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Abstract

The fluorescencbased nanoscopy methods MINFLUX and MINSTED are currently revolutionizing
the field of imaging and single molecule tratk by achievingmolecular spatial precision with low
photon numbers. Using a polyrdgaisedn vitro assaywith strongly reduce fluorescence background,

| identified MINFLUX-compatible spontaneously blinking fluorophores by quantifying their blinking
properties. Due to the spontaneous blinkers being -dele compatible and having
few-millisecondsshort orevents, | expect them to advance the imaging field by drastically accelerating
MINFLUX measurements. The main focus of this work, however, is the afiplicof the nanoscopy
methods MINFLUX and MINSTED for tracking of the motor protein kinekirRequiring an only
~1nm small fluorophore as label, they are inherently less artefane than established techniques
which require the attachment of compavaty large beads for aimilar spatictemporal resolution.

With an improved interferometric MINFLUX approach, we successfully resolved regular steps and
substeps of the kinesih stalk and heads. By discovering that ATP binds to the motor in the
oneheadbound state and is hydrolyzed in the t#headbound state, we aim to solve a lestgnding
controversy in the field. Furthermore, we deduced that when the rear head of-kidesathes form

the microtubule, it rotates around its front into a rightwdisghlaced unbound state. In conjunction with

an observed stalk rotation, | concluded the motor to walk in a symmetriconarand fashion.
Finally, we successfully resolved the stepping of kindsivith MINSTED, confirming many findings

from the MINFLUX experiments and observing motor sidestepping and protofilament switching.
These findings will prove helpful in developing treatments for diseases linked to malfunction of
kinesins. Beyond that, this thesis establishes MINFLUX and MINSTED for the trackighgnamic

biological processes on the single molecule level.



Zusammenfassung

Die fluoreszenzbasierten Nanoskopiemethoden MINFLUX und MINSTED revolutionieren derzeit die
Bereiche von Bildgebung und Einzelmolekilverfolgung, indem sie mit geringen Phpatrhen eine
molekulare raumliche Auflésung erreichen. Mit Hilfe eines polymerbasierteitraaTestsmit stark
reduziertem Fluoreszenzhintergrund ermittelte ich MINFLEROmpatible spontan blinkende
Fluorophore, indem ich ihre Blinkeigenschaften quandfie. Da die spontanen Blinker mit lebenden
Zellen kompatibel sind und kurze Einschaltzeiten von wenigen Millisekunden haben, erwarte ich, dass
sie das Forschungsfeld der Bildgebung durch drastisch beschleunigte MINKES3UNgen
voranbringen werden. DerHauptfokus dieser Arbeit ist jedoch die Anwendung der
Nanoskopiemethoden MINFLUX und MINSTED fir die Einzelmolekilverfolgung des Motorproteins
Kinesintl. Indem sie nur eean~1nm kleinen Fluoreszenzfarbstoff als Markierung benétigen, sind sie
von Natur as weniger anfallig, Messartefakte zu erzeygmn etablierte Techniken, die fir eine
ahnliche raumlicteeitliche Auflésung das Anbringen eines vergleichsweise grof3en Kigelchens
voraussetzen. Mit einem verbesserten interferometrischen MINFAkB&tz gelanges uns, sowohl
regelmafige Schritte als auch Teilschritte des Stiels und der Kopfe von Kinagfaulésen. Durch

die Entdeckung, dass ATP bindet, wenn nur einer der Kdpfe gebundemdisiydrolysiert wird, wenn

beide Kopfe gebunden sind, versuchen,wdine seit langem bestehende Kontroverse des
Forschungsfeldes zu I6sen. Dariiber hinaus fanden wir heraus, dass sich der hintere Kopf veh,Kinesin
nachdem er sich vom Mikrotubulus abgel6st hat, um seine Vorderseite dreht und in einen nach rechts
verscholenen, ungebundenen Zustand Ubergeht. In Verbindung mit der beobachteten Rotation des
Stiels folgerte ich, dass der Motor in einer symmetrischen {dapdHandWeise lauft. Abschliel3end
gelang es unsdas Laufverhalten von Kinesih mit MINSTED zu untersuan, wobei wir viele
Ergebnisse der MINFLU>@Experimente bestatigen und das Ausweichen des Motors und
Protofilamentwechsel beobachten konnten. Diese Erkenntnisse werden bei der Entwicklung von
Therapienflr Krankheiten die durch eine Fehlfunktion von Kinasin verursacht werden, hilfreich

sein. Vor allem jedoch etabliert diese Arbeit MINFLUX und MINSTED fir die Verfolgung

dynamischer biologischer Prozesse auf der Ebene einzelner Molekiile.
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Introduction

.1 Kinesin-1 fundamentals

Kinesins are motor proteins that are essentiallfe directional transport of cargo along microtubules

in cells. So far, there are 15 different families known that form the kinesin superfamily. The processive
kinesins consist of a motor domain, a neck linker, a stalk and alsgndjog domain. The fiit kinesin

was discovered in 1985, named kinesiland is the arguably bestudied member of the kinesin
superfamilyl]. There are three isoforms of kinedinKIF5A, KIF5B, KIF5C), which are rgmnsible

for the transport of vesicles, synaptsicleprecursers, lysosomes, organelles, protein complexes and
neurofilament protesi2] towards the plugnd of microtubules in the cell periphery, called anterograde
transport. A plethora of diseases is likely at least parti@ised by the malfunction of kinesinlike
AlzheimeiGs disead@], amyotrophic lateral sclerosis (ALU8), cortical dysplasi®], Hunti ngt onf¢
diseasfg], hereditary spastic parapleiihand cancdB], caused bymutations in the motor or its
premature dtachmentlue toblockages on microtubules. Better understanding of the detailed transport

mechanism would be instrumental in creating therapies and drugs for patients.

Kinesin-1 typically exists in a dimeric form, where the long akpledical stalk regios of two kinesin

heavy chain (KHC) monomers intertwine to form a stable caitgd Cargo attaches to thet€minal

end of the stalk, either directly to the tail, via the kinesin light chain (KLC) or via adaptor/scaffold
proteins. In a dimer, two motoodma i n s |, commonly called O6headsbéd, al

linkers, flexible chains consisting of 14 amino adiasillustrated in Figll).

Figure 11:Visualization of kinesirl (rear head: dark green; front head: bright green) on a mictetubu
(grey). The heads are connected via the neck linkers (red) to the-oaillestilk (blue, onlypartially
shown). At the end of the full stalk, cargo can attach.

The heads, which are very similar across the kinesin superfamily, each have a micinhdnge

domain and a catalytic center for the binding and hydrolysis of adenosine triphosphate (ATP), which

1



provides the chemical energy for the directed transport. When the head is in HsoAfd or
nucleotidefree (apo) state, it has a high affinity bind to the microtubule, whereas it has a low
microtubule affinity when it imdenosine diphosphat&dP)-bound after hydrolysj9]. By binding of

ATP to the catalytic site, the s@lled switch Il helix moves like a piston, allowing the neck linker on
the other side of the head to dock to the head, as interpreted from crystal structures, pointitlg the ne

linker in walking directiof?].

.2  Tracking techniques

Kinesin heads attacha their microtubulebinding domairto the outside of microtubules (which consist

of ~13 protofilaments with alternating alpland betaubulins) at the groove in the middle of a tubulin
dimer. By birding and hydrolyzing ATP, the heads are alternatingly stepping forward, building up
forces large enough to carry cargo along the microtubule track. Tracking of silica beads (diameter of
~200nm) revealed, that kinesihtakes ~81m steps, which is the disice between binding sites on the
protofilament trackand consumes one ATP molecule per[4@p The velocity of the motor protein

is increasing stronglyith greaterATP concentratiog) with kinesinrl taking roughly one step per
second for ~uM ATP, but having a velocity of a few hundred nanometers per second at physiological
ATP concetrationgl11]. Individual kinesinl motors can mova few micrometers before detaching

and teams of motors attached to the same cargo can transport it over even longer distances.

But despite kinesitl, thefounding member of the kinesin superfamily, being heavily studied with
different techniques, many parts of its stepping mechanism remain contested. For example, the question,
in which states ATP binds and is hydrolyzed, respectively, has not been answachdsively and

whether kinesin rotates while walking remains elusive.

Besides the state where both kinesin heads are microtbuiel, Forsteresonance energy transfer
(FRET) experiments have predicted a distinct state, in whiclfdheheadis urbound by measuring
relative distances between regions on the kinesin fiEadk3] Experiments of beabased tracking
techniques with a sufficient spatiemporal resolution have confirmed the existence of thige sfn

optical trap experiment tracking germanium nanospheres (diameté0ofn) attached to the stalk
observed 4/m substeps and two independent scattdvampd experiments of large gold beads

( di a me nmy attacBed ® the kinesin head directly identified the unbound state of the labeled head
in-between binding sites. But strikingly, the latter methods derived conflicting results as to whether
ATP bindsto the catalytic center when bdtleadsor only one head are microtubut®und. Tley also

disagreed on the state during wh&RP hydrolysis occurs.

Simulations have predicted that due to the large bead, whose volume ism@8Q0arger than that of
the knesin head, the attachment position of the label leads to these different congldgions
Furthermore, the bead, which needs to be so large to yield a sufficienttepgbiaral resolution,

probably interacts wit its surroundinfd.5].



A much more suitable label would be a drastically smaller fluorophaite avdiameter of ~hm.
Fluorescencéased tracking has been performed with the caiperdizationbased Fluorescence
Imaging with OneNanometer Accuracy (FIONA) technique, which resolved the 16 nm steps of
fluorescently labeled kinesih headfl6]. However, due to its comparably low time resolution of a few
hundreds of milseconds, the motors had to be slowed down drastically by using ATP concentrations

about a thousand times lower than in a cell and substeps were thus not observable.

.3  Fluorescence microscopy

Fluorescencéased microscopy techniques are based on theigigrthat incident photons excite the

d e | o c adlectroresystern of a fluorophore molecule, bringing it from the singlet ground sfate (S

to a singlet excited state (e.g),Sas shown in the Jablonski diagram (F8). . Accor di ng t o
rule, thesystem usually relaxes into its lowestergyvibronic level in theS, state, before typically

retuning to the ground stategfSwith a delay of a few nanoseconds and simultaneously emitting a
photon with a longer wavelength than that of the incident Dime.wavelength change is called Stokes
shift and is caused by t;lstate relgxsstine mdl@eveshengg staiey | 0s s
The emitted photon can be detected and used to localize the fluorophoreAT8ic$#le can repeated

until the S state undergoes intersystent o0 s si ng i n tliced wpletsthi (Tx éausind o n g
interrupted fl uor es c e ngthesygstern cs retarmintothie grbundstate viag 6 ) .
a forbidden emission of a phosphorescent phatoria a second intersystenrossing processrhis

return to $can be accelerated by reaction with triplet (greatade) oxygen®Q.) present. However,

this produces singlet oxygetQt), a reactive oxygen species (ROS) that can react with the fluorophore
andhnt errupt i t s ¢ o relearanasysterd, irrdversibdy crendlering ¢hd fluérophore
norfluorescent, which is called bleaching. Therefore, for achieving a stable arkiomgmission of

the fluorophore, oxygen is often removed from the sangitbertechnically or using an oxygen
scavenger system (OSS) consisting of oxygamsuming enzymes. An alternative to quickly return the
system from Tto S is the use of a reducing and oxidizing system (ROXS), a combination of reducing

and oxidizing chmicals that, via an intermediaté/R state, take away the excitation energy ofar

yield its § state. The fluorescence cycle ends when the fluorophore is irreversibly bleached during an

excited state.



Ta R+

Figure 12:Jablonski diagram of a fluorophonéth excitation (Ex), fluorescence (F), internal conversion
(IC), intersystem crossing (ISC), phosphorescence (P), reduction/oxidation reaction (Redox)] oxidize
state (R+), reduced state-f{Rhighest occupied molecular orbitals (HOMO) and lowastccupied
molecular orbitals (LUMO).

.4  Widefield microscopy

In a widefield measurement, the emission of the fluorophore is directed onto a camera, which allows its
localization. In confocal measurements, an excitation laser beam is focused to a spot whiuheid sc

over the region of interest. If it scans over a fluorophore, the latter gets repeatedly excited and emits a
fluorescent photon wimereturning to the ground stat€he emitted photoiis detected and used to
localize the fluorophore. But the spatiasotition of both methods is diffractidimited according to

the Abbe limit. It states that the smallest resolvable distance d between emitters is

Q

; — (eq. 1)

where ¢ is the refractive index of the medium, is the halfangle of the light beam cone and

00 €2i Q¢is the numerical aperture ( whforhnstancet ypi c a
an incident light wavelength of ~600n, the lateral distance between two emitters needs to be at least
~200nm in order to discern them in widefield or confocal measurements. The details of most biological
structures are significantly smatland hence not resolvable with these techniques. Electron microscopy

is able to resolve biological structurggh subnanometer resolution, but tracking and {oadl imaging

is not possible with it, as samples must be fixed for the measurement.

.5  Deterministic STED nanoscopy

The diffractionlimit was broken with the advent of fluorescesmmsed diffractiorunlimited
(6supepswol|l uti ond) t e cesolutipo echniqueTid lreakf therdiffractios limi enr
biological samples was stimulatethission depletion (STED). Its basic concept is that with a first laser
pulse, all fluorophores within a diffractidimited spot are excited, but by superimposing a second,
delayed pulse of a reshifted wavelength, stimulated emission of most fluoroptids triggered
deterministically, bringing them back into their ground sfateillustrated in Figl3). By shaping the
stimulated emission pulsto e.g. a doughnut shape withinimal intensity in its center, only
fluorophores in the periphery are deptttand those in the center can fluoresce. For STED, the

improved smallest resolvable distance between emitters is given by

4



Q — — — (eq. 2)

where'Gs the maximal intensity of the depletion pattern ‘@ndis the intensity at which the probability

of fluorescence emission is reduced to a half. By increasing the applied int®aigral resolutions
down to ~20hm are possible. STED has been employed heavily for resolving various biological
structures in detail, but also for some use in tracking. lt$osfgamporal resolution is usually reported

to be >10nm within 1secongtl7, 18] but with ultrafast STED nanoscopy, a spdémporal resolution

of ~70nm within ~8ms was achiev¢i9].

a b

O —
+ *
stimulated

emission excitation depletion effective fluorescent
So—L T ¥ beam beam spot

Figure 13:Concaept of stimulated emission depletion (STED) (a) A fluorophore in an excited, fluorescent
S, state can be depleted by stimulated emission. (b) By overlaying an excitation beam with a
doughnutshaped depletion laser, a diffractionlimited effective fluoresent spot is achieved.

.6  Stochastic nanoscopy

Another way to image densely labeled (biological) structures with diffractiimited resolution is

with stochastic supeesolution techniques like Stochastic Optical Reconstruction Microscopy
(STORM) or HMotoactivated Localization Microscopy (PALM). In STORM, fluorophores are
employed that transition between a short fluorescent and a lorgnnigsive stateso that at maximum

one fluorophore per diffractielimited spot is emissive at a given time and deecan be precisely
localized(as illustrated in Figl4). In PALM, all fluorophores are inactive in the beginning and a small
subset is activated, so that not more than one emitter is active per difflantied spot. After the
emitters are localizednd bleached, the next subset is activated and so on. In both techniques, the
individual emitters can then, in an ideal, backgrotre@ case, be localized by centroid fitting with a
localization precision of

” 7 = (eq. 3)

wherei is the standard deviation of the pesgread function (PSF), the pattern resulting from the
spreadingf the image of a poidtke object by the optical imaging system, ands the number of the
emi tterds fluorescence pho t-resoised idhage ean beaatondirycted h e
by determining the positions of active fluorophores in each video image and by overlaying them
end With a typicali of 300nm, a lateral resolution of10nm can theoretically be achieved for
~1000photons.
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Figure 14 Concept of Stochastic Optical Reconstruction Microscopy (STORM). A small subset of
6darkdé6 fluorophores (grey) is brought intflo a O0b
fluorophores in a densely labeled structure can be localized with diffragtionited precision.

In supetrresolution widefield tracking, like FIONA or singfarticle tracking photoactivated
localization microscopy (sptPALM), the movement of individilizorescent particles is followed. By
collecting enough photons, the spatial resolution can be enhanced according to égga8)obut at

an unchanged photon rate, this inevitably worsens the time resolution of the method. A FIONA tracking
experimenbof kinesin labeled with the organic fluorophore Cy3 reported a low sifigienanometer

spatial resolution with ~4000 photons collected everyr@§Q6].

.7  MINFLUX nanoscopy

Another leap in the field of diffractieanlimited fluorescence microscopy was achieved by the
invention of the Minimal photon Fluxes (MINFLUX) comgt, which pushed the resolution down to
molecular dimensions. It introduced the paradigm shift to not localize a molecule with the maximum,
but rather the minimum of an excitation pattéans illustrated in Figl5). The microscope presented in

the initid publication featured an excitation doughnut with a minimum in the center surrounded by the
steep slopes of the beam profile. During a MINFLUX measurement, the approximate position of a
fluorophore is gathered from a confocal measurement and subsequbatiyinimum of the
MINFLUX excitation doughnut is positioned at the determined approximate position. Next, the
fluorescent signal is recorded for different positions of the minimum near the fluorophore (of which
one usually is the assumed fluorophore fi@sj. The precise position of the emitter can be determined
with the rule that the closer the minimum is to the true position of the fluorophore, the lower the resulting
emission should be. The signal, which is assumed to be proportional to the lassityirttes
fluorophore experiencesan be fitted with a quadratic approximation of the intensity pattern near the
minimum. As the approximate position is injected by the sdefined excitation pattern, the photons
emitted by the fluorophore can be usefitegntly for the finetuning of the position estimate, making
MINFLUX extremely photorefficient. The localization precision can be further enhanced by zooming
in and decreasing the distande& of the surveyed positions from the assumed fluorophore position

whilst increasing the intensity and hence the slope of the excitation pattern.
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Figure 15 Concept of MINFLUX. A fluorophore (yellow) is scanned with the minimum of a
(doughnutshaped) xcitation beam (red). The closer the minimum to the fluorophore position, the
lower the fluorescent signal.

