1 g/mol
e 3kDa NHyo-PEG-COOH, 2kDa NHy-PEG-CH30, Rapp Polymere

A.3. Kinesin-8 stepping assay

Polymerization of GMPCPP-stabilized microtubules

e mix 'polymerization solution’ (Tab. A.1), incubate on ice for 5min, incubate at
37°C for 2h

e dilute the polymerized microtubules with 400 1 BRB8O
e spin down the microtubules (Beckman airfuge, 25 psi, 5min)

e after spinning, aspirate the supernatant carefully and resuspend the pellet in 200 pl
BRBS80

Flow cell for stepping assay

The flow cell was constructed with silanized coverslips. Parafilm was used to form
channels. The flow cell was filled with the following reagents (Tab. A.2):
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Table A.1.: Polymerization solution
Volume Reagents Stock concentration | Final concentration
2.5 ul RTU tubulin 4mg/ml 2 uM
5 ul GMPCPP 10 mM 1mM
0.5pl MgCly 100 mM 1mM
42 ul BRBS80
50 ul Final volume
Table A.2.: Flow into the channel
Volume | Reagents Incubation time
1. 20 pl BRB80 10 min
2. 20 gl Anti-tub2.1 (2mg/ml), 100x diluted in BRB80 10 min
3. 20 pl wash with BRB80
4. 20pl | F-127 (1w% in BRB80) 20 min
5. | 3x20pl | wash with BRB80
6. 20 pl microtubules 15 min
7. 20 pl kinesin-8 reaction mix

Kinesin-8 reaction mix

e mix 'motility buffer’ (Tab. A.3)

dilute kinesin-8 solution in 'motility buffer’ (= 1000 x for single-molecule condi-

tions)

dilute (10x) Anti-eGFP-PEG-PS microspheres in 'motility buffer’

add 2 pl diluted Anti-eGFP-PEG-PS microspheres to 2 ul diluted kinesin-8 solu-

tion

mix 40x (= 30s) carefully with pipet

incubate 7 min at room temperature

Table A.3.: Motility buffer

Volume

448.75 pl
18.75 ul
10 pl
5pl
5 ul
5 ul
2.5 ul
5 ul

500 pl

Reagents Stock concentration | Final concentration
BRBS80

KCL 3M 112.5 mM
Casein 8 mg/ml 112.5mM
D-glucose 2M 20 mM
Glucose oxidase 2mg/ml 0.02 mg/ml
Catalase 0.8 mg/ml 0.008 mg/ml
BME 100 % 0.5 Vol.%
ATP ~100 mM ~1mM

Final volume
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List of reagents

e anti-beta-tubulin SAP4G5 (Sigma T7816), diluted in BSA and stored at 4°C
several weeks

e BME: beta-mercaptoethanol (Sigma M3148), stored at 4°C

e BRBS&0 buffer: 80 mM PIPES/KOH pH 6.9, 1 mM EGTA, 1 mM MgCls, stored at
4°C

e BSA: bovine serum albumin (Sigma A3059)

e catalase (Sigma C9322), diluted in BRB80, snap frozen and stored at —20°C

e EGTA: ethylene glycol tetaacetic acid (Sigma, E4378)

e F-127: pluronic F-127 (Sigma P2443) dissolved in BRB80 (1w%), filtered and
stored at 4°C

e D-glucose (Sigma, G7016), diluted in BRB80, snap frozen and stored at —20°C

e glucose oxidase (Sigma, G7016) diluted in BRB80, snap frozen and stored at
—-20°C

e GMPCPP: Guanosin-5-[(cr, )-methylenoltriphosphate (Jena Bioscience #NU-
405), stored at —80°C

e MgCly: magnesium chlorid (Merck 1.05833.0250)

e KOH: potassium hydroxide, 0.1 M (Sigma, P-5310)

o PIPES (Sigma P6757)

e RTU: 25% rhodamin-labled tubulin (purified from porcine brain), 4 mg/ml
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Abbreviation

Ncoat

TNcore

nps

7810«

NH,0

Pamorphous

Panatase

Ptitania

Pwater

asymetry parameter
displacement sensitivity
relative displacement

microsphere distance to the
analyzing trap

step size
viscosity

drag coefficient
Stokes drag
trap stiffness
wavelength

refractive index of the coat-
ing

refractive index of the core
refractive index of PS
refractive index of silica
refractive index of water

density of amorphous tita-
nia

density of anatase titania

density of the core-shell ti-
tania particles

density of water

Ts

Ttrap

Vs
Vescape

Voffset

c
D

d

dcoat

dcore

e

fv

Je
Jm

fstage

Js

kp

relaxation time
slip time

relaxation time of micro-
sphere in a trap

Fourier transform
velocity

slip velocity

escape speed

offset velocity

speed of light
diffusion coefficient
microsphere diameter
thickness of the coating
core diameter
frequency

characteristic zero-crossing
frequency

characteristic viscous fre-
quency

corner frequency

characteristic inertial fre-
quency

stage frequency
frequency

stepping rate
Boltzmann constant

Kip3 length plus PEG
linker

surface distance to micro-
sphere center

mass of the microsphere
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Moy beam quality factor Foy force parallel (z) and per-
pendicular (y) to the trap
P laser power polarization
P amplitude of asymptote on ADP adenosine diphosphate
spectrum
AFM atomic force microscopy
Py plateau value
AMP-PNP adenosin  5-(f3,y-imido)-
Py(f) power spectral density for triphosphate
the microsphere position
with Fourier transform ATP adenosine triphosphate
T temperature BSA bovine serum albumin
t time ddH-,O demineralized water
at transistion state DIC differential interference
contrast
glinear linear displacement re-
sponse EDC 1-Ethyl-3-[3-dimethylamino-
-propyl|carbodiimide  hy-
T slip distance drochloride
TC A distance between strong eGFP enhanced green fluorescent
calibration and analyzing protein
trap
GDP guanosine-5’-diphosphate
1D one-dimensional
GMPCPP  guanosine-5’[cr, f-methylenol]-
2D two-dimensional triphosphate
3D three-dimensional GTP guanosine-5’-triphosphate
Fa optical force of analyzing Kif18A 6xHis-Kif18A-eGFP
trap
Kif18AT777 6xHis-Kif18A777-eGFP,
F¢ optical force of strong cali- AA-1-777
bration trap
Kip3 6xHis-Kip3-eGFP
Fgrad gradient force
MPI-CBG Max Planck Institut of Cell
Frax maximum optical force Biology and Genetics, Dres-
den
Friean mean optical force
N number of measurements
Fcat scattering force
NA numerical aperture
Fivermal thermal force
Nd:YVO4 neodymium yttrium ortho-
Firap trapping force vanadate crystal
Fis viscous force PBS phosphate buffered saline
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PEG

PID

PS
PSD
QPD

SDS-PAGE

polyethylene-glycol

proportional-integral-
derivative

polystyrene
position sensing device
quadrant photo diode

sodium dodecyl sulfate
polyacrylamide gel electro-
phoresis

SLS
Sulfo-NHS
T-Matrix

TEM

TiO,

TIRF

static light scattering
N-hydroxysulfosuccinimide
transition matrix

transmission electron mi-
croscope

titania core-shell

total internal reflection flu-
orescence microscope
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