1.7.1 Tracking

The doughnushaped MINFLUX setup achievedspatial precision of <2.6m, requiring only~100
detected photons. Due to this photdficeency, the temporal resolution of MINFLUX tracking was
reported to be 10fbld enhanced compared to caméesed tracking techniques. The standard

deviation of the localization precision achieved by MINFLUX is given by

" — (eq. 4)

which indicates that the resolution increases with more photons, but more efficiently by decreasing the
interval size0. Decreasing) reduces the signab-background ratio (SBR) of the measurement, so
increasimy the resolution indefinitely by decreasing prevented by the background of the experiment.

As U is the product of temporal resolutiod &nd the detected photon raté) (the following equation

can be derivedvhich indicates the tradeff betweerspatial resolution,() and temporal resolutiot(

in an ideal MINFLUX measurement

" 2yt —=. (eq. 5)

Decreasing sigma by a factor of 2 requires increddinyga factor of 4, decreasitigoy a factor of 2 or

increasing by a factor of 4.

MINFLUX tracking in living E. coli bacteria yielded a spatial precision of /fOwithin~125¢ s usi ng
<10 detected photo[)]. Tracking of single labeled lipids in an artificial ligdlayer membrane
achieved a localization precision of <@ within ~100c R1]. For anonbiological DNA origami

swinger, a spatial precision of Inih was achieved with rhs temporal resoluti¢a?2].

[.7.2 Imaging

For MINFLUX imaging of densely labeled structures, the fluorophores need to be switched between

their on and offstates so that a single emitter can be precisely localized at a given time. This is



achiewed by using blinking or photoactivatable/caged fluorophores. For photoactivatable/caged
fluorophores, (higkenergy) irradiation causes an intramolecular reaction or removes caging groups,

both of which turn the fluorophore on. After successful localipatiba subset of fluorophores, they

turn off or are bleached before the next subset is activated and localized. The final image is constructed
from all successful localizations. With MINFLUX, blinking fluorophores (Alexa Fluor 647) spaced by

down to ~6nm on a DNA origami were localized with a precision ofsin  usi ng 01000 de
photon$20]. MINFLUX imaging is also possible in fixed and living cells, as has been demonstrated by

the successful revelation of thigletfold symmetry of protein Nup96 in nuclear pore complexes with a
spatial pmE2a8i si on of 02

1.7.3 Fluorescenbackground

The main strengths of MINFLUX are its photefficiency yielding a superior spattemporal
resolution and it requiring only a small fluocesit label, which allows liveell tracking and imaging
experiments. However, ggeviouslymentioned, its attainable resolution is limited by the fluorescent
background of the sample. Therefore, hghiformance measurements require rigorous minimization

of t he flsosesognbaekdreund and optimization of the minimum of the excitation pattern. It is
hence of great value to develop an assay that mimics the biological function of the molecule or structure
of interest, whilst displaying a strongly remha fluorescent background compared to a (living) cell.
Furthermore, employing other excitation patterns with steeper slopes surrounding the lower minimum
would be highly advantageous. With this, studying fast biological processes of relevant targets with
MINFLUX is a promising ambition.

1.8 MINSTED nanoscopy

A novel fluorescencbased nanoscopy method, which is much less sensitive to fluorescent background,
is called MINSTED. It uses ealigned excitation and STED beams to creaie edfective
Gaussiarshgedexcitationbeamwhose FWHM can be decreased with increasing power of tB&®ST
beam according to equation (&). which also increasdhes | ope of the exBy tation
approaching a single fluorophore with the narrow beam, the fluoropimbyeerperiences a small
intensity until the doughnut minimum is very clpadere the fluorescence response rises shéagly
illustrated in Figl6). Circling around whilst coming closer to the emitter allows for its precise
localization with the highlyrformative steep excitation slop#/ith every detected photd@the circle

radiusY is decreased toalf the FWHM of the effective excitation beam, which ensures the fluorophore

to only experience moderate intensities of the depletion laser. The center position of the circle is moved
in the direction of theetected photon by a fraction'df, which makes the center of the circle coincide

with the fluorophore positioWith MINSTED, subnanometer localization precisions are possible with
<1000 detected photonBluorophores consecutively attaching to a AANrigami via DNA points

accumulation for imaging in nanoscale topography (PAINE)fe localized with a median spatial



precisionof 4.7 A with only 2000detected fluorescengehoton§24]. As the STED beam suppresses
fluorescent background, the technique is less impaired by it, making MINSTED suitable for imaging

and tracking in environments with intrinsically higadkground.

> [

excitation depletion effective fluorescent
beam beam spot

_|_

Figure 16 Concept of MINSTED. The FWHM of an excitation beam is narrowed with a depletion beam.
The narrow effective fluorescent beam is circled around the fluorophore (yellow) and moved closer for
each fluorescent photon triggered by theklaf the excitation beam. After a successful measurement,
the circle center coincides with the fluorophore position.

MINSTED tracking has so far not been evaluated ebrted but due to its spatial precision and
robustness against background, estalnigsht as a tracking technique should prove to be highly

beneficial for the field.



Chapter 1Polymerbasedn vitro assaysvith decreased fluorescence
background

Aim

The following chapter aims to compare different immobilization methods for singleunmistudies

and to identify the most suitable one for MINFLUX investigations. The ideal method immobilizes the
target specifically and restricts its diffusional movemehite reducing sample background from target
molecules or contaminants attaching +specifically to the sample surface. Optimally, it is easy to
construct, reproducible and stable over extended periods. In biologidigsstiihe immobilizations of

for instanceproteins must also not alter their function due to unnatural interactionsthth

naneenvironment.

Overview

The simplstimmobilization techniques are spioating or dipcoating, during which the substrate (i.e.

the coverslip) is covered with a solution containing the target. After evaporation of the solvent, the
nontvolatile farget sticks directly and nespecifically to the surface by electrostatic interadidmese
interactions arguably alter the function of protf2s28], and as immobilization forces are weak and
nonspecific, inmersion in an aqueous buffer would detach them from the surface, making biologically

relevantin vitro measurements impossible

Aminosilanes like(3-Aminopropyl)triethoxysilane (APTES) are commonly used to covalently bind
aminoreactive targets. The actieal glass surface is silanized with APTES in a condensation reaction,
after which the surface is modified with primary amines. Amrigactive functional groups, like
aldehydes, can be reacted with the amines, leading to a stable covalent bond thatzesibbitarget
molecule to the surface. However, as APTES renders the surface hydr@®lpbhimmobilized

proteins are likely to exhibit altered behavior when linked to the silanized coverslip.

Another establishedhethod makes use difie biotinylated proteinbovine serum albumiBSA-bt)
attaching to the glass surface via electrostatic interactions. Biotiing proteins like streptavidin,
neutravidin or avidin are immobilized to the biotins of the surfameerng BSADt via one of the
strongest noitovalent biological bonds with a dissociation constant of ~4k2[30]. As the
biotin-binding proteins have four bindingjtes, other biotinylated fluorophores, DNA constructs or

proteins can be attached in a following step.

The arguably most biologically relevant systems for the study of proteins are in cellulo or exoefi live
Here, the targets are in their natural eonment, so measurement artefacts should in principle be

minimal, but measurements in cells with fluorescence microscopy have major drawbacks compared to
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those of the previously mentionatdvitro assays. Growing and preparing cells is very {tmesuming

and involved. For livecell measurements, cells usually need to be transfected with the plasmid of the
target mutated to carry a fluorescent protein or labeling tag. The choioebelgs hence restricted to
live-cell-compatible fluorescent dyes and timrinsic dynamics in a living cell, for instance the
movement of cellular structures, may lead to artefacts in longer measurements. To cir¢hesent
issues, cells can be &d and the cell membrane permeabilized. This lifts the restriction for usable
constructs and dyes, but proteins of cellular structures need to be stabilized by covaldimkingss
which changes their local nasemvironment and potentialBiso theirfunction.

ResultsandDiscussion
1.1 BSA-bt assay

The initial assay of choice facreening fluorophores and developing a molecular motor system for
MINFLUX tracking was the previously mentioned B®Ain vitro assay. It offers more versatility
compared to celbased assays and retains a much more natural hanoenvironment compaeed to th
APTES assay. It has been extensively used in previous single molecule studies with, amongst others,
MINFLUX microscopy. Hence, | performed tegt®w well it specifically immobilizes the target while

blocking the surface to reduce fluorescent backgrdaynminimizing unspecific binding.

For all measurements, | used coverslips rinsed with isopropanol and cleaned in an oxygen plasma, as it
had been previously shown that plasma treatment effectively removes potential fluorescent
contaminang81]. Furthermore, oxygen plasma increases wettability otince by making it more
hydrophilic. | built a flow chamber by attaching the coverslip to an objective slide via two parallel
doublesidedadhesive strips. Between stefige flow chamber wawashed thoroughly with buffer.

First, | created the completssay by flowing in BSAbt, then neutravidin (NVD) and finally 1GM

of the biotinylated fluorophore ATT®47N (ATTO647N-bt) (as illustrated in Figl.1). After a last
washing step, | imaged the sample and observed single molecule coverage with thEhdheoro
(Fig. 1.29). But a control sample, where | used unbiotinyldiedine serum albumirBSA) instead of
BSA-bt, also immobilized many fluorophore@-ig. 1.2b), indicating that neutravidin and/or the
fluorophore immobilize unspecifically to the surfacated with BSA. However, as the coverage was
less, some specific immobilization via the bieti@utravidin bond seems to occur. In another control,
where | added ATT@47N-bt directly to the BSAt-coated surface, no immobilized fluorophores were
observed(Fig. 1.2c), showing that the fluorophores in the previous control bound to neutravidin
unspecifically attached to BSA or the glass. Hence, the-BtSa#ssay apparently does not efficiently
prevent unspecific immobilization of proteins to the surface atekimed it to not reduce fluorescent

background effectively resinig from the unspecific immobilization of fluorescently labeled proteins.

11
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Figure 1.1:lllustration of the BSA-bt assay for immobilization of biotinylated fluorophores via
neutravidin.

Figure1.2 Confocal images of the BSKt assay for immobilization of biotinylated fluorophores). (

The complete assay gave single molecule coverédyd.he control assay with unbiotinylated BSA

instead of BSAbt gave an only slightly reduced coveraggThe control assay with neutravidin (NVD)

omitted immobilized no biotinylated fluorophoreSize: a/b/c: 5@ m* § &n; Scal ebar mi n
a/b:0/50, c:0/5.

1.2  PLL-bt assay

These results motivated finding and applying of a better assay for single molaaliks swith
MINFLUX. | identified the grafted polymer Poly{lysine)}g-Poly(ethylene glycotpiotin (PLL-bt) as

a promising candidate. It consists of a PbHysine (PLL) back chain that, due to its positive charges
at physiological pH, is known to havestong affinity to attach to and cover the glass sufgjeThe
grafted hydrophilic Polyethylene glycol (PEG) chains are assumed to form densdjkarsstuctures
into the samplehat have a great surfapassvating function as they allow water to enter. A fraction

of brushes carries terminal biotin functions, allowing strepteineutravidin/avidin to bind.

For the complete ass#éilustrated in Fig.1.3), | coated a coverslip with PLht by immersing it iran

agueous solution of theolymer with 1% (v/v) of Tweei20 (T20) added, a neionic surfactant for
filing the gaps not covered by the polymer. | then added neutravidin and finallpM 0¥

ATTO 647N-bt, which resulted in a single molecule coveragéeffluorophoreKig. 1.4).
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Figure 1.3 Illustration oftheenvisioned PLEbt assay for immobilization of biotinylated fluorophores
via neutravidinNVD).

Figure 14: Confocal image of the complete Pt assay for immobilization of biotinylated
fluorophores. The complete assay gave single molecule cove®zg. 50e m* 5 ; Scal ebar
min/max: 0/50.

In a first control, | added PL:-bt/T20, neutravidin and an excess of biotim{@/ml) to block the binding

sites of neutravidin. This significantly reduced the coverage of ABZTN-bt added afterwards
(Fig.1.5). The remaining fluorescent spots midhe caused either bynspecific binding or by
ATTO 647Nbt specifically binding to neutravidin not fully occupied with biotin. Theluced
immobilizationin the controkhows that most fluorophores bind specifically the biotirneutravidin

bond in the comigte assay. Furthermore, fluorescent signal of the background is very low (see
Fig. Al.1).

Figurel5: Confocal image of a control of the Pt assay for immobilization of biotinylated
fluorophores. Addition obiotin beforethe incubation of ATTG47Nbt gave a reduced, but still
significant coverage compared to the complete a&iag: 50c m* 5 @; Scal ebar min/ ma x
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After having certified the enhanced fluorescent background reduction througbtPah asay for
testing fluorophore behavior on a nanobody or antibody was envisiasdthétrated irig. 1.6). For

the assay, | coated a coverslip with Phi/T20 and added neutravidin. Next, | added biotinylated
primary antibody (bAB) to specifically bindo the binding sites in neutravidin. A secondary antibody
or nanobody covalently labeled with the fluorophore of interest could then specifically attad&Bo bt
With this assay, the performance of fluorophores on antibodies, to be used for fixedeteif|acan

be evaluateeh vitro.

* PLL-bt +
= Tween-20

coverslip

Figurel.6: lllustration of envisioned PLibt assay for immobilization of fluorescently labeled
antibodies/nanobodies via neutravidin (NVD) and biotinylated primary antibod\B(ot

| created and tested the envisioras$ay, whiclgavesingle molecule coverage with aM of an
antibody (AB) or nanobody (NB) labeled with Alekluor647 (Fig. 1.7a and Figl.7b). | performed
several controls to evaluate the specific immobilization of all components. Representative dhage
the samples (FigAl.2), where neutravidin, bAB or both had been omittedshowed mainly
background noise and only few fluorophores of unspecifically immobilized labeled antibodies
(AB-AF647) ornanobodies (NBAF647) were observed on large fieldsvidw (50 m* § én)For
another control, where | added Pidt/T20, neutravidin andubsequentlyiotin for blocking of the
binding sites of neutravidirgnsuingaddition of btAB and NB-AF647 showedearlyno fluorescent
spots Fig. A1.38), indicating thatbt-AB binds specifically to neutravidin and the nanobody binds
exclusively to btAB. By omitting T20 in this control, some NBF647 immobilized unspecifically
(Fig. A1.3b), indicating howeffectively T20 blocks the surface where Pbk did not attach.

14



Figurel.7: Confocal imagsof the complete PLibt assay for immobilization of fluorescently labeled
(a) antibodies(AB-AF647) or (b) nanobodiegNB-AF647) via neutravidin (NVD) and biotinylated

primary antibody (bAB). The complete assays gave single laoole coverage. Size:

a/b:50e m* 5 n; Scal e ba#bro/50mi n/ ma x :

In a separate experiment, | tested the specific binding of the fluorescently labeled secondary

antibody/nanobody in cells. For this, | fixed U20S cells with methanol and incubated ittlerm w

primary antibody against tubulin. With the use of a primary mouse antibody and direct addition of a

fluorescently labeled anthouse nanobody (NBF647), the microtubule structure of the cells was
clearly resolvedFig. A1.4d8). In a control, where Uised a primary rabbit antibody instead, subsequent
addition ofantirmouseNB-AF647 did not reveal the structure of the microtubule netwouk only
comparably dim signal from unspecifically bound MB647 or autofluorescence of the cell
(Fig. Al.4b). Thisindicates that the anthouse NBAF647 in the first experiment specifically bound
to the mouse primary antibody. In the main test for the functioningABbt incubated the fixed cells
first with the primary rabbit antibody against tubulin and subsatyuvith the biotinylated mouse
antirabbit antibody (BAB) used in the PLibt-antibody/nanobody assay. Addition of ME-647
revealed the microtubule structufeiq. Al.4c), showing that BAB specifically bound to the rabbit
primary antibody on the miotubules and that aAthouse NBAF647 specifically bound to the mouse
bt-AB. Comparison with the negative control lacking thé\Bt (Fig. Al1.4b) clearly shows that despite

biotinylation, the antibody was still recognized by antibodies.

For direct comparigg | also created an antibody/nanobody immobilization assay based ohtB&A
illustrated inFig. A1.5). For the complete assay, | coated a coverslip with-B&Aeutravidin, bAB
and finally NBAF647, which gave a strong single molecule cover&gg {.89. Forthe controls, |
omitted neutravidin Kig. 1.8 or btAB (Fig. 1.89, which both showed a similar coveragkthe
labeled nanobody as the conipleassay. This clearly confirnthat the BSAbt assay does not

effectively prevent unspdag immobilization of proteins.
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Figurel.8 Confocal images ofaj the complete BSAt assay for immobilization of fluorescently
labeled nanobodies (NBF647) via neutravidin (NVD) and biotinylated primary antibodyAlR), (b)

the control with NVD omitted andc) the control with btAB omitted. All assays gave strong single
molecule coverage. Size: a/bb@e m* §h; Scal ebar 0/8i n/ max: a/ b/ c:

It therefore becomes apparent, that the BLlassay specifically immobilizes antibodies/nanobodies,
even if they are fluorescently labeledand reduces fluorescent background from unspecific
immobilization more drastically than the BSA assay, making it a superior assay iforvitro
MINFLUX studies.

1.3 PLL-NTA assay

Additionally, | established a versatile assay fomiabilizing recombinant proteins that carry a-tdg

(as illustrated in Fig. 9). It employs the polymer Polyflysine}g-Poly(ethylene
glycol)-nitrilotriacetic acid (PLENTA) that has a Pol.-lysine back chain and grafted PEG chains, of
which >90% carly a terminal nitrilotriacetic acid (NTA) functi¢d3]. As a representative protein, |
chose the commonly used HaloTag expressed with-srinal hig-tag (his-HT7), as it is heavily

used in (living) cell experiments and can be labeled with synthetic fluorophores. The assay consists of

PLL-NTA/T20 on the coverslip, Ri (from NiCl,) loading the NTA groups and ki$iT7 binding to an
NTA group via its higag. A chloroalkandunctionalized fluorophore is assumed to covalently bind to
the binding pocket of the HaloTag protein in a nucleophilic attack reaction.

halo-dye
4 PLL-PEG-NTA +
@ Tween-20

;,

coverslip

Figurel.9 lllustration of the envisioned PLENTA assay for immobilization of
chloroalkanefunctionalized fluorophore (hatbuorophore) via higagged HaloTag (hisiT) and N#*.
For the completeassay, | achieved a high singi®lecule coverage using iM of the
chloroalkandunctionalized fluorophore siliconhodamine (halsiR) (Fig. 1.109. To test, whether

immobilization was specific, | incubated the sample for 10 minutes in EDTA M), which
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removed nearly all fluorescent spdfsg 1.100. As EDTA is known to remove Rlifrom the complex
of NTA and histag, this is a clear sign that §idT7 bound specifically to PLANTA via its histag. In
a similar test, | added imidazole (160M), known to outcompete hiags for binding to NTANi?*
complexes, to a complete assay, Whadso removed most fluorescent spots (BRiy6). This again

indicates that the fluorophore had been immobilized specifically.

Fig.1.10 Confocal images of aj the complete PLINTA assay for immobilization of
chloroalkanefunctionalized fluorophore (h&fluorophore) via higagged HaloTag (hiBlT) and N#*
and Q) the assay after incubatiomith EDTA (100mg/ml). EDTA incubation drastically reduced
fluorophorecoverage. Size: a/b0e m* §th; Scal ebar0/50mi n/ max: al/ b:

Next, | tested the affinity of halBiR to attach unspecifically to the glass surface or the RTA/T20
layer, respectively. Adding halBiR to a bare coverslip and a coverslip coated with-RILA/T20,
both previously incubated with Nigldid not cause any observably immobilization of the fluorophore
(Fig. A1.7) in any sample, another indication that binding in the complete assay was not unspecific.

| also established the assay for immobtii@a of the seHlabeling protein tag SNA#ag, which can
covalently bind fluorophores functionalized with benzylguanine (BG). For this, | coated the coverslip
with a PLL-NTA/T20 layer, added NiGland subsequently immersed the sample with recombinantly
expressed hisSNAP-tag. Labeling with ~hM of the benzylguanirunctionalized fluorophore
silicon-rhodamine (BGSiR) gave a strong single molecule coverage ¢1g84d. Addition of 200mM
imidazole removed most fluorescent spétg(A1.8b), a clear inttation that his SNAP-tag had been
immobilized specifically to the NTA groups via its H&g. In a control experiment, where
hiss-SNAP-tag was omitted from the complete assay;&®& did not strongly immobilize=jg. A1.80),

ruling out strong unspecifiginding of the fluorophore.

With these experiments, | conclubithat recombinant proteins can be immobilized via thehtdms
binding to PLI-NTA loaded with Nf*. The controls show that immobilization is specific and that
PLL-NTA/T20 strongly minimizes tiorescent background from unspecific binding. By immobilizing
hissHT7, one can immobilize chloroalkafienctionalized fluorophores and study them when
covalently bound to the HaloTag binding pocket. Beyond the immobilization eabeling protein

tags,the assay should be extendable to all sorts efdgiged proteins.
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Conclusion

In this chapter, | investigated methods for immobilizing fluorophoresirforitro experiments. |
demonstrated that the commonly used B84ased assay, which was also theyas$ahoice forin

vitro MINFLUX and MINSTED experiments, immobilized the target, i.e. the fluoropHpeetially)
specifically,but significant fluorescent background resulted from the assay not completely blocking the
glass surface from unspecific bingdi of the fluorophore. PLbt/T20 minimizel unspecific binding

and immobilized fluorescently labeled antibodies/nanobodies specifically. With this assay, fluorescence
backgrounddetrimental in MINFLUX measurements minimized, which in this aspect makibhe

assay superior to the BS# assay. For more versatility, | also developed an assay witiNFIALT20

that successfully immobilizehis-tagged proteins and minimiddluorescenbackground.
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Chapter 2Spontaneously blinking fluorophoréar live-cell
MINFLUX imaging

Aim

This chapter describes the study of novel spontaneously blinking fluorophores with the aforementioned
PLL-bt and PLLENTA in vitro assays. Imaging samples on the nanometer scale with MINFLUX
requires a fluorescent label that can be cvét between a neemissive offstate and a fluorescent
onstate. | employed liveell-compatible fluorophores that spontaneously switch between these states
and investigated their blinking behavior when bound to an antibody or a HaloTag, respectiiray, lay
the foundation for identifying the ideal fluorophore for MINFLUX imaging of biological structures in

living cells.

Overview

Revealing the structure of organelles on the nanoscale requires a dense labeling of usually structural
proteins. But the precisdetermination of the position of multiple emissive fluorophores within a
diffractiornrlimited spot is prevented according to the Abbe limit. One way to reduce the number of
emissive fluorophores after excitation is stimulated depletion, as it is uses detdrministic STED
microscopy where fluorophores in the periphery of the excitation spot are brought back to their
nonemi ssi ve ( 6dar k 6 )shifeea depletiod lasert IrastoehasticyST@RMenicnoseapy,
blinking fluorophores aremployedthat have a low duty cycle by mainly being in their dark state and
only sometimes switching to their emissive state. The most common way to induce blinking is the use
of cyanine fluorophores in a blinking buffer. A popular example is the combination@fahmes Cy5

or AlexaFluor647 (AF647) and a primary thiol (RH) as a reducing agent. The deprotonated thiol
can form an encounter complex with the fluorophore and reversibly bind to the fluorophore in a
light-dr i ven reacti on, iledra kyistangand heree formimgja-dlapredcentd
adduct(seeFig. 2.1)[34]. This dark state is lonlived butirradiation with lowwavelength light can
reverse the reactiomiving a shorived emitting fluorophore. With the low duty cycle due to the
blinking buffer, only a small subset of fluorophores is in their bright state at a given time, allowing the

precise localization of labeled fluorophores in a densely labeled sample.

flucrescent form non-fluorescent adduct

Figure2.1: Reversible lighinduced reaction of the cyanine Alexlor647 with a deprotonated
primary thiol (RS) to give a noffluorescent adduct. The reaction can be reversed and fluorescence
regained by irradiation with lowavelength light.
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As the reaction of cyanines with thiols is lighiven, bringing most fluorophores into the
norfluorescent adduct state in the beginning of the measurement requires illumination with a high
excitation power, which has potentially phototoxic effects and bears the risk of bleaching a significant
fraction of the fluorophoregsonsequentlyeadirg to artefacts in the evaluation of structures on the
nanometer scale. Furthermore, for good blinking conditions, the additive concentration (e.g. of thiols)

must be adjusted, which is not easily done in-tig# experiments.

For these reasons, spontanggublinking rhodamindased fluorophores have been developed
previously35]. They carry a nucleophile function that can attack the fluorescent core in an
intramolecular spirocyclization reaction, rendering thertyphore noremissive(seeFig. 2.2). This

reversible reaction is pidependent and the rhodamibased fluorophores have been tuned to be
mostly in their spirocyclic (6darké) form in th
conditions, makingthe blinking fluorophores suitable for liaaell STORM microscopy. Their
advantages of not requiring additives and irradiation with large laser power in the beginning of the

measurement were argued to potentially be beneficial to the field afdlienaging with MINFLUX.
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Figure2.2 lllustration of the intramolecular spirocyclization reaction of spontaneously blinking
rhodaminebased fluorophores.

Fluorophores suitable for MINFLUX imaging have to fulfil several criteria. They must have a very high

on-off contrast ratio, the ratio between their brightness in the on and tstatdf as the technique is

rather sensitive to background fluorescence due to it probing the fluorophore position within its
excitation minimum. As the intramolecular nucleophdlit t ac k b r e a k sledirdngysterg nj ug at
fluorescence should go down drasticafier the spirocyclizatiarAlternative fluorophores with a high

on-off contrast ratio are caged fluorophores, which can be converted into their emissive form by an
acivation laser that cleaves of caging groups, but the latter can potentially be toxic and hence alter
live-cell conditions. As MINFLUX requires much fewer photons for the same localization precision

than STORM, suitable fluorophores for MINFLUX can havengigantly shorter ortimes of few

milliseconds, which would make measurements much faster.

Therefore, novel spontaneously blinking fluorophores were identified as potentially superior for
live-cell MINFLUX imaging, as they do not needfirst be broughinto their dark state by irradiation
with high laser power, do not release caging groups upon activation and have a turstbke on

duration.
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ResultsandDiscussion

2.1 Novel spontaneous blinkers

First, a library of potential spontaneous blinked$ built upon a silicorrhodamine (SiR) fluorescent
core with a thiopheneor benzothiophentused spirolactam fragment (Ay was synthesized (see
Fig. 2.3).
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Figure2.3 Library of potential spontaneous blinkefidhe previously published spontaneous blinkers
5-HMSIR and 6HMSIR and AlexaFluor 647were synthesized and used as refereritésthe position

of linker and functional group for labeling.

Via a nucleophilic attack of the nitrogen atom in the amide on the fluorescent core, thmissive
spirolactanisformedpb r e a ki ng t haectomosysteniHya24)eFdr tuhing of the switching
properties, the fluorophores usually had aromatic residueg, (&ith different electrondonating

or -withdrawing properties, which was also attackiieda linkerto the funt¢ional group for labeling.
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Figure 2.4 lllustration oftheintramolecular spirocyclization reaction of novel spontaneously blinking
silicon-rhodaminebased fluorophores with a thiopheoe benzothiophentised spirolactam fragment
(Ar1) and an A¢ fragment connecting to the functionalized group.

2.2 Performance in live and fixed cells

To identify the fluorophores that spontaneously blink in a cellular environment, | labeled fixed and live

cells with them. For imaging fixed cells, | labeled polyclonaikadties (goat, ariabbit IgG (H+L))
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by adding a stoichiometric amount of fluorophore functionalized with an araamiive
N-hydroxysuccinimide (NHS) ester (NHS or SulitdS) and subsequently removing unreacted
fluorophores using sizexclusion chromatagphy to give the labeled antibody-farorophore). Due

to the spirolactam formation rendering the fluorophores-fhammescent, directly determining the
degree of labeling (DOL) spectroscopically was not possibimwever, labeling with
AlexaFluor647-NHS and ATTO647NNHS, respectively, gave a low DOL of ~0.6 (for
AlexaFluor647) and ~0.5 (ATT@47N), as determined by UVis spectroscopy. As Alexialuor 647

is a popular hydrophilic fluorophore, | estimatbé DOL for the antibodies labeled with thetpotial
spontaneous blinkets be<0.6, which needs to be low to rule out a significant impact of interactions
between fluorophores on the same antibedyich wouldchange their photophysical properties.

| fixed human bone osteosarcoma epithelial (U265 with methanol to best retain the structofre
microtubulesand subsequently added a primary rabbit-atulin antibody. | then added the
fluorescently labeled loDOL antibody and, after washing, mounted the sammeounting medium

for immunofluorescence studiesMowiol). For live cells, | added chloroalkafignctionalized
fluorophores (haldluorophore) to U20S cells stably expressing a fusion constfugimentin and
HaloTag protein(U20SVim-Halo, created by CRISPR/Cas technology) and apéich specific
labeling of the vimentin structure by varying fluorophore concentration and incubation time. | imaged
the cells in a STORM microscope for more than 15 minutes and evaluated the data using
ThunderSTORM (a plugin in Imagé3®%]. More details on the labeling, staining and imaging protocols
are provided in thenethods sectiorappendiy.

Out of all listed fluorophores, the cytoskeleton waty clearly revealed fo857,197, 223, 224, 259
295and the previously publishedFBMSIR, as can be seenhig. 2.5andFig. A2.1. Further analysis
of the superesolution images of the fixed cells gave a lateral resolution o886Mn (full width at
half maximum), which is an expected STORM resolutiontfier combination of the reported outer

diameter of ~2%m for microtubulesndsize ofthe primarysecondary antibody constr{&T].
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Figure2.5 STORM images ofd) a U20S cell fixed with MeOH and labeled with a primary antibody
(rabbit, antitubulin) and a197 and If) a living U20Svim-halo cell labeled witH00nM halo-295.
Imaging intensity (64@m): 22kW/cn?; dwell time: 20ms. Size: a/b25.6e m* 2 & m Scalebar
min/max: a:0/255, b:1/7.

2.3 Invitro assay mimickingthefur ophor eés bi ol ogi cal nan

For establishing a method to screen fluorophores at single molecule conditions with a less complex
environment compared to cells, | envisioned creating a rdbusitro assay, which immobilizes
fluorophores in a wathat does not significantly changeeir photophysical and blinking properties. |
therefore tested the APTES and Phi assays described in the previous chapter as to how they retain
the switching characteristics of the different spontaneously blinkigdihnores observed in the cell

experiments.

To coverlips silanized with APTES, | added the Nfd8ctionalized fluorophores and imaged the
blinking of thesingleimmobilized fluorophores iphosphate buffered salineBS pH ~ 7.4)usinga
STORM microscopeNo strong blinking was observed for most fluorophores studiedcari®7 and
223was significantly reduced compared toithminking in cells. As the APTES assay did not faithfully
reproduce the fluorophore blinking observed in cells, probably due ftuttrophore interactions with

the surface and by it not being conjugated to a protein, | deemed it to not be suitable for further

experiments.

For the PLLbt assay, | coated an oxygen plastteaned coverslip with PL-bt/T20, neutravidin, a
biotinylatedrabbit antibody (bAB) and finally a secondary antibody conjugated with a spontaneously
blinking fluorophore of interest used in the fixed cell experiments. Based on the results of the previous
chapter, immobilization of the labeled antibody should bélhigpecific. On the PLibt assay, |

imaged the spontaneous blinkers tested in the APTES assay. Mounted in PBS and measured on the
STORM microscope with the same imagingnditions, the fluorophores which haiven good

STORM images in cell experiments @lgvariably displayed strong blinking in the Pbit assay.
Non-blinking fluorophores in cell experiments also did not show significant spontaneous blinking in

thein vitro assay. This clearly shows that the Pttiassay is much more suitable for the phn
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investigations than the APTES assay and reybals crucial the choice of a suitable immobilization

assay is.

To study the chloroalkarnctionalized fluorophores used in live cell experiments with
U20SVim-Halo, | used the PLINTA/T20 assay with hisagged HaloTag7 protein to immobilize the
fluorophore specifically in a nanoenviroment arguably similar to dfathe selflabeling tag in
U20SVim-Halo.

Assuming that the assays mimic the fluorophore environment in cells and hence retain its prbperties,
analyzed STORM data of multiple promising spontaneous blinkers quantitatively in order to identify
those suitable for MINFLUX imaging. Focus of the investigation was the duty gylieh for the ideal
MINFLUX fluorophoreshould be lowethan forthe ideal STORM fluorophore, as MINFLUX needs

much fewer photons for the same spatial precision and is strongly slowed down if the fluorophores stay
on after the precise localization has been achieved. Furthermore, the spontaneous blinker should not
have a high amber of blinking cyclesi( ) within a short timeas a few precise localizations suffice

per emitter.

2.4  Quantitative analysis of spontaneous blinking

For the quantitative analysis, | localized the fluorophores in tHeR3 image sequences using the
ImageJ plugin ThunderSTORM. Blinking events within a distance ohB9®ere ascribed to a single
fluorophore, which | justified by the sparse coverage. | also removed rare blinking events that were
analyzed to come from more than one fluorophore, asrdieted by multiple emitter analysis,
potentially from antibodies sometimes carrying multiple emitters. With a Matlab script, | created single
molecule emission traces over time from the image sequences on the determined emitter positions. The
traces exhilied spikes clearly distinguishable from the background signalFige£2.2, exemplary

trace), indicating a high eoff contrast ratio necessary for good MINFLUX fluorophores.

By setting an appropriate threshalder which to count a spike as an@vent,| calculated the average
times of an orevent 0 ) and the times between -ewents ¢ ). For the calculation od , the
off-time afterthelastee vent was omitted, as itbés impossible
which could slightly underestimate the reatuifiie. | determined the dy cycle (O 9 with the equation
06 0] o o . (eq. 6)

The plottedn vitro data for the fluorophores on antibodies Aodnd tohis-HaloTag respectivelyare

shown inFig. 2.6 (for the full data plotssee FigA2.3).
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Figure2.6. Box plots of ortimes, offtimes, duty cycle, number of cycles and number of photons per
blinking event for the spontaneous blinkers attached to antibodies or HaloTag. €seepoasents the
middle 50% of data and ti®rizontal line in the boxes is the medidihe whiskers represent 1.5 times
the interquartile range. Data points outside of the range are outliers and denoteBsyithtol. The
mean is denoted by the I symbol

As a reference, the thiohduced blinking of Alexdluor647 (AF647) a fluorophore heavily used in
STORM and MINFLUXimaging on antibodiegar-AF647)immobilized by the PLLIbt assay in the
presence of M 2-mercaptoethylamine (MEA) and pyranose oxidase with catalase (POC) and glucose

as oxygen scavenging system (OSS) are showra$aeintensity in the sample plane was kK@22cnm?
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andthe time resolution was 1@s. Foreach spontaneous blinkémage sequases 0f20000frames

were recorded and for A87,image sequences 6000frameswere recorded.

Table2.1: Median values of otimes ¢ ), off-times ¢ ), duty cycle © @, number of cyclesi( )
and number of photons per blinking evet () for the spontaneous blinkers.

t on[ms] t off [s] DC N _cy N _pht
ar-657 10.9 8.3 1.3E-03 13 171
ar-197 14.3 20.2 7.1E-04 8 193
ar-223 34.6 13.9 2.5E-03 8 175
ar-224 11.8 6.0 1.9E-03 15 171
ar-259 12.8 3.2 4.0E-03 23 163
ar-AF647 30.0 13.6 2.9E-03 1 288
halo-5-HMSIR| 26.4 9.0 29E-03 5 191
halo-6-HMSIR| 80.0 0.8 9.1E-02 3 219
halo-197 21.5 12,9 1.7E-03 7 167
halo-223 22.6 185 1.2E-03 9 149
halo-295 13.3 10.2 1.3E-03 11 153

The distribution of orimes and their averages show that most spontaneous blinkersaHawer
orrtime per orevent than AF647, even thoughlery high thiol concentration of M1 MEA, compared

to ~10mM MEA in comparable experimentsas usedwhich should decrease the-time of AF647

by sending it to its neemissive form more stronglynterestingly, their median etimes aremostly
near the time resolution, with which the STORM image sequences were recoraes).(2& most
blinking events were within a single measurement bin, it seems likely that the ré@esnof the
spontaneouslinkers is even lower and the evaluated times are only artificially enlarged by the limited
time resolution of the camera. A more suitable method for determining the skoriesnwould be
confocal measurements, where a time resolution of multiple mowods is feasible. One further
interesting finding is that the median-tme of the hydroxymethyiodified silicorrhodamine
6-HMSIR is more than three times higher than that of its regioisortdSiR, despite the only
difference between them being thesjgion of the linker on the aryl carrying the hydroxymethyl. This
might be a hint towards how strong electdmmating andwithdrawing effects or the orientation of the
fluorophore in the HaloTagavity might affect the blinking properties.

Although themedian offtime of 6HMSIR is lower than &, but most spontaneous blinkers have
median offtimes of many seconds, giving theduty cycles of lower than 2.5x¥0which is smaller
than the artificially lowered duty cycle determined for AF647 witd MEA. The duty cycle affor
instance, 197 on the antibody (a97) is as low as 7x10*, and probably even smallas the real
orttime is most likely lower than 1@s, which suggests it to be a suitable fluorophore for MINFLUX
imaging of densely labeled stituces. All other spontaneous blinkers, apart fro#dAMSIR with its
more than 3@imes higher duty cycle compared to the other flalorophores, seem to also be

promising candidates due to their low duty cycle. They displayed multiple blinking events tihi
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measuring time. My impression of the traces was, that blinking occurrence was approximately similar
throughout the whole measurement, indicating that the spontaneous blinkers were not very prone to
bleaching, which would make long and repeated measemts of the same sample possible and the

number of cyclesouldpotentially allow the observation of slow structural rearrangements of a cell.

The number of detected photons petesent did not differ strongly between spontaneous blinkers and
werenot much lower than for AF647, known to be a fluorophore with a very high fluorescence rate.
This means that they have a competitive fluorescence rate, necessary for fast and efficient MINFLUX
measurements. Estimations of Kz, calculated by dividing the mih photon numbers by the
median ortime, are maslikely strong underestimatesthe real oftimesareprobably significantly

shorter.

An interesting feature of tha vitro assays is that the effect of the nanoenvironment, so the surface of
the antibodyor the cavity of the HaloTag, on the photophysical properties of the fluorophores can be
investigated. For this, | compared the data of 197 and@®3nical structures iRig. 2.7) when bound

to the polyclonal antibody and the HaloTag, respectively. ®hly difference between these
benzothiophenéunctionalized SiRbased fluorophores is an additional methéyctionalization of

the Arring in 223.
o}
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Figure2.7: Chemical structures of the spontaneous blinkers 197 and 223.

For 197, the oftime was highewhen bound to HaloTag and the distribution of duty cycles is much
broader and with a higher median compared to the antibodgd flurophore. Interestingly, the photon
counts do not correlate with the-ime and are even slightly higher for the antibadyjugation. The

number of cycleseems rather unaffected by the conjugation.

For 223, which has a methoxyoup in the orthgoosition that is known to have an electaonating,
positive mesomery effect (+M) and an electwithdrawing, negative inductioeffect ¢lI), the trends

are somewhat inversed. The antibaynjugated spontaneous blinker has the setmmgkst orftime

(after 6HMSIR), but when bound to HaloTag, it is reduced by about a third and the photon counts are
also decreased slightly. As th#-time is rather constant, the duty cycle is also significantly lower for

the halefluorophore. The number of cycles remains also unaffected for 223.

To investigate, if the heterogeneity of the samples is a simple explanation for these differences, |

conpared the distributions for the subsets from different measurements1®¥ aar223 and the
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chloroalkandunctionalized 197 (hatd97), respectively. | found that the déoa the subsetéshown
in Fig. A2.4) are rather consistent and their heterogemeigt probably does not fully account for e.g.

the factor of two between median duty cycles of the different conjugates of 197 and 223, respectively.

My next aim was to evaluate, if the effect of different components in the fluorophore on its blinking
behavior can be derived from the results of the library of -B#&ed (benzjthiophene and
amidefunctionalized fluorophores. One main finding was that by replacing th&uAction with an

alkyl chain, the fluorophore becomes Aaimking (196and210). Inseting a sulfone function between

the nitrogen of the amide andAiso renders the fluorophore nblinking (218and293). Having As,

but replacing the (benzthiophene with a dimethylamirgubstituted benzene ring also gives a

nonblinking fluorophore(267).

Evaluating the effect of the functionalization of.Am the blinking data was not possible, as the
behavior was not consistent between antibody and HaloTag experiments and potential influences of the
substituents were too small. Therefore, deduciitether the substituent primarily changed the
electronic properties or simply interacted with the protein was not feasible. Introducing an
electrondeficiency, either by having a pyridine group as @?24) or by having aANO; function in

the pargposition of Ar, (295)did not strongly increase the DC, as might be expected due to it stabilizing
the emissive xanthylium form. But a main finding is that all tested (bhmphenefunctionalized
fluorophores with an aromatic Afunction were good spontango blinkers. These results will be
helpful in the design of new fluorophores.

Conclusion

In this chapter, | tested the potential spontaneous blinking of novel fluoreophores with a
siliconrhodamine (SiR) fluorescent core and a thiophemebenzothiophentused fragment (A)
modified with an amide, which, via nucleophilic attack of the nitrogen, can form a spirolactam and
render the fluorophore neemissive. With STORM imaging of fixed and live cells, | identified the
spontaneous blinkers and recreatedcayteskeleton structure with a competitive spatial resolution of
~60-80nm for the crossection of the microtubulprimary-secondary antibody construct. Next, |
found the PLLbt and PLNTA assays investigated in the previous chapter to faithfully destnudo
blinking observed in cells, whereasoluhd that the APTES assay was switable. | used thim vitro

assays to derive the (hidiimit) on-time, off-time, (highlimit) duty cycle, number of cycles during the
measurement and photon counts peewart at single molecule conditions. The-bmes of many are
most | ikely bel ow the mea snsypeobablymaking the fiongplwores | res
suitable for MINFLUX imaging which localizes with a fewanometer precision within a few
millisecands. Most spontaneous blinkers also displayed a duty cycle likely to allow for MINFLUX
imaging of densely labeled structures, for most even lower than for AF647 with an extremely high MEA

concentration of M to artificially decrease its duty cycle. Comjzan of the data of a fluorophore in
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the twoin vitro assays indicated that the chemical environment of the protein, polyclonal antibody or
HaloTag, has an observable impact on the blinking characteristics, highlighting the importance of
examining fluoropbres in a suitablenvironment. Finally, | deduceithat all good blinkers had a
thiophene or benzothiophentused fragment (A) and an aromatic Arfunction attached to the
nitrogen of the amide. My results laid the foundation for the application aimdizgtion of this class

of fluorophores for livecell MINFLUX imaging.

Follow-up research successfully imaged the nuclear pore complexes of live cells with the spontaneous
blinkers identified as suitable candidates in this chig8grBy fitting of confocal measurement data
of thein vitro assays, ofimes of a few milliseconds werealculated This establishes the novel

spontaneous blinkers as suitable fluorophores fordaleMINFLUX imaging.
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Chapter 3Microtubuleimmobilizing in vitro assag for tracking of
molecular motors

Aim

The next chapter describes the creation of a suiahléro microtubule assay by comparing different
immobilization techniques. | envisioned using it for MINFXttacking measurements of fluorescently
labeled kinesin and it should therefore have minimal background fluorescence by blocking unspecific
binding to the surface. Ifurthermore must prevent significant movement of the immobilized
microtubules, as thiseuld induce measuring artefacts into the traces of, for instance, motor proteins
walking on the microtubulesligh gability of the microtubulesver the time of the measurement, easy
and reproducible construction and minimal modifications compared tootoiiedes in live cell

conditions would also be advantageous.

Overview

The most biologically relevant system to study movement of mialemptors like kinesin are living
cells, as their microtubules do not have unnatural modifications. However, growitrarsféction of

the cells with the plasmid of the motor is very tedious, making the system difficult to modify for
screening or control experiments. Microtubules in live cells are dynamithey polymerize and
depolymerize constantly and diffuse sigedfintly in the cytosol, risking measuring artefacts in the
traces. Furthermore, the choice of fluorophores is restricted tecdiVecompatible ones and

seltlabeling tags need to be introduced, which can potentially alter the function of the motor.

In celulo experiments with fixed cells minimize microtubule dynamics and, by permeabilizing the cell
membrane, allow for the use of various fluorophores and recombinantly expressed molecular motors.
But fixation randomly crosBnks tubulins, rendering the migtubule surface unnatural. In all
cell-based experiments, microtubtdlesociated proteins can partially block the surface, making the

analysis of the motor stepping behavior difficult.

In vitro assays have the advantage to be comparably easy to modifg\endo restrictions regarding

the fluorophores or protein constructs used. They immobilize microtubules to the surface by binding on
multiple positions alonghe microtubule, which makes the lattstationary and stiff. Tracked
movements of the motor céience be assigned mainly to its stepping. Microtubuleis fagtro assays

are typically polymerized from tubulin purified from animal tissue, but modifications need to often be
introduced for immobilization or labeling purposes. During purification, rmidndeassociated
proteins can be removed to give highly pure tubulin, which can be polymerized to microtubules whose
binding sites are unblocked. To keep microtubules from depolymerizing over the time span of the

measurement, paclitaxel aBdMPCPP can beadded. As depolimerization is likely causecdiggrolysis
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of GTP bound to tubulin tgive GDF39], it can be strongly delayed by using the stoydrolyzing
GTP analogue GMPCPP. Paclitaxel specifically attaches to microtubules on the insidaulfular
structure and stabilizes them. With these additives, both the stability and stiffness of microtubules can
be increased. Commonly used microtubule immobilization assays are based on ald®bijdeor

antibodymodificatiors of the surface.

For the aldehyde modification, coverslips are reacted with APTES (as described earlier) to give a
silanized, amindunctionalized surface, and subsequently treated with glutaraldebgdthat the
aldehydes react with the ama® giveSchiff basg[40] (Fig. 3.1).

coverslip

Figure3.1 lllustration ofthe microtubule immobilization assayith APTES and glutaraldehyde.

If the other aldehyde does not form a Schiff base with a proximate aminosilane on the surface, it can

covakntly bind amino groups of microtubules, ergnfi the side chains of lysines.

Coating of theglass surface with biotibased modifications is commonly done usBfgA-bt. After
streptavidin/neutravidin/avidin was specifically bouttdthe BSAbt-covered stface biotinylated
microtubules can be immobilizgHl]. Another common way for microtubule immobilization is via

antibodies. Here, the coverslip surface is coated with antibodies that specifically bind tubulin.

Results andiscussion

3.1 Aldehyde assay

For identifying the best microtubule immobilization assay for tracking kinesin with MINFLUX, |
started with testing the aldehyde assay. | treAfRHES coatedcoverslipswith glutaraldehyddGA).

To avoid misj udg me nitation dapabilityén casetisabnyicéoribule poigroesization
failed, | used commercial, pfermed microtubules. In a first test, | added-fimamed microtubules to
the APTESGA surface and imaged the sample with the paclitlualonalized fluorophore
germanium rhodamine (GeRib) addedo visualize the microtubules, as it attaches to binding sites on
their inside. The tests showed a deposition of the labeled microtubules onto the-GRTétBface,
but the fluorescent background was rather H{igjg. 3.2a). In the control where APTES was omitted
and the coverslip was directly treated with glutaraldehyde, no deposition was olfségvadb). For
another control of microtubule depositidmectly onto APTES, fluorescent background was very high
and | couldnot identify individual microtubulegFig. 3.2c), which indicates that the hydrophobic

surfaceof APTES does not effectively block unspecific binding. In a separate test, | immobilized
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microtubules that were covalently labeled with fluorophores (Aldder 488) and biotins via linkers

and tried blocking the surface with the amphiphilic protein casein. Microtubule immobilization was
partially successful, but widefield videos indicated many microtubules to wobble, which revealed them
not beingstrongly attahed to the surface. Furthermore, background was comparably high, which would

not allow for highperforming MINFLUX tracking.Hence,as microtubules were not necessarily

immobilized specifically and not stable for multiple hours, | evaluated the assatytie meryuseful

Figure3.2 Confocal images ofd the complete APTE&A assay for immobilization of microtubules,
(b) the control with APTES omitted and)(the control with GA omitted. Size: a/80e m* 8 @n,
c:20e m* 2@; Scal ebar0somb:oi5/ max: al c:

3.2 Polymerbased assays

3.2.1 MAPT assay

To tackle the issuef fluorescence background, | envisioned a microtubule immobilization assay based
on the PLENTA polymer tested in the previous chapters. The idea was to immobilizetagbed
protein, which is known to attach to the microtubule surface, on theNPILA coated surface. For this,

| chose a truncated version (amino acld383) of the microtubule associated protein tau (MAPT)
recombinantly expressed with antéfminal histag. As the éur microtubulebinding repeat domains
(amino acid42 to 367) are included in this truncated version, one would expect them to bind to the
microtubule parallel to the microtuleuaxis(as illustrated irFig. 3.3).

\ his- MAPT\ \ PLL-PEG-NTA +
. > Tween-20
. == U
E = = == ==

coverslip

Figure3.3 lllustration ofthe microtubule immobilization assay with PENTA, Ni?*, hisMAPT and
microtubules.

| added the construct at Zaoaded PLENT A toated tsurfaca anad f

subsequently incubated the sample with microtubules. After addition of the
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paclitaxel/Taxoffuctionalized fluorophore ViaFluor 488 (MB8tub), which visualizs microtubules,
their successful immobilization became appa(Eig. 3.4a). However,in a control experiment, where
thetenf ol d concentr at-MAPTwaé Uséd, sarfade soverageowith nicrotibules was
not increased significantl{fFig. 3.4b). A similar coverage was also achieyvadhen hisMAPT was
omitted and microtubules were directly added to tif&Naded PLLNTA coated coversligFig. 3.4c),
indicating that microtubules attached unspecifically, potentiallytheir histidines, arginiree and
glutamines, to the Ki-NTA groups. Hence, hHMAPT did not have any observable additional

immobilizing effect.

Fig. 3.4 Confocal images ofaj the complete MAPTassaywith PLL-NTA, Ni?*, hisMAPT and
microtubules, If) the control withincreased i3-MAPT concentrationand €) the control with
hissMAPT omitted. Size: a/b/&80e m* 6 &n; Scal ebar 080 n/ max: al/ b/ c:

3.2.2 Antibody assay

As an alternative to immobilize unmodified microtubules, | created an antlmgld assay using the

PLL-bt polyrrer. Similarly to the antibody immobilization assay, it consists of-BlLWwith Tweenr20,
neutravidin and a bi-whuiingbyDMaA). 8tk bidDMIAiisassungd tabpa i n st
attached to the surface by the neutravidin bound tofRLLenvision e d  -tulbukns i microtubules

to attach to BDM1A, immobilizing them to the surfades illustrated irFig. 3.5).

thIVHA\)g NVD

PLL-bt +
Tween-20

o
"r"{ﬁ cs?\

it

0
L
fan)

coverslip

Fig. 3.5 lllustration of the microtubule immobilization assay with Ptit, NVD, btDM1A and
microtubules.

The complete assay indeedimobilized unmodified microtubulewisualized with VE88tub

(Fig. 3.6a). However, the control assay, in which¥ 1A was omitted gave a similar coverage,
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indicating that the antibody did not have a significant specific immobilization enhancement effect

(Fig. 3.6b). In another control, where both neutravidin aneDM1A were omitted no significant
immobilization took place, indicating that microtubules probably attached unspecifically to the
neutravidins in the other assd¥dg. A3.1a). Reducing the carentration of the neutravidin solution by

a factor of 10 in the complete assay resulted in a negligible microtubule coverage, substantiating the
suspicion that microtubule attachment had primarily happened to neutréivigli\3.1b). | reached

the conclumn that either BDM1A could not reach and immobilize microtubules in solution when

attached to neutravidin in the polymer assay or that the antibodies might be tiptkedbulins from
depolymerized microtubules, asthetubsliinn a 1 em | ong microtubul e can
up to ~1500 DM1A antibodies.

Fig. 3.6. Confocal images ofa] the complete antibody assay with Rbt, NVD, btDM1A and
microtubules ad (b) the control with B DM1A omitted. Size: a/b80e m* 8 &n; Scal ebar min
a/b: 0/50.

3.2.3 Assay with biotinylated microtubules

As | had already shown that Pidt was suitable for MINFLUX measurements due to it effectively
minimizing fluorescent bekground and because microtubule immobilization was not enhanced with
biotinylated antibodies, | decided to create a Pitlbased assay with microtubules partially labeled

with biotins and fluorophore@s illustrated irig. 3.7).

Tween-20

coverslip

*
NVD *Q;\ PLL-bt +

Figure3.7: lllustration of microtubule immobilization assay with Plbt, NVD and biotinylated and
fluorescently labeled microtubules (KT -AF488).

I pol ymerized them from a mixture of highly pure
and tubulin labeled with thfluorophore Alexa Fluor 488 (2%) by adding GMPC For the assay with
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biotinylated and fluorescently labeled microtubules-Mit-AF488), | coated a coverslip with
PLL-bt/T20, added neutravidin and the highly pure microtubules. For the complete assatyibuies
seemed to be immobilized strongly, as they did not show diffusive motion and were stable for many
hours(Fig. 3.83). In a control, | added a large excess of biotin before adding the microtubules, which
significantly decreased the surface coveragth microtubules, as most of the binding sitef
neutravidin were likely blocked with bioti(Fig. 3.80). This clearly indicates that in the assay with
PLL-bt/T20, neutravidin and B T-AF488, immobilization of most microtubules happens specifically

via the neutravidirbiotin bond. Another indication for specific immobilization is the enhanced stability
over longer periodsompared to the unspecific microtubule deposition in the antibadgd assay.

Fig. 3.8 Confocal images ofa) the complete biotiylated microtubule assay with Ptit, NVD and
biotinylated and fluorescently labeled microtubulesMiit-AF488) and If) the control with an excess
of biotin added prior to the incubation of M(T-AF488. Size: a/b80e m* 8 tn; Scal ebar
a/by 0/5.

To further test the functionality of immobilized-BIT-AF488, | added a primary rabbit antibody (anti
Utubulin) and subsequently a secondary goat antibody-r@sttit) lakeled with the fluorophore
AlexaFluor 647, whichgave a strong signal in the red nhal ofconfocal measurements, coinciding
with the positions of thamicrotubules imaged in the channel of AF488y. 3.9). This indicates the
assaybs suitabi |-bindipgantibodisst udy mi cr ot ubul e
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Fig. 3.9 Confocal images of two color channels(af microtubules (bMT-AF488) immobilized via

the biotinylated microtubule assay ang (he secondary(goat antirabbit) antibody labeled with
AlexaFluor647i mmobi | i zed via t he p#ubulirg toynicrotebbldsSize: ant i b
a/b:20e m* 2 n; Scal eb aWws0, md/2000ma x : a

Omitting the primary antibody in a control experiment gkove homogeneous background signal in

the red channdbr the secondary antibody labeled with AldXaor 647 (Fig. A3.2), indicating that the
bt-MT-AF488 surface is free for arttibulin antibodies to bind and that the assay effectively minimizes
unspecific binding of the additiohabsuithhilieyso.charBdierizz hi g h
fluorophores on antibodies labeling microtubuiesvitro. In a separate experiment, | labeled the
immobilized microtubules with a spontaneously blinking fluorophore (€84, chemical structure

shownin Fig. 3.10.

249-cTxl

Figure3.1Q Chemical structie of the spontaneous blinke49 functionalized with cabazitaxel (cTxl),
which specifically binds to the interior of microtubules.

The carbazitaxelunctionalized fluorophore in PBS was addedhe microtubule assaand STORM
imageswererecorded, which clearly show the microtubule structures and haifie actiorrunlimited

spatial resolutiomf ~80nm, as determined from the cressction of the microtubulg&ig. 3.11).
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Figure3.11 STORM images of microtubules {MT-AF488) immobilized via the biotinylated
microtubule assay and labeled with the cabazithxadtionalized spontaneous blinker c1249.

Imaging intensity (64@m): 22kW/cn?; dwell time: 100ms. Size 51.2¢ m* 5& m Scalebar
min/max:0/5.

Conclusion

In this chapter, | compared different microtubule immobilization assays. Those basedvi#xPisor
biotinylated antibodies did not have a significant and specific immobilization effect. The
aldehydebased assay with APTES and glutaraldehyde successfully iittmadbmicrotubules, but
fluorescence background, even after the addition of the blocking agent casein, was very high, binding
to the surface was not necessarily specific and microtubules were not stable for very long. | found the
most suitablen vitro assay for tracking kinesin with MINFLUX to bthe one based on PL:ht/T20,
neutravidin and biotinylated and fluorescently labeled highly pure microtubulbsT(#F488), where

| showed microtubules to immobilize specifically and to remain stablenowkiple hours.
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Chapter 4Kinesin-1 tracking with MINFLUX

Aim

The main project of this thesis is the tracking of kinesin using MINFLUX. For this objective, | created
compatiblein vitro samples based on the microtubule immobilization assay from the prehapizic

with kinesinl constructs fluorescently labeled at different positions. For measuring the single steps of
a few nanometers, we used a novel interferometric MINFLUX approach that has a steeper minimum
compared to doughnitased MINFLUX schemes, whiclwe envisioned to be less vulnerable to
background fluorescence. Tracking with MINFLUX would have several advantages over established
techniques that have previously observedif@mometer steps of kinesin. With the benefit of requiring
only an ~1Inm smallfluorescent label for a spattemporal resolution of few nanometers withinmg,

we aimed to observe substeps of kindsimnd thereby investigate controversial parts of its
mechanochemical cycle. We also envisioned reconstructing thedimmeasionalorientation of the
unbound head during a substep by tracking different positions. With these findings, we intended to
showcase MINFLUX for arguably minimally invasive tracking of protein displacements and
rearrangements and to further clarify the detaibatking mechanism of kinesih, which in the future

could be used to treat diseases linked to malfunctions of the motor protein.

Overview

The walking of kinesirl on microtubules has been extensively studied with various tracking
techniques, making it et standard model system for evaluating the performance of a method. It is a
homodimeric protein consisting of two identical heads that are connected by acodlilslk. The
heads can bind to microtubsle o n t u b u {ai nndtulbliinynehics hae @ spacing of Aén.

By binding and hydrolyzing ATP, kinesin can walk along a protofilament of the microtubule with the
rear head detaching atitenre-attaching ~16m further in the plugnd direction othe microtubule,
which displaces the centef-mass of the motor by ~8n. The velocity increases witligher ATP

concentratios, yielding average step times of a few milliseconds at physiological conditions.

With the fluorescencbased tracking technigiduorescence Imaging with Oidanometer Accuracy

(FIONA), individual 16nm steps of the kinesih head labeled with a single fluorophore were identified

with a spatietemporal resolution of a few nanometers in ~880) by slowing the motor down
drasticallywith submicromolar ATP concentrations. These i steps are a clear indication that
kinesinrl, moves -bwrhandbafhdshion and are contrary to
the trailing head (TH) never overtakes the leading head (LH), resuitBgr regular steps of the head

(as illustrated irFig. 4.1).
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Figure4.1 lllustration of @) the handoverhand mechanism and)( the inchworm mechanism
proposed for kinesii. With the hanebverhand mechanism, in which the trailing head overtakes the
leading head, 16m steps are expected. For the inchworm mechanism, in which the trailing head never
overtakes the leading headn® steps are expected.

Based on ForstdResonance Energy Transfer (FRET) data, arfélisecond long intermediate state,
during which only one head is microtubule bound, has been hypothesveeda decade ago. This
so-called oneheadbound (1HB) state, resulting from kinesin making-@albed substep, is particularly
interesting, as detachment of kinesin from the microtybwlech isincreasedn many diseas¢$2],

most Ikely happens via the 1HB stf48]. By measuring the relative distances between multiple
positions on both heads, th®ET studies reconstructed possible orientations of the unbound head in

the 1HB state, but due to the indirect measurement could not pin down a specific one.

Direct observation of thissheti ved st ate was made nrpdamstértalge by
gold bead to a kinesin head in scattefidged trackindgas illustrated inFig. 4.2), which gave a
spatiotemporal resolution of a few nanometers withinmd. Interestingly, two independent studies
came to opposing conclusions regarding the questiovhioh states ATP is bound and hydrolyzed,
respectively. The first study, which used a construct with @@riinal AviTag to bind a biotinylated

gold bead and an interferometric Scattering (iISCAT) microscope, concluded ATP to bind to the leading
head wherboth heads are associated with the microtubule, so during thbemdbhound (2HB)
statg¢44]. The second study tracked a cystdight constructwhich was functionalized with a biotin

on a surfacexposed cystemto bind a biotinylated gold bead via streptavidising total internal
reflection DarkField Microscopy (DFM). Contradictorily, they identified the 1HB state to be
ATP-binding45]. Some effort has been made¢os ol ve t hi s controversy by
attachment position on the head strongly influences the traces, but this detail of the mechanochemical
cycle still remains highly elusive. In general, it has been shown by simulations that tracking beads
>200times larger in volume than the kinesin head it is attached to is highly aedaet, probably

making the previous results significantly less relipldg
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Microtubule 8 nm

Figure4.2 lllustration of the scatteringased bead tracking assay of kinesin. Bead, kinesin heads and
tubulins are drawn to scale.

The substeps of kinesthhave recently also beehserved by an optical trap experiment using /M0

diameter large germanium nanospheres with a very high refractive index attached to the stalk, yielding

a spatietemporal resolution of a few nanometers withinmd(as illustrated in Figd.3). Therebythe

mot or 0 9f-mass wasdracked andni large, fewmillisecond long centeof-mass substeps

observed at up to physiological ATP concentrations. However, as the steps of the heads were not
observed directly, an unambiguous conclusion to what stdtmesin binds ATP was not possible.
Furthermore, optical trapsrequttea pp | i cati on of artificial forces

movement.

Figure4.3 lllustration of the optical trap tracking assay of kinesin. Bead, kinesin headslartithg
are drawn to scal@.he optical trap (orange) applies an artificial force in the direction opposite to the
walking direction.

Another controversial question about the detailed stepping mechanism of Hinissimhether the
coiled-coil stalk rotatesin a symmetric hardver-hand mechanism, where the trailing head always
passes the leading head on the same side, a unidirectional rotation is expectda). In an
asymmetric mechanism, the trailing head would pass the leading head alternatirgithcsides,
leading to either a neexisting or backandforth rotation of the coiledoil stalk (Fig. 4.4b). In one

study, an inverted assay was studied, in which single kinesins immobilized to the surface moved
individual microtubules over the samplarfacd46]. Due to a lack of significant rotation of the

microtubule, a symmetric rotation of the cdHeoil stalk was ruled out. A later study tracked
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fluorophores attached to a bead bound to the coibddstalk and deduced a mostly asymmetric
mechanism with rare occurrences of symmetric movements, leading to thecaoililédegularly
revolving by ~18°[47]. However, on®ptical trap study used highly birefringent microspheres attached

to the stalk to measure the torque produced by kinesin and suggested that the motor rotates

unidirectionally, favoring a symmat handoverhand mechanisf8].

+
a b +
4, 4. (
3. 3.
2. 2. <
1. 1.
MT MT
symmetric asymmetric
hand-over-hand hand-over-hand

Figure4.4: lllustrations of &) a symmetric handverhand mechanism andd)( an asymmetric
handoverhand mechanism.

These unresolved questions motivated me to use MINFLUXdoking of kinesirl and investigating
the respective orientations of heads and stalk during unrestricted stepping by localizing only a small
fluorescent label.

ResultsandDiscussion

4.1 Phasescanner

To enhance the impressive spatiotemporal resolutibfiFLUX further, a novel approach was tried

in which apair of oblique beams interfeestructively in the focal plane, giving a lisbaped
minimum (LSM) of the excitation beam. By changing the phase difference (from 180°) with a phase
modulator, the esitation minimum can be shifted with Angstréom precision, which is suitable for
performing MINFLUX iterations. As linshaped minima provide a higher steepness and cause lower
background signal, they were assumed to achieve a better-tgmatioral resolutin compared to
excitation doughnuts previously used for MINFLUX tracking. Teéimensional tracking can be
performed by switching betwedime-shaped minimaoriented in x and ydirection, respectively.

Further details on the MINFLUXheasuremenisre givenin themethods section (appendix)

4.2  Kinesin labeling

For the tracking of kinesin, | used cystelight mutants of human kinesih (KIF5B) that were

truncated at the coilecbil stalk after amino acid position 560 and had atiaig addetthe Gterminus
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for purification purposes. All surfagexposed cysteines had been mutated to a serine or an alanine and
a single cysteine was added at the desired position by QuikChandeesited mutagenesis. | lakdl

this cysteine with ATT@47N-maleimide (in DM5O) over night at 4C, as cysteines are known to
react with maleimides in a thidllichael addition, covalently attaching the fluorophore via a linker to
the protein. | removed unreacted fluorophoraleimide by sizexclusion chromatography. Further

detals are given in thenethods sectiorappendi.

I chose constructs with the labeling position on the stalk (construct N356C; label at amino acid 356), at
the rear (construct K28C; label at amino acid 28), center right (construct T324C; label at amino acid
324) or front (construct E215C; label at amino acid 215), respectively, of thenviteagspect to the
walking directionand the microtubule defined as bott¢es illustrated irFig. 4.5).

E215C - +

Figure4.5: lllustration of kinesiAl on microtubule (grey) whit labeling positions for N356C (stalk,
green), K28C (rear of head, cyan), K324C (center right of head, orange) and E215C (front of head,
magenta).

For the head constructs, | aimed for a low DOL to decrease the chances of both heads carrying a
fluorophore which would impede tracking a single head. Using a combination e¥1d\épectroscopy

and mass spectrometry, | adjusted the amount of fluorophaleimide added to give a DOL smaller

than 06, which makes the chances of a kinesin dimer toydaro fluorgohores lower than&®%. The

DOL was determined from the UVis spectra(Fig. A4.1a) using the absorbance of the protein at
280nm and of ATTO647N at 650m using the equation

00 D ! S (eq. 7)
whereo is the absorbance at , - is the extinction coefficient of the fluorophore_at
0 is the absorbance of the protein at 280 - is the extinction coefficient of the protein at

280nm, O is the absorbance at 28t and the correction factar "© ) is the ratio between the
extinction coefficientof the fluorophoreat 280nm andits extinction coefficient at. . As the
constants for the fluorophore were determined foutheonjugatedlye in buffer, the calculated DOL

can be off slightly due to potential (quenching) interactisitis the protein.

Therefore | also determined the DOL using the peaks of thesvepectra corresponding to the
unlabeled and labeled protein monomer, respectigiély. A4.1b). Under the assumption, that the
added fluorophore changes the ionizability of the protein only insignificantly in Electrospray lonisation

(ESI), the DOL was dinated by dividing the size of the peak for the labeled protein by the sum of the
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sizes of both peaks. The Wis and MS data listed ifiableA4.1 showcomparablaesults for both

methods.

I chose not to decrease the DOL further for getting an even [vaege of a dimer having two labels,

as this would also decrease the fraction of dimers with one label, reducing the chances to observe a
walking kinesin. This reduction of actifleorophorelabeled kinesins could not simply be compensated

by increasinghe concentration of the motor, as microtubules were observed to start moving for to high

kinesinl concentrations.

After having determined the DOL, | added sucrose (10% w/v) to the kinesin solution as stabilizing agent

during freezingThe solution was ajuoted flashfrozen in liquid nitrogen and stored 80 °C.

4.3 Activity assag

Next, | investigated, if the fluorescent labeling andtatingof kinesin, the fluorescent labeling and
biotinylation of microtubules or the flagheezing and thawing had affect on the activity of the motor

on microtubules. For this purpose, | employed a commercial ATPase Endpoint assay based on the
photometric quantification of produced phosphate as kinesin converts one ATP to one ADP and one
phosphate per 8 nm step oe thicrotubule. For a complete sample,laddedgl of ki nesin to
of microtubules in a welplate with a final concentration of ~87g /, stdbilized with2& M T a x o |

(Txl, also called paclitaxeBddedn the commercial lovsalt kinesin reactiobuffer (KRBO1). Next, |

added ATP to a concentration of ~33M and, after 5 minutes at roo
reaction by adding the commercial CytoPhos reagent. After 10 minutes, | recorded the absorption
spectra in a plate reader.

To determinetie amount of phosphate produced by the motor, | calibrated the system by adding the
CytoPhos reagent to known amounts of phosphate in MilliQ water. After 10 minutes, | recorded the
absorption spectra in a plate reader and plotted a linear calibrationofuihesabsorptions at 650n

versus the different amounts of phosphaibleA4.2, Fig. A4.2).

To determine if the labeling, purification or flaBleezing of kinesin with ATT@47N-maleimide had

a detrimental effect on its activity, | measutld absdsance at 650m forsamples with the constructs
E215C and T324C, both labeled and unlabglEableA4.3). For comparison, | also measurad
commercial recombinantly expressed human kinesin with derminal GSFag with unmutated
cysteines(KR01), provided in lyophilized form. For the negative controls, | omitted ATP. The
determined rates Fig. 4.6 show clearly, that the activity is significantly higher when ATP is present
and is similar for all constructs. Without ATP, the activity is reap. The siihtly negative values can

be explained by the error in the fitted calibration curve. Furthermore, no clear difference between the

activities of labeled and unlabeled constructs is apparent, which are also in the same range as that of the
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commercial human ikesin KRO1 used as reference. This indicates that the labeling, mutating,

purificationortheflasi r eezi ng di d not drastically change th

ATTO 647N labeling
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£ T324C-ATTO 647N
E 4004 B KRO1
2
£ 3007
=
5 2004
5
L]
2
E 100 4
&
<

with a:\TF’ witholut ATP

Figure4.6. ATPase activity of unlabeled and labeled kinesimonstructs E215C, T324C and
unmuated KRO1. Negative controls were without ATP added.

Next, | investigated, whether modifications on microtubules or stabilizing agents prevented kinesin
from being active on microtubules. | used both labeled constructs E215C and T324C in respective
combiration with different microtubules. As stabilizing agents, I chose 20 of cabazit axel
Taxol (Txl) and ViaFluoA88Taxol (VF488tub), respectively, in combination with pf@med
commercial microtubule@MT) freshly dissolved from their lyophilizeform. To analyze, if freezing

of microtubules for longerm storage purposes rendered themfaooational, | flaskhfroze preformed
microtubules in liquid nitrogen, finawed and stabilized them witlxl. To further see if biotinylation

of microtubules locks the protofilaments, preventing long tracks and high activity for kinesin, |
polymerized biotinylated microtubules {BtT(2%) and btMT(20%)) with different degrees of
biotinylation from a mixture of tubulin with 2% and 20% biotinylated tirhulespetively, by adding
GMPCPP. | measured samples withMiT(2%) and btMT(20%) with 20e M T x | , if theodeggee e

of biotinylation had an effect on activity. Finally, | measured a control without microtubules added. |
prepared all samples in the commerdial-salt kinesin reaction buffer (KRB01). After a 5 minute
incubation with ATP (~33@ M) I added the Cyt oaBdorbamcentd®ihgent . I
(TableA4.4)in a plate reader Ifinutes later. The resulits Fig. 4.7 show that activity is sigificantly

higher for all types of microtubules and stabilizing agents compared to theamneaactivity of the
control without microtubules. Activities were similar between both labeled kinesin constructs. The
differences in activity between -MT(2%) and bt-MT(20%) were within the variation between
samples. All three samples with stabilizing agents (cTxI, Tx¥88&tub) added to freshly dissolved
preformed microtubules had slightly lower activity, possibly due to incomplete dissolving of the
microtubules. In general, | concluded that neither biotinylation of the microtubules notfflesting

or addition of the stabilizing agents drastical/l
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Figure4.7. ATPase activity of prédormed microtubules with Taxol(MT(Txl)), pre-formed

microtubules with cabazitaxel (MT(cTxl)), pfermed microtubules with VF48&ib

(MT(VF488-tub)), flash-frozen preformed microtubules with Taxol (MT(TxI)), biotinylated
microtubules with Taxol with 20% biotifunctionalized tubulin t-MT(20%)) and 2%
biotin-functionalized tubulin (bMT(2%)) and control without microtubules (no MT) added

4.4 Kinesin assays

In the field of kinesin research, two vitro assays are commonly used, namely the kinesin motility

assay (KMA), where singléhesins walk on immobilized microtubules, and the kinesin inverted assay

(KI'A), where microtubul es

ar e

transported

as found by the activity assay in anvitro system, | created a KIA by coatingcaverslip with
PLL-NTA/Tween20, loading the NTA groups with RNifrom NiCl, and immobilizing fluorescently
labeled kinesins (E2158TTO 647N) via the @erminal hig-tag on their stalk to the surface. Added

preformed microtubules, visualized by VF48& and stabilized with TxI, were transported along their

by

longitudinal axis in the presence binM ATP, as shown by the two microtubules in the confocal

images recorded with ~30 seconds time inter{fils. A4.3).

Microtubules were only transported for héghsurface coverages with kinesin (see Bifj4), so

identifying and tracking single active labeled kinesins in an inverted assay with MINFLUX seemed to
be rather difficult. In principle, one could predict the path of a microtubule on the surface aniippte
bleach an area of interest until only one fluorophore is emissive, but as these measurements would not

represent motors walking under physiological conditions very well and the speed of the microtubules

(~100nm/s) at an ATP concentration ofhdM was significantly smaller than that expected for single

kinesins, | set the focus of further investigatiaith the kinesin motility assay.

As | had found the assay consisting of F'T20, neutravidin and biotinylated and fluorescently
labeled microtubds (btMT-AF488; modifications: 10% biotin, 2% AleXduor488)) to best

minimize unspecific binding and immobilize the microtubules strongly and specifically, | used it as the

template for the kinesin motility assay. To that, labeled kinesin, ATP antivadaiere added| used

1 mM dithiothreitol (DTT) to reduce formation of intermolecular disulfide bonds angl BD T x |

stabilize microtubules. To minimize bleaching of the fluorophore, oxygeredéede removed from

the sample. Commonly, an oxygen wmaging system (OSS) is added, consisting of an
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oxygerconsuming enzyme (pyranose oxidase or glucose oxidase), a substrate (glucose) and optionally
a catalase to remove produced hydrogen peroxide. However, as the OSS produced some fluorescent
background, becided to remove oxygen with a hypoxia workstation. For this, | prepared the kinesin
buffer in the chamber where the oxygen level is set to ~0.3% and sealed the flow chamber before

measurements.

As singlet oxygen can bring fluorophores in a kingd triplet dark state back to the ground state,
removing it leads to significant blinking. Therefore, | addedM of ascorbic acid (AA) and thM of
methyl viologen (MV) as reducing and oxidizing system (ROXS) to recover fluorophores from their
dark state, whiec ensures a continuous photon emission with a higherlratie of whichare essential

for tracking. As buffer PM15 was used, prepared by dissolving 15mM
piperazineN , Mi&(2ethanesulfonic acid) (PIPES) andm®1 magnesium chloride (MgCl2)n

Milli -Q waer and titrating itvith a solution of sodium hydroxide to a physiological pH of 7.4.

With this assay, | observed clear movement of labeled kinesins on microtubules and we recorded first
tracks with MINFLUX. However, the yield of traces with clear ste@s Wow and increasing of the
kinesin concentration lead to the motors unspecifically binding more the surface, probably to
neutravidin, as was apparent from Total Internal Reflection Fluorescence (TIRF) measurements.
Therefore, | envisioned blocking therface between microtubuléas illustrated irFig. 4.8). | added

BSA-bt at a high concentration (1860g/ ml ) after the deposition of
30 minutes. After this treatment and with&@ / ml -bt Bd8eAl tayive the finalmeasumg buffer,
unspecific binding was strongtgduced and kinesin activity on the microtubules drastically enhanced.
The TIRF measurements of the channels of microtubules and kinesiredthatamost kinesins attach

to microtubules. Evaluation of the TIRF tdaevealedthat most kinesins walked long paths on
microtubules, oraverage ~2 m, of t en r e ac hendhWith théhoptimipeéd sameplésuab u | e

reproducible recording of many MINFLUX traces was possible.

coverslip

Figure4.8 lllustration of kinesin motility assay with Ptht, NVD, biotinylated and fluorescently
labeled micreubules (btMT-AF488) and BSAbt for blocking.
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4.5 MINFLUX tracking
4.5.1 Substeps and stalk rotation of kinesin

For tracking the movement of the stalk, we used construct N356C labeled with @8dI7/INemaleimide

on its surfaceexposed cysteine in the coiledil (as illustrated in Figd.9a) | chose to mutate amino

acid 356 to a cysteine by sitirected mutagenesis, as this position is close to the heads, but is still
distant enough to make a potential interference of the fluorophore with the walking aileroly/ith

this construct, we recorded edanensional (1D) traces with MINFLUX to get twice the temporal
resolution compared to twdimensional (2D) measurements and because we were most interested in

best resolving the steps along the longitudinal aixieemicrotubule.

We successfully recorded many traces (with up to +it80dength) of N356EATTO 647N-DOL1
carrying a single fluorophore at a spbysiological ATP concentration of ¥0M, showing cl
plateaus and stepas can be seen in the example tracdsidgn4.9h For this condition, we recorded

1739 steps in total with a median step size precision ofrih6@-ig. 4.9c) as determined frorthe
plateau durations and step sizes. With ~idGtons per ~ins localization, we achieved a median
plateau standard deviation of . From the zoorns of the example traces, the occurrence w8

steps, corresponding to a full cenrtdrmass step,ral 4nm steps, corresponding to a ceriEmass
substep, are appargiftig. 4.9d). The histogram of all recorded step sizes, that were determined by a
stepfit function based on an iterative change point search, features, apart from a small fraction of
backsteps, mainly forward steps betweenn3 and 1Inm with two maxima around @m and &m

(Fig. 4.9%). This indicates a variability in fitted step sizes, but shows a clear occurence of both regular
steps and substeps, of which the latter have previousfybeen directly observed with beddsed
techniques. Hence, MINFLUX is the first technique to reveal substeps of kinesin labeled with only a
single fluorophore label. Contrary to the optical trap measurements ugmgn~large germanium
nanospheres, wHicrecently observed centef-mass substeps, our measurements did not require

applying a force to the system.
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Figure4.9: MINFLUX tracking ovserved 41m centerof-mass substeps of kinesin (@) lllustration of
N356CGATTO 647N-DOL1 on a microtubule witthe fluorophore on the stalkb) Exemplary traces
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Next, we recorded 1759 steps of N35BCTO 647N-DOL1 at a higher, physiological ATP
concentration of InM. The first observation of the step size histogram was that the substep peak
disappeared, indicating that at higher ATP concentrations, substeps beaarmaeestingly however,

the histogram does not exhibit a peak ang as would be expected for regular steps, but looks like a
superimposition of two peaks with maxima atn#h and ~1Gm, respectively. Plotting the size of a
step against the size ofetimext one in a 2D histogram shows a broad distribution of consecutive steps

with a sum of ~1&im, indicating an alternation between steps larger and smaller tira(F8g. 4.10).
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Figure4.1Q 2D step size histogram dI356 GATTO 647N-DOL1 for 1mM ATP for steps (i) versus
next steps (i+1), displaying a broad distribution of consecutive steps totaling gtép size.

| argued that this behavior is likely due to a rotation of the stalk during a step, as the fluorophore does
not faithfully represent theeniter of the coiledoil. The visualization in FigA4.5a shows, how the
labeled amino acid is displaced from the longitudinal ceidleitlaxis by ~Inm and the linker (whose
structure wasletermined by MM2 energy minimization in Chem3D Pro (Perkin Elntisplaces the

fluorophore cordoy another ~-hm from the axis.

With this idea, | could explain the occurrence of alternatingm@nd ~10m steps with a significant
rotation of the stalk during a step. As illustratedFig. 4.11a, when the fluorophorés pointed in
walking direction and the stalk moves forward b8 during a full step, a stalk rotation, after which
the fluorophore is pointed backwards, results in a reduced net displacemeent)(eBthe fluorophore.
After the next step and rotatiofithe stalk, the fluorophore will again be extended from the caitéld
axis in walking direction, which causes a larger net displacememinf¥&an that of the stalk (+8n).

To test this hypothesis, | labeled construct N356C with an excess of AFMOmaleimide, so that
the cysteines on both coils of the stalk of the kindsitimer carry a fluorophoréas illustratedn

Fig 4.118.

a b
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Figure4.11 lllustration of @) N356CGATTO 647N-DOL1 and b) N356GATTO 647N-DOL2 on
microtubules predicting a smallstep size asymmetry of the construct carrying two fluorophores.
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The idea behind this wathat the centeof-mass of the emission pattern of both equally emissive
fluorophores would coincide with the stalk axis, which should remove the asymmstepsbr one
fluorophore (FigA4.5b). The complete labeling of N356 with two fluorophores per kinrégiimer to

give a degree of labeling of 2 (DOL2) was shown by mass spectroscopy (ESI), as only the peak of the
labeled monomer was visible. We recorded saséh this construct N358TTO 647N-DOL2. To

remove contributions of kinesins on which only one fluorophore was emissive and the other one was
either bleached or in a loAtyed dark state, steps corresponding to a photon rate k#1255 threshold

inferred from the measurements of N38BTO 647N-DOL1, were omitted. This procedure gave 625
steps corresponding to kinesin with two emissive fluorophores. As expected, the histogram of step sizes
of N356ATTO 647N-DOL2 shows a clear peak an& and the distrilition in the 2D histogram of

steps and consecutive steps is much more ndffigyg.12)
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Figure4.12 (a) Step size histograms of N35600TO 647N-DOL1 and N356CATTO 647N-DOL2
at 1mM ATP. (b) 2D step size histogram of N3560TO 647N-DOL1 for steps (iversus next steps
(i+1) displaying a broad distributiorc)(2D step size histogram of N358K0TO 647N-DOL2 for steps
(i) versus next steps (i+1), displaying a comparallgrowerdistribution.

Out of the traces, | identified one with a bleaching stefprticaly compares the step sizes with one and

two emissive fluorophorg$ig. 4.13) Before the bleaching event, the steps aram8arge and show

no systematic sequence, but after one of the fluorophores bleached, as can be clearly seen by the drop
of the photon counts, the step sizesrale between ~6m and ~1Gm.
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Figure4.13 Exemplary trace of N3568TTO 647N-DOL2 with one emitter bleaching after ~0.42
as evident from the photon trace (bottom), after which step sizes alternate strongly béfivearand
~6 nm. The overall decrease in photons is caused by kinesin walking out of the confocal volume.

All these findings indicate, that the stalk rotates significantly during a full step. The rotation is most
probably around 180°, as the differenedvieen smaller (~6m) and larger (~18m) steps is ~fm,

which is the maximum spacing between the fluorophore in the front compared to the fluorophore in the
back with respect to the walking direction, and a smaller rotation would cause a smalleedisplac
along the longitudinal microtubule axis. Therefore, the assumption is that the stalk is rotated halfway
around its axis during a full step. However, the controversial question whether the following step
reverses the rotation (asymmetric) or contintnesrotation in the same direction (Ssymmetric) cannot

be determined from this experiment alone and will be discussed further in a later section.

4.5.2 ATP binds in onéheadbound (1HB) state

Another longstanding open question in the field of kinesinarebeis, whether ATP binds when both

heads are microtubuleound (2HB) or when one head is detached and between binding sites (1HB)

and in which of the states ATP is hydrolyzed. As it cannot be answered by tracking the stalk, | used the
construct T324€ATTO 647N, where the labeled cysteine is located on the head attérenidal end

of t-hekx ard & adjacent to the neck linker that connects the head with the stalk. If the microtubule
center is defined as down in the coordinate system of the mictetobund head, the labeling site is

in the center of the headods r i(fdhdldsi de with resrp

T324C

- +

Figure4.14 lllustration oflabeledT324C on a microtubule with the fluorophore on the right center of
the head (with respeat the walking direction (fror to +)).

We recorded 2D traces to determine both thexia displacement and the @tkis displacement of the
head during a step, with respect to the longitudinal microtubule @& median spatiotemporal

resolution was ~éam with ~20photons recorded in ~0.68s. We measured at ATP concentrations of
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10e M, ¢€lNM Oa mifl toldentify whether the duration of the 1HB state or 2HB state depends on

the ATP concentratioexemplary traces shown in Figl5)
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Figure4.15 (a) Exemplary traces of T324C recorded atelM ( gr ee W) (o1& 0gypMd) and
(yellow) ATP with black arrows highlighting substep plateabis2D visualization ofthe 16 M t r ac e
in (a) showing the unbound state highlighted in magenta.

As now the head isacked, regular steps are ~ large, because the trailing head moves forward to
the next but one binding site on the microtubule. The step size histograms show clear peaks at 16
and around 8&m (Fig. 4.16), showing that construct T324C also regylaakes substeps. The substep
peak being comparatively broad will be discussed in a later section. Similarly to N356C, substeps

become more rare for higher ATP concentrations.
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Fig 4.16 Step size histograms of T3240TO 647Nat10e M (greeM) (ol &®QOmd ) and
(yellow) ATP showing &m substeps (darker fillindN1 o e5416Q N1 0 0 #5868 Nimv=892) and 16nm
regular stepdlighter filling; N1 0 e#58, N 0 0 #0853, Nmv=1299).

To determine, whether a plateau in the trace sdinzen the labeled head being in a bound or unbound
state, we applied a Hidden Markov Model (HMM). The basic premise of the model was thatna 16
step is about 5@mes more likely to arise from a boutmibound (BA B) transition compared to an
unboundto-unbound (4 U) transition of the labeled head. The rational behind this is that during an
apparent 1&m step, the head moved in twoi® steps, but the resulting substep plateau was too short
to be detected. While the®BB transition includes only one migkplateau duratiop  of the labeled
head, the 18, U transition includes three ( with labeled head in fronz, ~ with unbound unlabeled
headz  with labeled head in rear), so missing the latter is much more unlikely. The H\M&ldtee
predominantly assigned 1#n steps to arise from aABB transition, and with this determination was

able to assign all other plateaus to a bound (B) or unbound (U) state of the labeled head.
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Next, we plotted the histograms of the residence timedieflabeled head in the B or U states,
respectively, and fitted the distributio(iSig. 4.17) For the unbound state, we assumed a single time
constantz , whereas the bound state distribution of the labeled head was fitted with the sum of one
Z andtwoz . This was due to the reason mentioned before, that when the labeled head is bound,
the unlabeled head is first in the rear of 2B state (with a duration @f ), then detaches into the

1HB state with the labeled head still microtubbitund (with a duration af ) and finally moves
forward into the 2HB with the labeled head in the rear (with a duratign oj. The underlying premise

for this fitting was thag, ~ was the same for the labeled and unlabeled head.
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Figure4.17 (a) Dwell time histograms of T324BTTO647Nat1lc M ( gr eeM) (orl®mMge) ar
1mM (yellow) ATPandatinM AP T2 S ( dsy(@ ATP-depéndehce & andz . Error
bars indicate the 64% confidence interval of the Michadkaten kinetics fit.

The fits revealed, that the dwell time of the 1HB state is highly-d&pendent, witlz,  increasing

more thanltreefold for a reduction in ATP concentration frommiM to 10e M. In turn, the
dwell time of the 2HB state, , was constant at about 8& for all ATP concentrations. This clearly

shows that kinesin binds ATP in the 1HB state with theound head between previous and next

binding site on the microtubule.

This finding is very interesting, as it answers the controversial question in which state ATP binds to
kinesin. One hypothesis in the field aimed to reconcile the contradicting findin@€AT and total

internal reflection darfield microscopy by assuming the existence of a third state between 2HB and
1HB, where the rear head is detached from but still associated with the microtubule, which was termed
as Ounulmdu s | ac eabsumption ts ehét ATPDihds in this state, but depending on the
labeling position, the bead appears either to Heetween or on the binding site due to the heads
rotational flexibility. This hypothesis can be ruled out using our MINFLUX data, as weanselnm

small label with an up to ~Am short linker and observed the unbound head to be significantly displaced

from its previous binding site (abounh®) when ATP binds to kinesin.

4.5.3 ATP is hydrolyzed in twdheadbound (2HB) state

To also deteriine the state, in which ATP is hydrolyzed, we recorded traces of F3Z4AW0 647N
with 1mM adenosinég § -thio)t r i phosphate (ATP2S), a slowly hy

velocity of kinesins was drastically lower (median velocity: ~43 nm/s), butvérage duration of the
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unbound state, determined with HMM analysis of the traces, was similar to that for experiments with
1 mM ATP that gave velocities of ~540in/s, as can be seen in the histogrankim 4.17a. The
distributions could not be fittethut one can easily identify that dwell times in the 2HB state are much
longer compared to the experiments with ATP. This can be well explained by hydrolysis taking place

in the 2HB state, which significantly extends th

| investigated this hypothesis further by comparing the run length of T3YRI0 647N for different

ATP concentrations and for ATPoS determined by
generated kymographs using the KymographBuilder in Fiji by plotting thesBaent signal along the

length of a microtubule over time. | determined the run lengths from the kymographs of multiple
microtubules, which gave the average run lengths showigi.18 The data show that for the low

ATP concentrationof £ M, a vum lerggily & significantly shorter compared to for theM ATP
concentration. This indicates, that the AWRiting state, which we found to be the 1HB state, seems to

be the state most vulnerable to detachment of the motor from the microtubule, whtehsshsrrun

length, a finding in agreement with the kinesin literdd8¢ The run | engt hs for AT
decrease significantly, despite resulting in a similar kinesin velocitteaMl ATP. Thi s hi nt s
hydrol ysis not t akBisttg that is emastevulrienable ko detaclsniemt, @S strdndty
increasing its duration with the slowly hydrolyz
length. The small reduction can potentially be explained by a higher bleaching probabitite for
experiments with lower motor velocity despite the laser power in the focal plane after the objective

being reduced 300 W f oM ATP anfdrld® AWP mdMn ATPOS) .
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Figure4.18 (a) Mean un length andk) meanrun fraction (run length dided by distance between
starting point and plus end of microtubule) of T324TTO 647N determined by kympgragmalysis

of TIRF measurements (N p, £/&, Nare,imv=141, N1 p 5 s =Bl Error bars represent the standard
error of the mean.

Taken togetherhte ATPOS experiments rule out the 1HB st a
a lower hydrolysis rate only increases the duration of the 2HB state. As the run length of kinesins in
experiments with E M ATP i s signi fi camM | ATSHosed, alteough thér an wh
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motor velocity is similar, we concluded that ATP hydrolysis takes place when both heads are
microtubulebound (2HB). These findings allow the creation of a detailed mechanochemical cycle in a

later section.

4.5.4 Reconstructing th8D orientation of the unbound head

As we had directly observed the unbound state of the kinesin head during a substep, | envisioned
determining its thredimensional (3D) orientation in space by determining the displacement of two
further amino acid posiins on the head in its unbound state. To track the movement of the front of the
head, | decided to use the commonly used construct E215C, where the-erpas#d cysteine is
locatedatthe@€ er mi nal -shdetof Flobe b6 ac kdesigged cohstructiKk28Ch e ad 6
using sitedirected mutagenesis by mutating the sohexposed amino acid at position 28 to a cysteine.

By combining measurements of all three h&sakled constructs, unambiguous determining of the
reorientation of the head sHdube possible by separately tracking the right center (T324C), front
(E215C) and rear (K28C). The positions are referenced for microtbbuled heads with respect to

the walking direction and with the microtubule center defined as down. For this ddabelconstructs

with ATTO 647N-maleimide to give a low DOL (determined by ESI and-M¥ spectroscopy as
shown in FigA4.1).

4.5.4.1 Onraxis displacement

Surprisingly, analysis of the E215£TTO 647N traces gave a comparably low fraction of substep pair
(BA U and WA B) that did not differ strongly between the ATP concentrations M, €N Oand
1 mM, always amounting to ~10¢%ig. 4.1%).
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Figure4.19 (a) lllustration of E215CGATTO 647N labeled in the front of the head and step size
histograms for ATP concentratiorof 10e M, €N 0 a nmdiA fehdturing 81m substeps (darker
filling; N1o¢5216, N oo#65, Nmv=81) and 16m regular steps (lighter filling; N 5728,

N1 o0 =880, Nmm=414). p) lllustration of K2ZBGATTO 647N labeled in the rear of the head and step
sizehistograms for ATP concentrations of 40M, €l N Oa mM fedturing 8xm substeps (darker
filling; N1o0:%601, N oo=%30, Nnv=204) and 16m regular steps (lighter filling; N\ 5186,

N1 oo =476, Nmv=601).



In comparison with T324@TTO 647N, the fragon of substep pairs (~50% for ¢OM ATP) was
significantly smaller and the duration of the unbound state, as assigned by HMM analysis, was much
shorter with >65% of fitted substep plateaus having a dwell time shorter tharfFRg. 4.20) For
K28C-ATTO 647N however(Fig. 4.1%), the fraction of substep pairs (~60% forl0d ATP) was
similar to that of T324eATTO 647N and the substep plateaus had a similar dwell time distribution
with <15% of the substep plateaus having a duration shorter timsiiF8g. 4.20).
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Figure4.2Q Substep dwell time histograms fa) 10 M A T P b) & mM ATP showing anuch

larger fraction of short (<B1s) fitted substeps for E215&€TTO 647Ncompared to K28ATTO 647N

and T324GATTO 647N, respectively. € Fraction of detectedubsteps at 10 M ( gr ee W) , 100
(orange) and inM (yellow) ATP.

This comparison suggestat the unbound state data of E21ATTO 647N, identified with the stefit
function and assigned with the HMM analysis, do not represent real substeps of achiposémn

215 (aa215) but are most likely artefacts from the noise of the position data, where short artificial
substeps were fitted into real regular steps, or from variability of the biological system. For these
findings, two explanations are possilitecould be that the labeling at aa215 prevents the labeled head
from entering a detectable unbound state due to altered ppott@in interactions or steric hinderance.
However, as the 1HB state of a construct fluorescently labeled at aa215 hasdeseadolith FRET,

this explanation is rather unlikely.

Instead, | advanckthe illustration that when the head enters the unbound state, it rotates around its
front in a way that aa215 remains (nearly) undisplaced whilst the labeled positions of
K28C-ATTO 647N and T324eATTO 647N move significantly along the longitudinal microtubule
axis. A closer inspection of the step size histogram of KRETO 647N shows a clear peak at ri@),

which is more narrow than that for T3240TO 647N. Plotting the 2D histogramof consecutive step
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sizes revealed a narrow distribution of consecutive regular step sizesn4166nm) for both

constructskig. 4.21).
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Figure4.21 2D histograms of consecutive step sizes for T3240T0 647N and K28CATTO 647N.

But whereas the digbution of consecutive substeps of aa28 was also very narrow, substeps of aa324
were spread more broadly with the sum of consecutive substeps still amountingito.-Bybsplitting

up the substep peak in the stepsize histogram into substeps enteriritingrtbg unbound state,
respectively, one can clearly observe aa324 being displaced foy when the labeled head rotates

into the unbound stat€ig. 4.22). The narrow distribution of K28&TTO 647N substep sizes suggests

that both substeps entering amdting the unbound state have the same size ofn8
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Figure4.22 Step size histograms d)(T324CATTO 647N and i) K2BC-ATTO 647N of transitions

from bound state into unbound state (blue) and for transitions from unbound state into bound state
(orange). For T324@&TTO 647N, steps into unbound state peak at aboutm6 for
K28C-ATTO 647N, steps into and out of the unbound state peak at anout 8

4.5.4.2 Off-axis displacement

Next, we analyzed the oéixis displacement of the traces. The presipunentioned scatteridgased

methods have contradictingly reported rightward andeastent offaxis displacement of the labeled

head when entering the unbound state, respectively, and due to the large bead size could not measure it
[44, 45] For construct T324@TTO 647N, offaxis displacement of the labeled head when unbound

was small (<z2hm), but for construct K28@TTO 647N, significant sideward displacentemf up to

~5nm weremeasuredFig. 4.23.
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K28 (leftward off-axis displacement) K28 (rightward off-axis displacement)
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Figure 4.23 (a) Exemplary traces with apparent leftward-afiis displacement (left) and apparent
rightward offaxis displacement (right) of the labeled unbound head of K&BDO 647N. @) 2D
histograms othe offaxis displacement gfuccessivaubsteps, indating, that for K2BEATTO 647N,
off-axis displacement of the first substep is reversed by the next substep. ForABRAGA7N,
off-axis displacements are small ().

Off-axis displacements were rightward, nearo and leftward, but were consistamtagnitude and
direction within a trace. Correlation analysis
which indicates a highly consistent and defined orientation of the unbound head. | realized, that the
different magnitudes and direatis might arise from the fact that we measured withdimgensional
MINFLUX tracking on threaedimensional microtubules, with all efixis displacements on different
protofilaments being projected onto the imaging plane. This is illustratég.id.24 for three cases,
namelyrightward upward andeftward displacement of aa28 during the unbound state, showing that

for upward displacement, significant @fkis displacement would be expected for the protofilaments

on the side.
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Figure4.24 lllustration of off-axis displacements for scenarios af (ightward, b) upward and )
leftward displacement of the unbound head with respect to the walking direction and with the
microtubule surface referenced as bottom. For sideward displacement of the unbountheagble
off-axis displacement is maximal on the microtubule center and zero at the microtubule side. For
upward displacement of the unbound head, measurakdaisftiisplacement is zero on the microtubule
center and maximal at the microtubule sideeDa the 3DBstructure of the microtubule, e#ixis
directions can be inversed between the microtubule top and bottom.

I f the head moved sidewards into the unbound st a
and the walking direction, measureffl-axis displacement would be maximal for kinesins on the center
protofilaments and minimal for those on the side. | therefore initiated measurements on one position of

an actively stabilized microtubule with the motivation to visualize traces on paatefits of different
categories (6center 6, 0 saixdesd,diolsbpeltanceeenmedn)t awads envas
or Osided protofil aments.

4.5.4.3 Unbound head rotates into rightwarisplaced state during substep

| prepared the kinesin motii assay on ozoreleaned coverslips that had an aluminium gratingh{»3

thin) imprinted on their objectiviensfacing side. This grating was continuously imaged using
infra-red laser beams and a CMOS camera and any drift was actively corrected fdirsAseat of
visualizing the different protofilaments of a microtubule with the kinesin traces, we imaged
K28C-ATTO 647N with 1ImM ATP, which gave parallel traces spaced by up ton0As this
distance is in good agreement with the sum of the outeradé of a microtubule of ~2%m and twice

the ~2.5nm distance between the microtubule surface and the position of aa28 when the labeled head
is microtubulebound (as inferred from PDB 3J8Y), the outer traces were assigned to kinesins walking

o n 0 gatofilaanéntspwhich allows for the referencingpopt e nt er 6 and O6bet weenod

An illustration of traces revealing the protofilament structure of a microtubule is shdwg $25
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Figure4.25 lllustration of binding sites of different protofilamtsrinan actively stabilized microtubule
as visualized by K28@&TTO 647N traces at tnhM ATP.

With this proof of feasibility, we next measured K28CTTO 647N with 10e M ATP t o i ncr e
chances of observing 1HB states. We successfully measured trace sets on 19 different microtubules
with a spacing of the outermost traces of R80 One exemplary trace set is showFim 4.26 which
shows a highlight# 6 center & trace with systemati c, signif

labeledheadds unbound state.
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Figure4.26 Scatter plot of fouK28C-ATTO 647N traces on different protofilaments of an actively
stabilized microtubule. The outer trac® used for referencing. The central trace (magenta) shows
unbound states (orange) consistently displaced to the right.

The unbound st at es -zerb, ruling @it sgsermaticcupward displacementof the e a r
unbound head away from the out@anrotofilament surface. Next, | prompted the analysis of all trace

sets by aligning their microtubul eds c e-xsr al a x|
displacement per unbound state over the lateral distance from the central axtsggd\&7, which

confirms the findings that ot x i s di spl acement i s maxi mal for
decreasestonearer o f or Osi ded traces. I nterestingly, S
exclusively r i ghes,ioawhth dnlp protoflaamenstoe thedtoptmicratabule half
shoul d be accessi bl e, because 6centero protof il
neutravidin and polymer used to immobilize the microtubule. Fitting of the data with an elligtiodi

an average rightward displacement of ~dnt
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Figure4.27 Off-axis displacement plotted against their respective displacement from the microtubule
center. Offaxis displacement is mainly rightward and maximal in the microtubule centeearzeno

at the microtubule sides. Rare leftward-axis displacement probably results from kinesins walking
on the microtubule bottom, but not in the bottom center, as it is likely blocked by immobilization to
NVD and PLL:bt.

The leftward offaxis displea e ment of a few O6betweend traces can
protofilaments on the down half of the microtubule. Due to simple geometric reasons, sideward
displacement to the right (in walking direction with outward protofilament surfaceray dppears as

leftward displacement in the 2D measurement. By combining the exclusively rightward displacement

on Ocenterd® pr ot oferoloffamxeinst sdiasnpd atcleenemeamon &6si de
concluded that aa28 is moved ~Ar to its righ (with the microtubule center being downward and the

walking direction forward) when the head is entering the unbound state.

By combining the oraxis substep sizes and the associateebxiff displacements of the three
investigated amino acid positionsdérived an approximate average 3D orientation of the unbound

kinesin head during the walking of kinesfRig.4.28. Although approximate estimations of the

unbound head orientation have already been made by FRET measurements, our recreation of the
unboul headds orientation is |l ess ambiguous, as it

rather than relative distances determined by FRET.
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Figure4.28 Reconstructed 3D orientation of the unbound state of the trailing head (red; PDB: 1MKJ)
on the microtubule (alph&ubulin in dark grey, bettbulin in light grey, PDB: 6DPU) with arrows
displaying the respective displacement of the labeled amino Roidsference, the microtubdb®und
trailing head (magenta; PDB: 3J8Y) and the microtubalend leading head (cyan; PDB: 4ATX) are
shown. Perspectives am@ from the top, If) from the left andd) from the rear.

4.5.5 Observation of slip states

Closer inspection of the traces of K28TTO 647N and T324ATTO 647N showed a rare
occurrence of anneven number of Bm substeps between ff regular steps. These single substeps

are surprising, as they indicate that the heads left their usually strict periodic pattern between binding
sites spaced by two tubulin dimers (~+16). One explanation wouldebthat kinesin switched
protofilaments with the unbound headattaching next to the bound head. If the latter detaches, its next
onaxis step will be ~&m inbetween 16im st eps. At l east for traces
simultaneous ofaxis dsplacement would be expected for this protofilament switch, but as it was not

observed, | ruled out this hypothesis.

As an alternative explanation, | brought forward a slip state, in which both kinesin heads detach from
the microtubule, before reengaginfea a short time. This state has been hypothesized in the optical
trap paper that used germanium nanospheres, but only indirectly on the basis that when kinesin detaches
from the microtubule at too high restoring forces, it seems to still interact withinlding sites on the
microtubules when being retracted backwards along the microtubule. In our measurements however,

we observed this phenomenon witBiepping traces (sédg. 4.29.
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Figure4.29 Exemplary traces ofg] T324CATTO 647N and i) K28C-ATTO 647N with unpaired
8 nm steps (highlighted by magenta lineJoetween regular 16m steps.d) Illustration of slip state
resulting from kinesin in the 1HB state detaching from and reattaching to the microtubule.

The HMM analysis also assigned & B transition for up to 2% of the steps, which can be explained

by both kinesin heads detaching, after which they can eitkettaeh to their previous binding sites,
resulting in a regular trace, or switch their respective positions. The latter would tistwdgularity

of the trace by inserting an unpaired substep. As many kinglsited diseases are thought to arise from
premature detachment of the microtubule, direct observation of this rescue after motor detachment

could be highly interesting for trdevelopment of therapies for those diseases.

4.5.6 Detailed mechanochemical cycle of kine&in

By combining the plethora of our results and only few reported observations from the literature, | was
able to refine the mechanochemical cycle of kindsandto add information about the orientation of
heads and staliEig. 4.30. When kinesin is in its 2HB state, hydrolysis of ATP in the trailing head
takes place and phosphate (P released form the catalytic center, causing the head to detach from the
microtubuldg49]. The trailing head rotates, roughly around its front, into a rightdeplaced unbound

state. Upon binding of ATP to the nucleotilee (apo state) microtubulmund leading heddl0], its

neck linker probably docks td%tl, 52] moving the unbound head forward to its next binding site. The
full step is completed by the (initially) trailing head reattaching to theatibule with a total o@xis
displacement of 16m and probably simultaneously releasing adendgsuagphosphate (ADP). The

second haltycle can now commence by ATP hydrolysis in the new trailing head.
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Figure4.30 Mechanochemical cycle during senyide (8 nm centetof-mass displacement) of kinesin
walking on microtubules. The trailing head (TH, red) releases phosphateldfches from the
microtubuleand rotates around its front into a rightwdispplaced unbound state. Upon ATP binding to
theleading head (LH, bluejn the apo state §, the neck linker presumably docks to the LH, moving
the TH forward to its next binding site. Finally, ATP hydrolyzes in the LH and the TH binds to the
microtubule, releasing ADP, completing the seytle. Duringthe semicycle, the stalk is rotated
significantly (probably by ~180°).

To answer one further controversy whether kindshas a symmetric or asymmetric hanerhand

walking mechanism, | combined the reconstruction of the unbound state and the ataik.rBor an
asymmetric mechanism, the side, on which the trailing head passes the leading head, should switch after
every halfcycle, meaning that half of the traces show leftward and the other half would show rightward
displacement of the unbound he¥ddithin the framework of an asymmetric mechanism, the unbound
head can theoretically always be displaced to the right and due to-apbtahsion in the coiledoil of

the stalk during every second step pass the leading head on its left side to resesiom. However,

the observed ~180° rotation of the stalk most likely results from and resolves thephieitision. This
indicates, that the trailing head always passes the leading head on the right side, which builds up tension
in the coiledcoil tha is resolved by the stalk rotation hathly around its longitudinal axis after a full

step. Hence, | deduced that kinegimost likely walks with a symmetric haioderhand mechanism.

Conclusion

In this chapter, | demonstrated how by using MINFLUX, réisgl steps and substeps of kinesiis
possible with an ~hm small fluorophore. For allowing higterformance tracking, | optimized tire

vitro sample conditions by achieving a suitable degree of labeling and ruling out detrimental effects of
the labelhg of motors and microtubules or their handling on the activity. Furthermore, | reduced
fluorescent background by developing the HitLbased kinesin motility assay and by efficiently
blocking the surface with BShAt. With these conditions and a novel méeometric MINFLUX
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approach, we resolved regular steps rifr§ and substeps (+m) of the kinesiflL stalk using only

~100 photons per localization within less than a millisecond to give a spatial localization precision of
1.8nm. After observing a systetic alternation of step sizes that was resolved by reinstating labeling
symmetry with the addition of a second fluorophore, | concluded the stalk to rotate by ~180° during a

step.

By tracking kinesinl constructs labeled at one of their heads, we weeetalalistinguish between the
oneheadbound state and the twWwadbound state. By measuring at up to a physiological ATP
concentration of InM, with an average motor velocity of ~54f/s, we determined that kinesin

bound ATP when in its 1HB state. Bgingtheslomhy dr ol yzi ng ATP anal ogue AT

hydrolysis takes place when kinedinis in its 2HB state.

Tracking different regions on the motorés head
rightwarddisplaced unbound state. Comioig this finding with the stalk rotation lesdo the
conclusion that kinesifh has a symmetric haraerhand walking mechanism.

We also identified a slip state in the traces, where the motor most likely momentarily detaches from the
microtubule beforeabinding, which could be of interest for studying diseases linked to premature

kinesin detachment from the microtubule.

Finally, combining these findings allowed for the creation of a coherent mechanochemical cycle that

answers several controversial quessi in the field.
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Publication andcontributions

The results of chapter 4 have been published as follows:

MINFLUX dissects the unimpeded walking of kinedin

Jan O. Wolff*,Lukas Scheiderer*Tobias Engelhardt, Johann Engelhardt, Jessica Matthias, Blefan
Hell

*Co-First authors
bioRxiv 2022.07.25.501426; doi: https://doi.org/10.1101/2022.07.25.501426

Submitted to 6Scienced (currently in first revis

Contributions for chapter 4:

MINFLUX microscope design: Dr. Johann Engelhardt, Tobias Engelhard©tto Wolff; building of
MINFLUX microscope: Tobias Engelhardt and Jan Otto Wolff; MINFLUX measurements: mainly Jan
Otto Wolff; Matlab evaluation script: Jan Otto Wolff.
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Chapter 5Kinesin tracking with MINSTED

Aim

This chapter evaluates and estabkstiee novel nanoscopy technique MINSTED for tracking. It has
been reported to achieve subnanometer localization precision with <1000 detected photons and hence
would be a great technique for tracking of, for instance, fast biological processes like ghmoéainics.

As MINSTED is also very robust to fluorescence background, it seems to be a promising candidate for
live-cell tracking on the nanoscale. | was therefore motivated to test the tracking suitability of

MINSTED on the kinesifl assay and compare fisrformance to that of MINFLUX.

Overview

The nanoscopy technique MINSTED creates a very narrow excitation beam using the STED concept to
depletefluorophores inthe periphery of a pulsed excitation befnom the fluorescent statsith a
co-aligned pulsedioughnutshaped depletion beam. Fluorophores are localized witfiathle rather

than with the beam maximum, @ information conterdf emitted fluorescent photons is higher when
caused by the beam edgé&ke narrow excitation beamésntinuouslycircled around the fluaphore.

Its circle radiugs reduced and simultaneously, its FWHM get decreased by increased STED power,
and the circle center is shifted in the direction of the last detected phietoce, thigrinciple can also

be applied to a fluoseent emitter in motigras itsassumed positiois updatedvith every detected

photon, whichn principle offerssubmillisecondtemporal resolution.

A potential limit could be bleaching due to high STED powers necessary to achieve a narrow excitation
bean and thereby best spatial precision, although the fluorophore ideally never experiences the high
power of thedepletion beanmaximum. Fast bleaching would shorten the recorded traces, making
investigations of, for instance, protein dynamics difficult. Daeit offering a promising spatial
resolution with a high photon efficiency, evaluating the performance of MINSTED tracking with the
alleged gold standard system for protein tracking, kingsipromises to be of great benefit for the
single moleculérading field.

ResultsandDiscussion

To test the tracking capabilities of MINSTED, | employed the kinésassay based on Pt with
neutravidin, biotinylated and fluorescently labeled, highly pure microtubulelsI {bAF488) and
BSA-bt for blocking, as desibed in the previous chapter. It immobilized the microtubules strongly and
specifically and allowed for longange walking of the motor, as shown by TIRF and MINFLUX
measurements. The final measuring buffer consisted of ATRMIDTT, 20e M T a x ® gl 10
BSA-bt, 1ImM MV, 1 mM AA in PM15 buffer. For oxygen removal, | used an oxygen scavenger

system (OSS) consisting of pyranose oxidase, catalase and glucose (5% (w/v)) for an easier sample
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preparation and because MINSTED should be less affected by itedbemt background than
MINFLUX. Successful oxygen reduction was confirmed by fluorophores on immobilized kinesins
bleaching much later in MINSTED measurements compared to those in a buffer without the OSS added.

TIRF measurements of the samples showel Kiigesin activity.

For a MINSTED tracking experiment, the region of a microtubule was continually scanned with a
confocal beam until the fluorescent signal crossed a set threshold and the MINSTED tracking routine
was triggered. The fluorophore was theacked by the narrowffective excitation beam encircling

and thecircle centemposition being updated after each detected photon. | identified traces of stepping
kinesins by rejecting events below a certain duration, distance and aspect ratio. Mitgeddte

tracking procedure and filtering are provided intethods sectiorappendiy.

5.1 Tracking ATTO647Nyieldslong traces
5.1.1 E215CGATTO 647N

In a MINSTEDsetup with a 778m STED laser and a 640n excitation laser, we successfully recorded
many traces of constructs E21BTTO 647N, T324CGATTO 647N and K28CATTO 647N with

lengths up to about 7G@m traveled within a duration of more than a second. This clearly rejects the
concern that MINSTED inevitably causes fast bleaching of the fluoreptich would result in short
tracks. The longest traces were substantially longer than those from MINFLUX measurements, where
tracking was limited to how far the excitation minimum could be moved by scanning the phase of the
beams as the galvanometerrswer was not moved during that tracking procedhe exemplary
MINSTED traceof E215GATTO 647N with ImM ATP (Fig.5.1) shows clearly resolved steps of
mostly about 1&m.
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Figure5.1 Exemplary MINSTED trace of E2158TTO 647N with 1mM ATP walking atotal of
~700nm. @) Onaxis displacement over time; vertical ticks are spaced bynil6p) Off-axis
displacement over timec)(Zoontin of onaxis displacement over time displaying cleami® steps.
(d) 2D-plot; ticks are spaced by hén.

With a mediamumber of 857hotons per trace at a median count rate of abolkHz5MINSTED
achieved a median spatial precision of aboutrbwith a median time resolution déss thana
millisecond as determined from a fit of the step response @agaA5.1). The step size histogram of

all recorded traces iRig. 5.2shows a clear dominance of step sizes of aboutrl6

100 IStepT.;lzesl

80 |
60 |

40 ¢

20|

o L nmnaitfbel . JIH”
24 16 -8 0 8 16 24
Stepsize [nm]

Figure5.2 Stepsize histogram for E215TTO 647N with 1mM ATP.

Measuring at a decreased ATP concentrationef M al s 0 g a v ethestegsid histograena k

(Fig. A5.2) at about 16 m, which is consistent with the finding in the previous chapter that the label at
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amino acid 215 does not show substepping behaviour due to the rear head rotating around it into its

rightwarddisplaced unboud state.

It also shows an increased fraction of backsteps with negative step sizes, which can be explained by the
binding of ATP probably inducing neck linker docking, which moves the unbound head fi&vard

52]. With a higher average time in the more flexible négker-undocked unbound state at lower ATP
concentrations, the probability of the unbound head diffusing backwards to its previous binding site

increases.

5.1.2 T324GATTO 647N and K28CATTO 647N: rightvard-displaced unbound state and
side-stepping

Out of the traces of K28BTTO 647Nwith 1 mM ATP, | identified a trace with a clear substep plateau
that had a duration of about & and displayed a concurrent rightwardais displacement of about
5nm (Fig. 5.3).
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Figure5.3 Exemplary MINSTED trace of K28BTTO 647N at ImM ATP. (a) On-axis displacement
over time with rightward displacement of unbound state aroundn®8@) 2D-plot with rightward
displacement of unbound state at ab8utm.

This olservation is in good agreement with the finding from the previous chapter that during a substep,
amino acid 28 is displaced by up tof to the right. For T324BTTO 647Nwith 1 mM ATP, a trace

is displayed during which the head was displaced rightwarddoyt 6nm for the duration of a
presumable bound state after a fitted regulanr6step of the labeled hedeid. 5.49. After the next
regular 16nm step of the labeled head, its-afis displacement returned to the initial level. As the
protofilamens have a parallel spacing of aboutrf (inferred from PDB 6DPU), the most probable

explanation seems to be sidestepping, where the labeled head bound to a binding site on an adjacent
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protofilament, but returned to the previous protofilament after thefakkstep of the unlabeled head
(as illustrated irFig. 5.40).
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Figure5.4 Exemplary MINSTED trace of T3248TTO 647N with 1ImM ATP. @ Onaxis
displacement over timeb) Off-axis displacement over time with sidestep at aroz225ms. ()
2D-plot with sidestep at about=0 nm. (d) Illustration of sidestep to neighboring protofilament.

5.2 Tracking Cy3Byieldsincreased precision

I n the pursuit to improve the tracebds spatial
wavelength of 56@m for excitation and 63@m for stimulated emission. For this purpose, | labeled

the kinesinl constructs E215C, T324C and K28C with the bright and stable fluorophore
Cy3B-maleimide for two hours at room temperature with the same respective stoichiometrgrused f
the ATTO647Nlabeled constructs. After removal of unreacted fluorophores byesidasion
chromatography, | determined the degrees of labeling to be low (<0.55 per Hindisimer) using

UV-Vis spectroscopy. With TIRF measurements, | confirmed thétgand motility of E215CCy3B,
T324GCy3B and K28G&Cy3B on microtubules in the measuring buffer.

5.2.1 E215C-Cy3B- Protofilament switching

With the Cy3Blabeled constructs, we achieved improved median spatial precisions betweaem 3.1
and 3.6nmwithin less than 1.fs atmediancount rates up to 1IHz. Traceshada median duraon
about one third othat from constructs labeled witATTO 647N. InFig.5.5 exemplary traces of
E215CGCy3B with 1mM ATP are shown that show clearly resolved binding pmsstion the
microtubule. Interestingly, the trace in FigSh seems to feature a motor switching between
protofilaments spaced by over @fh, which would indicate that the kinesinprotein completely

detached from its previous protofilament and presumadliffused across the microtubule before
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continuing its stepping on another protofilament. This observation is very interesting, as it displays how

transport of cargo can be rescued, even after a motor detached from its track.

L L L :
a2 18 0 16 48 a2 16 0 16 32
X [nm] X [nm]

Figure5.5 Exemplary MINSTID traces of E215y3B with 1mM ATP. @) 2D-plot with clear
16 nm spacing.lf) 2D-plot with protofilament switch.

The step size histogram of E218¥3B with 1mM ATP (Fig. A5.3) shows a main peak at around
16nm and rarely occurring backsteps, which isngstent with the previous findings for
E215CATTO 647N.

5.2.2 T324GCy3B

T324GCy3B with 1ImM ATP gave short traces with only a few steps (exemplary trace iA%id).
The step size histografRig. A5.5) displays the occurrence of steps of betweam&nd 16nm, which
agrees with the observation made with MINFLUX, that substeps can be detected for this construct.

5.2.3 K28C-Cy3B
5.2.3.1 Protofilament switching

The longest traces with Cy3B were recorded with KZ3GB at 1mM ATP. An exemplary trace
(Fig. 5.6) displays clear regular Ifim steps and an apparent lateral switch between protofilaments
spaced by of over 1@m. This finding substantiates the hypothesis that kinksiometimes detaches
from the microtubule and resumes its transport on a diffgretofilament.
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Figure5.6. Exemplary MINSTED trace of K28Cy3B with 1mM ATP. (@) Onraxis displacement
over time. b) 2D-plot with protofilament stiwch at about -70 nm.

For 1mM ATP, mainly 16nm steps are determined for K2&y3B, but also &im sibsteps, as can be
seen in the step size histogram, which agrees with the observation with MINFLUX that substeps can be
resolved to construct K28&ig. A5.6).

To visualize the protofilaments of a microtubule, | initiated stabilized measurements ofG¢38Cat

an ATP concentration of M. For the stabilization, | incubated oxygen plastteaned coverslips

with a solution of gold nanorods as fiducial markers. After bdioying the coverslips, | built them into

a flow-chamber with the nanorods on the insaael subsequently added the previously described assay
components. Before the measurement, the fiducial markers were selected and locked for active
stabilization by the piezo stage.

5.2.3.2 Microtubule visualization

A reconstruction of a microtubule frorhd traces of labeled kinesins is showrFig. 5.7. It clearly
shows parallel tracks on different protofilaments. The median spatial precision of abaon &16ws
for the visualization of the binding sites of kinesin on the microtubule and therebyetiogip

microtubule structure.
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Figure5.7: Visualization ofprotofilaments of stabilized microtubule with tracks of K28¢3B at
1 mM ATP.

With this image, | envision directly visualizing the impact of roadblocks, like aggregates of tau protein
thataral e emed responsi ble for Al zhei merés disease, 0
kinesin1[53, 54] The capability of the motor to circumvent obstacles is still defiEBe&6] With

MINSTED of MINFLUX, roadblocks could be precisely localized and the behavior of motors
encountering it, like detachment or the previously observed sidestepping, could be studied.

Conclusion

In this chapter, | demonstrated the fissiccessful tracking experiments of kinesiwith MINSTED.

For ATTO647Nlabeled constructs, the spatial precision was abaut.BNe recorded traces that were

up to about 70@m long with steps clearly resolved. | found that the occurrencenof 8ubstps for

construct E215€\TTO 647N is small even for a low ATP concentration ofelM, whi ch <compl
with the observations from the previous MINFLUX experiments. Interestingly, the backstep fraction

was higher for 1@ M AT P, probably because ATP otthe gger s
microtubulebound head that moves the labeled unbound head forward. In individual traces, | observed
rightward offaxis displacement of the unbound head, as described in the previous chapter, and

presumable sidestepping to adjacent protofilaments.

By tracking kinesinh, constructs | abeled with Cy3B,nt he spa
Some traces featured protofilament switches, where the motor probably detached from the microtubule

and resumed its stepping on a different protofilament, a rescue mechanisutdae interesting in

the study of diseases caused by premature motor detachment. By tracking multiple kinesins on actively
stabilized microtubules, | was able to visualize the binding sites of their different protofilaments, as had

also been possiblerith MINFLUX. These methods could thus be useful in directly probing the
interaction of molecular motors with roadblocks, which are prime suspects for causing various

(neurodegenerative) diseases.
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Contributions
Contributions for chaptes:

Building MINSTED microscopes: Henrik von der Emde, Dr. Michael Weber; MINSTED
measurements: mainly Henrik von der Emde, Dr. Michael Weber; Matlab evaluation script: Henrik von
der Emde.
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ConclusionandOutlook

In this thesis, | first developed polymleasedn vitro assays for the study of single molecules. They
displayed specific immobilization of the targets and a reduced fluorescence background compared to
established assays, which makes them the superior choice for mtwigo studies with the
fluorescence narscopy technique MINFLUX.

I successfully applied them in the development of novel spontaneously blinking fluorophores, as they
faithfully reproduce the blinking characteristics in cells. By performing a quantitative analysis of their
blinking behavior, | fond the spontaneous blinkers to havetiores of a few milliseconds per event

and low duty cycles, making them suitable candidates for accelerated MINFLUX imaging. The analysis
also showed a significant impact of the fluorophore conjugation, to eithertilody or a HaloTag
protein, on the blinking characteristics, highlighting the importance to use a suitafite assay for

the future screening of fluorophores. Furthermore, | identified the commonalities between good
blinkers, which will help in impoving them further.

As they are livecell compatible and do not require a blinking buffer, they are likely to propel the

MINFLUX imaging field by strongly decreasing measurement times.

For establishing MINFLUX tracking as a method tloe study of protein) dynamics on the nanoscale,

| created a specific and robust microtubutgnobilizing polymerbasedin vitro assay to study the
stepping mechanism of kinesinwith a spatieemporal resolution of a few nanometers withinnd.

By tracking a small fluoropire label on the motor, we concluded it to bind ATP in thetwasbound

state and hydrolyze it in the tWeeadbound state, answering a controversial question in the field. We
also reconstructed the thrdamensional structure of the unbound head dugisgbstep anbund it to

be displaced rightward and rotated around its front. In conjunction with an observed rotation of the
stalk, | concluded kinesifh to walk in a symmetric haraver-hand fashion. Furthermore, | spotted
kinesinl in a previously hypihesized slip state.

Thus, with the power of MINFLUX, | could dissect the mechanochemical cycle of kihesid capture
the unbound state, answering details that could assist in the development of treatments for diseases

causedy a malfunction of the mot.

| also evaluated the applicability ¢fie novelMINSTED nanoscopy for single molecule tracking.
Traces up to a length of 7@0n were successfully measured and steps clearly resolved with a median
spatial precision of-5 nm and a down to sumillisecord temporal resolution. | was able to confirm
many findings from the MINFLUX experiments, but furthermore obskemetors switching from one
protofilament to another. Like the slip state, this detaching and rescue mechanism is highly interesting

for investgating how kinesifl (prematurely) detaches from the microtubule.
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As MINFLUX and MINSTED resolved the binding sites of protofilament tracks, future work could
directly visualize the behavior of molecular motors when encountering an obstacle, which would be
highly advantageous in the study of (neurodegenerative) diseases caused by blockades on the

mi crotubul es, |l i ke Al zhei mer6s disease.

In general, this thesis opens the door for the future investigation of various biological dynamic processes
with MINFLUX and MINSTED. By requiring only a small fluorophore label, they are significantly less
artefactprone than established betdcking tetiniques while offering a competitive spatamporal
resolution, so reisiting (biological) systems previously investigated with established methods might
lead to unexpected new findings. The performance of the nanoscopy tracking techniques can be
enhancd further by synthesizing and using new fluorophores with higher photon emission rates and

increased resistance to photobleaching.

Live-cell tracking has been shown to work with MINFL{2Q, 57] Due to the robustiss of
MINSTED against fluorescent background, it would be a great tracking technique even in crowded

enviromnents of living cells.

Another advantage of the fluorescett@sed nanoscopy techniques is its capability of performing
multi-color measurements, i would allow for simultaneously tracking different (protein) positions

and determine their relative distances, challenging FRET as the most prominent nanoruler technique.

By pushing the development of MINFLUX and MINSTED further, following the intramdée
dynamics of proteins, for instance during their folding process, might one day be possible. However, as
labeling arguably alwaylightly) changes the behavior of the target, future innovations ideally make
the necessity to label it directly obs@et
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